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Abstract 

 

In light of the globally dwindling fossil fuel reserves, escalating fuel prices, and 

growing environmental concerns; the need for energy-efficient and environmentally-

benign sustainable energy solutions becomes direr than ever. Solar energy is an 

inexhaustible, inherently-clean, and free source of energy; making it fully sustainable 

for current and future use. Nevertheless, inherent limitations with the solar resource 

and technical challenges in current solar collection methods hinder the efficient 

harvesting and utilization of solar energy. Concentrated photovoltaic thermal (CPVT) 

solar collectors have been gaining ever-increasing attention from the scientific 

community and industrial developers due to their promising potential to pave the way 

for the penetration of solar energy in the energy market. CPVTs’ flexibility, 

compactness, semi-static operation, high first and second law efficiencies, multi-

output nature, cost effectiveness, and wide spectrum of applications inspired many 

innovative designs and design improvements available in the literature; making 

CPVTs one of the most promising renewable-based distributed generation 

technologies. The interrelation between design considerations, constituent 

components, and wide variety of designs and modifications show that there is 

significant room for improvement and innovation in CPVT studies. In this study, two 

novel densely-packed CPVT conceptual designs are optically, electrically, thermally, 

environmentally, and exergoeconomically analyzed. The designs are composed of 

parabolic dish concentrators, multi-junction PV cells, segmented thermoelectric 

generators, and finned minichannel heat extractors. Detailed novel models and design 

algorithms are developed for all components. In configuration I, these components are 

connected thermally in-series. In configuration II, components are connected 

thermally in-parallel. Highly-versatile computational simulation programs are written 

for each system to gain an in-depth understanding of all optical, electrical, and 

thermal interactions. Multi-variable optimization and performance comparisons 

between the two designs are conducted under UAE weather conditions. Simulation 

results show promising simultaneous solar-to-electrical and solar-to-thermal outputs 

with attractive environmental and economic advantages. 

Search Terms: concentrated photovoltaic thermal; parabolic dish; optical ray trace; 

multi-junction solar cell; thermoelectric generator; minichannel heat exchanger. 
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Nomenclature of Parts I and II 

Greek Symbols 

𝛼 acceptance half-angle 

𝛼𝑐 absorption coefficient 

𝛼𝑡 absorptance 

𝛽 temperature coefficient 

𝛾 solar radiation coefficient 

𝛾𝑡 collector intercept factor 

𝛿 electrical-to-thermal ratio 

휀 elevation (altitude) angle 

휀𝑡 emissivity 

𝜖 magnitude of the electrical field 

𝜂 efficiency 

𝜂𝑛𝑜𝑛−𝑎𝑏𝑠 efficiency loss due to non-absorption 

𝜂𝑡ℎ𝑟𝑚 efficiency loss due to thermalization 

𝜃 incidence angle 

𝜃1 angle between the incident and normal to the surface 

𝜃2 angle between the refracted and normal to the surface 

Λ thickness 

𝜅 Boltzmann’s constant 

𝜆 wavelength 

𝜇 mobility 

𝜉 location’s latitude 

𝜌 electrons density of energy states function 

𝜌𝑑 diffusion reflectance 

𝜌𝑡 reflectance 

𝜎 Stefan-Boltzmann constant 

𝜏 lifetime of the minority carrier 

𝜏0 non-radiative recombination lifetime 

(𝜏𝛼) transmittance-absorptance product 

(𝜏𝛼)𝑛 transmittance-absorptance product at normal incidence 

𝜏𝑎 tilt angle 

𝜏𝑐 charge carrier mean free time 

𝜏𝑟 radiative recombination lifetime 

𝜏𝑡 transmittance 

𝜙 photon flux density 

𝜙𝑅 rim angle 

𝜑 declination angle 

Ω𝑒 solid angle of emission 

Ω𝑎 solid angle of absorption 

𝜔 spatial irradiance non-uniformity factor 

English Symbols 

𝑎 Absorptivity 

𝐴 Area 

𝐴𝐴 active area proportion 

𝑐 speed of light 
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𝑐𝑝,𝐻𝑇𝐹 HTF specific heat capacity (J kg-1 K-1) 

𝐶 thermal capacitance (J kg-1 K-1) 

𝐶𝑖𝑛𝑣 capital investment cost 

𝐶𝑃 collection probability 

𝐶𝑠𝑎𝑣,𝑦𝑟 average cost savings per year 

𝐶𝑆𝑅 circumsolar ratio 

𝑑 day of the year 

𝐷 diffusivity 

𝐸 energy (J or J m-2) 

𝐸𝑐 minimum conduction band energy 

𝐸𝑖𝑛𝑣 capital investment energy 

𝐸𝑠𝑎𝑣  energy savings per year 

𝐸𝑠𝑎𝑣,𝑦𝑟 average energy savings per year 

𝐸𝑣 maximum valence band energy 

𝐸𝑥 exergy (J or J m-2) 

𝐸𝑥𝑖𝑛𝑣  capital investment exergy 

𝐸𝑥𝑠𝑎𝑣,𝑦𝑟 average exergy savings per year 

𝑓 Fermi-Dirac distribution function 

𝑓𝑎𝑎 atmospheric attenuation losses factor 

𝑓𝑎𝑙  alignment factor 

𝑓𝑏 blocking losses factor 

𝑓𝐿 focal length 

𝑓𝑠ℎ  shading losses factor 

𝑓𝑠𝑝 spillage losses factor 

𝐹 future cash flow 

𝐹′ collector efficiency factor 

𝐹𝑒 soiling factor 

𝐹𝐹 fill factor 

𝐹𝑅 heat-removal factor 

𝐹𝑅
′  modified heat removal factor 

𝐹(𝑋) concentration probability density function 

𝑔 gravitational acceleration 

𝐺 electron-hole generation rate 

𝐺𝑖𝑛𝑣 capital investment greenhouse emissions 

𝐺𝑠𝑎𝑣,𝑦𝑟 average greenhouse emissions savings per year 

ℎ Planck’s constant 

ℎ𝑐ℎ−𝐻𝑇𝐹 convective heat transfer coefficient between the channel’s walls and the 

HTF 

𝐻𝑝 pump’s head (m) 

𝑖 annual interest rate 

𝐼 current (A) 

𝐼0 dark saturation current (A) 

𝐼𝐵 direct normal (beam) irradiance (W m-2) 

𝐼𝑐𝑜𝑛 concentrated irradiance (W m-2) 

𝐼𝑑𝑖𝑜𝑑𝑒 reverse diode current (A) 

𝐼𝑒𝑓𝑓 effective component of direct irradiance (W m-2) 
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𝐼𝑒𝑥 extraterrestrial irradiance (W m-2) 

𝐼𝑝ℎ𝑜𝑡𝑜 photogenerated current (A) 

𝐼𝑝ℎ𝑜𝑡𝑜,𝑠𝑢𝑛 photogenerated current at one sun (A) 

𝐼𝑠𝑐 short-circuit current (A) 

𝐼𝑇 total solar irradiance (W m-2) 

𝐽0 dark saturation current density 

𝐽𝑑𝑖𝑓𝑓 diffusion current density for electrons and holes 

𝐽𝑑𝑟𝑖𝑓𝑡 drift current density for electrons and holes 

𝐽𝑝ℎ𝑜𝑡𝑜,𝑠𝑢𝑛 photogenerated current density at one sun 

𝐽𝑠𝑐 short-circuit current density 

𝑘𝜃 incidence angle modifier 

𝑘𝑒 extinction coefficient 

𝐿 diffusion length of the minority carrier 

𝑙𝑐 charge carrier mean free path length 

𝑚 mass (kg) 

𝑚∗ effective mass of electrons/holes 

�̇�𝐻𝑇𝐹 HTF mass flow rate (kg sec-1) 

𝑛 electrons concentration 

𝑁0 photons flux at the top surface 

𝑛1 index of refraction for inlet medium 

𝑛2 index of refraction for outlet medium 

𝑁𝐴 acceptor atoms concentration 

𝑁𝑐𝑒 population of conductive electrons in the conductive band 

𝑁𝑑 dislocations density 

𝑁𝐷 donor atoms concentration 

𝑁𝑃 number of parallel-connected cells 

𝑁𝑆 number of series-connected cells 

𝑛𝑖 ideality factor 

𝑛𝑖𝑐 intrinsic carrier concentration 

𝑝 holes concentration 

𝑃 power (W) 

𝑃𝑟 present cash flow 

𝑞 electronic charge/radiation flux 

𝑞𝑎𝑏𝑠 solar radiation absorbed (J) 

�̇�𝑖𝑛𝑡 intercepted irradiance (W) 

𝑞𝑙𝑜𝑠𝑡 solar radiation lost (J) 

𝑞𝑢𝑠𝑒 useful solar radiation collected (J) 

𝑟 recombination probability/reflectivity 

𝑟𝑠 specific series resistance 

𝑅 thermal resistance (K W-1) 

𝑅𝑒 total effective reflectance 

𝑅𝑠 series resistance (Ω) 

𝑅𝑠ℎ shunt resistance (Ω) 

𝑆 collector shape factor 

𝑆𝑑 sun-earth distance correction factor 

𝑡 time 
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𝑇 absolute temperature (K) 

𝑇𝑠𝑢𝑛 sun’s apparent temperature (K) 

𝑈𝐿 overall thermal loss coefficient 

𝑈𝐿
′  modified overall thermal loss coefficient 

𝑉 voltage (V) 

𝑉𝑓 applied forward bias voltage (V) 

𝑉𝐹 voltage factor 

𝑉𝑖𝑛 built-in internal voltage across the junction (V) 

𝑉𝑜𝑐 open-circuit voltage (V) 

𝑤 width (m) 

𝑥 distance (m) 

𝑋 concentration ratio 

Subscripts and Superscripts 

𝑎 active cell 

𝑎𝑑 thermal adhesive 

𝑎𝑚𝑏 ambient 

𝑎𝑣𝑔 average 

𝑐 cell 

𝑐𝑎 concentrator aperture 

𝑐ℎ channel 

𝑐, 𝑖𝑑𝑒𝑎𝑙 ideal cell 

𝑐𝑜𝑛 concentrator/concentrated 

𝑐𝑜𝑛𝑣 convection 

𝑑𝑒𝑠𝑡 destruction 

𝑒𝑓𝑓 effective 

𝑒𝑙𝑒 electrical 

𝑒𝑙𝑒, 𝑒𝑞 equivalent electrical 

𝑒𝑛𝑔 engine 

𝑒𝑥 exergy 

𝑒𝑥𝑞 external quantum 

𝑓𝑎𝑛 fan 

𝑔 bandgap 

𝑔𝑐 glass cover 

𝑔𝑒𝑛 generation 

𝑖𝑛 input/inlet 

𝑖𝑛𝑐 incomplete absorption 

𝑖𝑛𝑠 insulation 

𝑖𝑛𝑣 inverter 

𝑘 conduction 

𝑙𝑜𝑠𝑠 losses 

𝑚𝑎𝑥 maximum 

𝑚𝑜𝑡 motor 

𝑛 n-type 

𝑜𝑝𝑡 optical 

𝑜𝑢𝑡 output/output 

𝑝 p-type 
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𝑃𝐸𝑆
− 𝑒𝑙𝑒 

PES to electrical energy 

𝑃𝐸𝑆 − 𝑡ℎ PES to thermal energy 

𝑝ℎ photon 

𝑝𝑟𝑠 parasitic 

𝑞 quantum 

𝑟 thermal receiver 

𝑟𝑎 receiver aperture 

𝑟𝑎𝑑 radiation 

𝑟𝑐𝑐 recombination of charge carriers 

𝑟𝑒𝑐 receiver 

𝑟𝑒𝑓 reference conditions 

𝑠 surface 

𝑠𝑎 solar aureole 

𝑠𝑑 solar disk 

𝑠, 𝑖𝑛 inner surface 

𝑠𝑘𝑦 effective sky 

𝑠𝑦𝑠 system 

𝑡ℎ thermal 

𝑡𝑜𝑡 total cell 

Abbreviations 

AC alternating current 

AHU air handling unit 

AM air mass 

ARC anti-reflection coating 

BoP balance of plant 

CAP concentration acceptance product 

CCHP combined cooling, heating, and power 

CFD computation fluid dynamics 

CHP combined heating and power 

COP coefficient of performance 

CPC compound parabolic concentrator 

CPV concentrated photovoltaic 

CPVT concentrated photovoltaic thermal 

CSE concentrated solar energy 

CST concentrated solar thermal 

DC direct current 

DHW direct hot water 

DSG direct steam generation 

DWC desiccant wheel cycle 

EH-CST enhanced heating concentrated solar thermal 

EPP energy payback period 

ETC evacuated tube collector 

EVA ethylene vinyl acetate 

ExPP exergy payback period 

FPC flat plat collector 

GOR gain output ratio 
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GPP greenhouse gas payback period 

HIT hetrojunction with intrinsic thin layer 

HTF heat transfer fluid 

LCA lifecycle assessment 

LCNPV lifecycle net present value 

LCOE levelized cost of electricity 

LEC low-emissivity coating 

LED light emitting diode 

LFR linear Fresnel reflector 

MEMD multi-effect membrane distillation 

MJPV multi-junction photovoltaic 

MPP maximum power point 

MPPT maximum power point tracking 

NEG net energy gain 

ORC organic Rankine cycle 

PCM phase change material 

PDC parabolic dish collector 

PES primary energy saving 

PG-CST power generation concentrated solar thermal 

PMMA polymethylmethacrylate 

PTC parabolic trough collector 

PV photovoltaic 

PVT photovoltaic thermal 

STC solar thermal collector 

SPP simple payback period 

TDS total dissolved solids 

TEG thermoelectric generator 

VCC vapor compression cycle 
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Nomenclature of Part III 

Symbol Description 

∀ Channel aspect ratio (-) 

ℓ Channel width ratio (-) 

𝛼 Absorptance (-) 

𝛽 Temperature coefficient (unit K-1) 

𝛾𝑡 Intercept factor (-) 

Γ Thomson coefficient (V ∙ K−1) 
휀 Emissivity (-) 

휀𝐿 Module power loss factor (-) 

𝜖 Effectiveness (-) 

𝜂 Efficiency (-) 

𝜃 Incidence angle (deg) 

𝜃𝑠 Solar radiation cone half-angle (4.8 mrad) 

𝜅𝐵 Boltzmann’s constant (1.3806488 × 10−23 J K-1) 

𝜆 Wavelength (μm) 

Λ Density (kg m-3) 

𝜇 Dynamic viscosity (N sec m-2) 

𝜌 Reflectance (-) 

𝜎 Electrical resistivity (Ω ∙ m) 

𝜎0 Stefan-Boltzmann constant (5.670 × 10−8 W m-2 K-4) 

𝜏 Transmittance (-) 

𝜑 Volumetric fraction (-) 

𝜙 Diameter (m) 

𝜙ℎ Hydraulic diameter (m) 

𝜓 Rim angle (rad) 

𝜔 Spatial non-uniformity factor (-) 

𝐴 Area (m2/cm2) 

𝑐 Speed of light (299,792,458 m sec-1) 

𝐶 Specific heat capacity (J kg-1 K-1) 

𝐶𝑜 Price of unit energy (AED kWh-1) 

𝐶𝑜̅̅̅̅  Total cost (AED) 

𝐷 Depth along z-direction (m) 

𝑒 Escalation rate (-) 

𝐸 Energy (J or kWh) 

𝐸𝑔 Bandgap energy (eV) 

𝐸𝑄𝐸 External quantum efficiency (-) 

𝐸𝑥 Exergy (J or kWh) 

𝐸�̇� Exergy rate (W) 

𝐸𝑥𝐼𝑃̇  Exergy improvement potential rate (W) 

𝑓 Friction factor (-) 

𝐹𝐹 Fill factor (-) 

𝑓𝐿 Focal length (m) 

ℎ Convection coefficient (W m-2 K-1) 

ℎ0 Planck’s constant (6.62606957 × 10−34 m2 kg sec-1) 

𝐻 Height (m) 
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𝑖 Current (A) 

𝐼 Irradiance/Power flux (W m-2) 

𝑗 Annual interest rate (-) 

𝐽 Current density (mA cm-2) 

𝐽𝐷1 Quasi-neutral region dark saturation current density (mA cm-2) 

𝐽𝐷2 Depletion region dark saturation current density (mA cm-2) 

𝑘 Thermal conductivity (W m-1 K-1) 

𝑘𝜃 Incidence angle modifier (-) 

𝐾 Clearness index (-) 

𝐿 Length along x-direction (m) 

𝐿0 Center-to-center sun-earth distance (m) 

�̇� Mass flow rate (kg sec-1) 

𝑛 Ideality factor (-) 

�̅� Lifetime (yr) 

𝑁 Number (-) 

𝑁𝑢 Nusselt number (-) 

𝑝 Pressure (Pa) 

𝑃 Power (W) 

𝑝𝑒 Hydraulic perimeter (m) 

𝑃𝑟 Prandtl number (-) 

𝑞 Electronic charge (1.60217657 × 10−19 C) 

𝑟 Thermal resistance (K W-1) 

�̅� Thermal impedance (K m2 W-1) 

𝑅 Electrical resistance (Ω) 

𝑅𝑐𝑜 Electrical contact resistance (Ω m2) 

𝑅𝑒 Reynolds number (-) 

𝑅𝐻 Relative humidity (-) 

𝑆 Seebeck coefficient (V K-1) 

𝑆𝑓 Shading factor (-) 

�̇�𝑔𝑒𝑛 Rate of entropy generation (W K-1) 

𝑡 Time (sec) 

𝑇 Absolute temperature (K) 

𝑢 Wind velocity magnitude (m sec-1) 

𝑣 Velocity (m sec-1) 

𝑉 Voltage (V) 

�̇� Volumetric flow rate (m3 sec-1) 

𝑊 Width along y-direction (m) 

𝑋 Concentration ratio (-) 

𝑍 Material figure of merit (K-1) 

�̇� Annual cost (AED yr-1) 

𝑍𝑓 Focal plane shift (m) 

Subscripts, 

Superscripts 

and 

Acronyms 

Description 

휀 By radiation 
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𝑎 Ambient air 

𝑎𝑏𝑠 Absorbed 

𝑎𝑑 Thermal adhesive 

𝐴𝑅𝐶 Anti-reflective coating 

𝑎𝑣𝑔 Average 

𝑏 Bottom 

𝑏𝑎𝑠𝑒 mHX base 

𝑏𝑒𝑛𝑑 mHX bend 

𝑐 Copper connector 

𝑐ℎ mHX channel 

𝑐𝑖 Ceramic insulator 

𝑐𝑜 Contact 

𝑐𝑜𝑙𝑑 Cold boundary 

𝑐𝑜𝑛 Concentrator 

𝑐𝑜𝑛, 𝑎 Concentrator’s aperture 

𝑐𝑜𝑛, 𝑠 Concentrator’s surface 

𝐶𝑃𝑉𝑇 Concentrated photovoltaic thermal 

𝐶𝑅𝐹 Capital recovery factor 

𝑐𝑠 Cross sectional 

𝐷 Diode 

𝐷𝐶 DC/DC converter 

𝑒𝑓𝑓 Effective 

𝑒𝑙𝑒 Electrical 

𝑒𝑛 Energy 

𝐸𝑆𝑃𝑊𝐹 Escalating series present worth factor 

𝑒𝑥 Extraterrestrial/exergy 

𝐸𝑋 External 

𝑓 Flux 

𝑓𝑖𝑛 Finned surface 

𝑔𝑏 Global 

𝑔𝑚 Geometric 

ℎ By convection 

ℎ𝑜𝑡 Hot boundary 

𝐻𝑇𝐹 Heat transfer fluid 

𝑖 Cell number 

𝐼 First law 

𝐼𝐼 Second law 

𝑖𝑐 Copper interconnector 

𝑖𝑛 Inlet 

𝐼𝑁 Internal 

𝑖𝑛𝑡 Intercepted 

𝑖𝑛𝑣 Investment 

𝑘 By conduction 

𝐿 Load 

𝐿𝐶𝑁𝑃𝑉 Lifecycle net present value 

𝑙𝑒𝑔 TEG leg 
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𝑙𝑜𝑠𝑠 Lost 

𝑚 Material 

𝑀 Module 

𝑚𝑎𝑥 Maximum 

𝑚𝑖𝑛 Minimum 

𝑚𝑝𝑝 Maximum power point 

𝑚𝐻𝑋 Minichannel heat extractor 

𝑛 n-type thermoelectric 

𝑛𝑓 Nanofluid 

𝑛𝑝 Nanoparticle 

𝑜𝑢𝑡 Outlet 

𝑜𝑐 Open-circuit 

𝑜𝑝𝑡 Optical 

𝑝 p-type thermoelectric 

𝑃𝐸𝐶 Primary energy consumption 

𝑝ℎ Photon 

𝑃𝑉 MJPV cell 

𝑝𝑢𝑚𝑝 Pump 

𝑟 Reference 

𝑟ec Receiver 

𝑟𝑒𝑓 Reflected 

𝑠 Series 

𝑠𝑎𝑡 Saturated 

𝑠𝑐 Short-circuit 

𝑠𝑒 Semiconductor 

𝑠ℎ Shaded 

𝑠𝑖 Side 

𝑠𝑘𝑦 Effective sky 

𝑠𝑙 Solder layer 

𝑠𝑜 Synthetic oil 

𝑠𝑢𝑛 Sun 

𝑡 Top 

𝑡𝑎 Thermal absorber 

𝑇𝐸𝐺 Thermoelectric generator 

𝑡ℎ Thermal 

𝑡𝑜𝑡 Total 

𝑢𝑛𝑓𝑖𝑛 Unfinned surface 

𝑣 Water vapor 

𝑤 Water 
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Chapter I-1. Introduction 

I-1.1. Motivation and Problem 

Even though the solar energy that strikes the Earth’s surface during one hour 

is greater than the energy consumed by the entire Earth’s population over a year, the 

main problem with solar energy is its low energy density. Thus, conventional 

photovoltaic (PV) arrays occupy a lot of space in order to harness considerable 

amounts of energy. However, PV panels are still too expensive with long payback 

periods for wide-scale energy generation. On the other hand, conventional solar 

thermal collectors (STCs), even though more cost-effective than PV panels, produce 

thermal energy; which is a low-quality form of energy limited in its direct end-user 

applications. Accordingly, converting this thermal energy into high-quality electricity 

is a favorable option. However, this considerably adds to the complexity and cost of 

the system and involves several energy transformations that result in substantially 

lowering the total system efficiency. For instance, such system would require using a 

concentrated solar thermal concept (e.g., central receiver, parabolic dish, parabolic 

trough, etc.) in combination with a conventional power generation cycle (e.g., 

Rankine cycle, Stirling engine, etc.). The power generation cycle then uses 

concentrated radiation to assist or replace the fuel addition and combustion step. This 

calls for the development of a new type of solar collectors capable of efficiently 

harvesting and utilizing solar energy in order to allow for a more rapid market 

penetration into the energy sector. 

The combination of PV technology, solar thermal technology, and reflective or 

refractive solar concentrators has been a highly appealing option for developers and 

researchers since the late 1970s and early 1980s [78-81]. The result is what is known 

as a concentrated photovoltaic thermal (CPVT) solar collector which is a hybrid 

combination of concentrated photovoltaic (CPV) and photovoltaic thermal (PVT) 

systems. CPV collectors utilize optics to concentrate sunlight onto PV cells. The main 

advantage from a CPV is replacing the expensive PV cells with cheaper concentrator 

optics to enable harnessing the same amount of solar radiation but with less PV 

receivers. On the other hand, PVT collectors conventionally attach PV cell(s) to a 

solar thermal collector in or  der to simultaneously generate electrical and thermal 

energies. The main advantage from PVTs is the extraction of the generated heat from 
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the PV cell(s) and then utilizing it in a certain end-user application, most often space 

heating or direct hot water (DHW). In a CPVT system, CPVs and PVTs complement 

each other to produce a superior hybrid. To illustrate this concept, it is important to 

understand the main problems with CPVs and PVTs. For a CPV, the elevated PV cell 

temperatures, as a result of the intensified radiation per cell area, often require active 

cooling at high concentration ratios, resulting in high parasitic loads. While the main 

problems with PVTs are twofold. First, the need to use many PV cells (with more 

thermal counterparts) to generate a practical flow of electrical power results in high 

investment costs. Second, the low temperature of the thermal energy extracted results 

in limiting the spectrum of possible applications for a PVT. In a CPVT system, the 

heat generated at the PV cells as a result of the unutilized concentrated radiation is 

harvested and then utilized. Hence, the PV cells are maintained at moderate 

temperatures, useful high-temperature thermal energy is harvested, and investment 

requirements are noticeably scaled down. Thus, the main inherent disadvantages in 

CPVs and PVTs are simultaneously resolved in a CPVT. Fig. I-1 shows the active 

solar conversion technologies and where CPVTs fall among them. Finally, it is worth 

noting that CPVTs have often been considered to be a variety of PVTs by many 

authors while others considered it to be a variety of CPVs. However, the trend lately 

has been to consider them a separate category as a result of the ever-increasing focus 

CPVTs are gathering on the component development, solar collector, and system 

integration levels (as will be shown in Part II of this study). 

Several CPVT systems have been designed, studied, and demonstrated both 

theoretically and experimentally in the literature. The results of these studies and 

demonstrations show that CPVT systems hold very high potential for market 

penetration in the energy sector due to their unique features that enable multi-output 

generation; high electrical and thermal efficiencies; high-grade thermal output; lower 

space, materials, and cost requirements; low PV cell operation temperatures; and 

broad range of application sectors. For instance, experimental total system efficiencies 

as high as 65.1% [242], theoretical heat transfer fluid (HTF) outlet temperatures as 

high as 196℃ [247], costs as low as 2.37 $ We
-1 [237], levelized energy (electrical and 

thermal) costs as low as 8.7 c€ kWh-1 [259], and energy and greenhouse gas payback 

periods as low as one year [258] have all been reported in the literature. Fig. I-2 
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summarizes the main inherent problems with current solar energy utilization 

technologies and the solutions a CPVT concept provides for these problems. 

 

 

 

Figure I-1: Direct Conversion Paths of Main Active Solar-to-Electric and Solar-

to-Thermal Energy Technologies 

 

 

I-1.2. Research Objectives 

Due to their multi-output nature, high first and second law efficiencies, quiet 

and semi-static operation, modularity, and compactness; CPVT technologies have 

proven to be one of the most promising renewable-based distributed generation  
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Figure I-2: Problems with Solar Energy Technologies and the Solutions a CPVT 

Offers for these Problems 

 

 

technologies. The interrelation between design considerations, maturity of constituent 

technologies, and wide variety of theoretical and experimental designs and 

modifications show that there is significant room for improvement and innovation in 

CPVT studies. Hence, this research aims at designing and optimizing novel CPVT 

designs meant to be integrated and tested in further studies as the core of a distributed 

polygeneration system for the combined cooling, heating, water desalination, and 

electricity generation of a residential community. The main research objectives are as 

follows: 

 Conceptually design novel CPVT system configurations by creating 

appropriate design algorithms and models. 

 Write simulation programs on the component- and system-levels to 

comprehensively analyze the designs’ performance optically, electrically, 

thermally, economically, and environmentally. The following approaches and 

tools are to be used 

A. Optical ray-trace simulation using TracePro software. 

B. Electrical lumped equivalent-circuit. 

C. Heat transfer, energy, and exergy. 

D. Cumulative module electrical and thermal outputs’ regulation. 

E. Exergoeconomic lifecycle net present value. 
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F. Primary energy consumption and CO2-equivalent avoidance levels. 

 Thermodynamically optimize the CPVT designs. 

 Establish the technoeconomic feasibility of CPVT solar collectors under the 

UAE weather conditions in an effort to maximize and promote the utilization 

of solar energy in the UAE using optimized multi-purpose solar collectors. 

 Establish CPVT solar collectors as a renewable energy technology suitable for 

distributed polygeneration integration in the UAE. 

I-1.3. Research Methodology 

 The methodology to be followed in this research is broken down into 4 phases 

with a total of 16 steps. A background and review phase, a component-level design 

and analysis phase, a system-level design and analysis phase, and a solution algorithm 

and optimization procedure phase. More about each phase is explained below. The 

first phase is divided between Parts I and II while the other three phases are under Part 

III of this report1. 

I-1.3.1. Background and review. 

As a result of the increased interest in the research and development of CPVT 

systems during the past 5-10 years, the number of CPVT studies noticeably increased. 

Therefore, prior to any design or analysis, it is vital to first establish a clear relation 

between a CPVT’s constituent technologies, main types and categories, and levels of 

performance assessment. This will be accomplished in the background and review 

phase of this thesis. This phase includes the following steps: 

1. An overlook of the design considerations, characteristics, and pioneering 

works on CPVTs. 

2. Breaking a CPVT down into its constituent technologies with a concise, 

gradually-progressive discussion of each component. 

3. An exhaustive review of all CPVT studies in the literature. 

4. An overview of a CPVT’s performance indices and modeling basics. 

5. The commercial maturity and future outlook for CPVTs based on data from 

early works up till recent state-of-the-art advances. 

                                                      
1 All chapters, sections, figures, tables, and equations are labeled with a prefix that reflects the 
report’s part number (i.e., I-, II-, and III-) 
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The relation between the constituent technologies comprising a CPVT and a 

CPVT’s performance is highlighted throughout Parts I and II of this report. Fig. I-3 

outlines the relation between CPVTs’ constituent technologies, categories, and levels 

of performance assessment. 

 

 

 

Figure I-3: Flowchart Outlining the Relation between CPVTs’ Constituent 

Technologies, Categories and Types, and Levels of Performance Assessment 
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I-1.3.2. Component-level design and analysis. 

 In order to systematically size and choose the architecture of the CPVTs’ 

building blocks or constituent components, this phase consists of creating design 

algorithms and mathematical models for these components as well as conducting 

parametric studies over each component separately. This includes the following 

components: 

6. Paraboloid-of-revolution (parabolic dish) concentrator. 

7. InGaP/InGaAs/Ge triple-junction photovoltaic cell. 

8. Segmented thermoelectric generator couple. 

9. Rectangular finned minichannels heat extractor. 

This phase is vital in order to gain an in-depth understanding of these 

components’ working mechanisms which is then reflected on their system-level 

integration in order to systematically produce CPVT solar collectors with the best 

performance possible. Novel models based on physical and engineering principles 

have been built for each component. 

I-1.3.3. System-level design and analysis. 

The proposed CPVT configurations are based on post illumination thermally 

in-series (configuration I) and thermally in-parallel (configuration II) concepts. The 

system-level design, modeling, and analysis of these configurations consist of the 

following steps: 

10. First-law energy balance and analysis. 

11. Cumulative module connections and outputs under non-uniform irradiance. 

12. Second-law exergy balance and analysis. 

13. Environmental analysis. 

14. Exergoeconomic analysis. 

I-1.3.4. Solution algorithm and optimization procedure. 

The developed mathematical models are then coded into full simulation 

programs using MATLAB. Complex solution algorithms were developed in order to 

obtain convergence that satisfies the law of conservation of energy over the individual 

component- and system-levels. Multi-variable optimization procedures were also 

coded into MATLAB and used wherever necessary. This phase consists of: 



 
 

38 

 

15. Implementing the developed models using the appropriate convergence 

algorithms into adaptable simulation programs. 

16. Optimizing the geometry of applicable components using non-linear 

constrained multi-variable procedures. 

I-1.4. Significance of Research 

The world’s energy consumption is expected to double by the year 2050 [324]. 

And in 2010, +3.1%, +7.4%, and +7.6% were the world consumption growth rates 

from oil, natural gas, and coal, respectively [330], despite the fact that they are 

limited, unsustainable energy sources for long-term use. This is reflected on the 

overall increase and consistent instability in global fossil fuel supplies and prices. 

Much of the surface, easily-harvested supplies of petroleum and natural gas have been 

already extracted. This leaves the deep, energy-demanding fossil fuels left for future 

generations. Studies show that the peak production of combined fossil fuels (coal, oil, 

and natural gas) will occur before the year 2030 [326-327]. Statistics estimate that 

CO2 emissions in the US will increase from 4,770 million metric tons in 1980 to 

6,311 million metric tons in 2035 [331]. In fact, statistics show that in 2010, CO2 

emissions due to energy consumption grew at the highest rate since the year 1969 

[330]. All of these alarming facts and threats to humans and their environment 

sourcing from the world’s dependence on fossil fuels have been fully investigated in 

many studies [333-335]. This reveals that the utilization of renewable energy sources 

such as solar energy has become essential for the progress and wellbeing of the 

human race. Nevertheless, solar energy accounts only for 0.2% of the total energy 

consumption in the United States [325]. Studies show that a steady shift from a fossil 

fuel-based to a renewable-based economy is economically possible [328, 335] and 

would be favorable energy-wise [329] in the next 50 years if enough public awareness 

and government support are provided. Solar energy is an inexhaustible, inherently-

clean, and free source of energy. This makes solar energy fully sustainable for current 

and future use. 

Energy demand in the UAE is growing at an annual rate of about nine 

percent—three times the global average. Moreover, the UAE has one of the highest 

CO2 emissions per capita in the world as seen from Fig. I-4. Thus, the UAE 

government has been heavily investing in order to diversify its energy sources in a 
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trend that aims to maximize renewable- and nuclear-based energy solutions while 

minimizing conventional fossil fuel dependence in response to the alarming global 

environmental threats and finite supplies of fossil fuels. This is evident from projects 

and initiative such as Masdar city; CSEM-UAE initiative; Emirates Nuclear Energy 

Corporation’s (ENEC) four nuclear power reactors in Barakah; Abu Dhabi Carbon 

Capture, Use, and Storage (CCUS) network; Mohammad Bin Rashid Solar Park; 

Shams-I 100-MW concentrated solar power plant; Nour-I 100-MW solar PV power 

plant; and Sir Bani Yas 30-MW onshore wind farm in addition to international 

partnerships for the cooperative development of renewable energy (e.g., Masdar 

Institute and IRENA headquarters in Abu Dhabi) and the funding of renewable power 

generation projects in developing countries (specifically Arab, Pacific, and African 

nations) as well as investing in international utility-scale renewable power projects 

(e.g., London Array 630-MW offshore wind farm and Torresol 120-MW concentrated 

solar power plants in Spain). Solar energy in particular has been receiving increasing 

attention due to the substantial solar insolation levels in the UAE all year round (more 

than 8.5 GJ m-2 per year) as shown in Fig. I-5. This makes the UAE an ideal 

destination for CPVT development and deployment as an exemplary solar technology. 

Therefore, this thesis will attempt to offer and analyze novel CPVT designs as a 

contribution to the ongoing efforts to design, improve, characterize, build, test, and 

demonstrate CPVT solar collector systems. 

I-1.5. Introduction to Part I 

In Part I of this study, we will overlook the concept, design considerations, 

merits and drawbacks, and history of CPVTs in Chapter I-2. After that, we will break 

a CPVT down into the constituent solar technologies and components that make it up. 

A concise, gradually-progressive, up-to-date review of the scientific principals and 

technological advances for each solar component will be presented in Chapter I-3. 

This includes photovoltaic cells, solar thermal collectors, concentrator optics, tracking 

mechanisms, concentrated photovoltaics, and concentrated solar thermal systems. 

Covering the basics and advances in photovoltaic cells, solar thermal collectors, solar 

concentrator optics, and solar trackers aims to familiarize the reader with the 

electrical, thermal, optical, and tracking building blocks in a CPVT collector, 

respectively. Furthermore, concentrated photovoltaic and concentrated solar thermal 
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are the integrated technologies that paved the way for the introduction of the hybrid 

concept of a CPVT. As such, understanding the technological variations and 

integration methods in these concentrated solar technologies will show how the CPVT 

concept is their natural expansion. 

 

 

 

Figure I-4: Carbon Dioxide Emissions per Capita in UAE and Selected Regions 

(Data Sourced from [336]) 
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Figure I-5: Direct Normal Irradiation for (a) World and (b) UAE Maps (Maps 

Generated from [337]) 
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Chapter I-2. Foundation, Design Considerations, and an Overlook over CPVTs 

I-2.1. Scope and Definition 

Different CPVT systems mainly vary in the PV cells heat extraction method, 

concentrator optics utilized, and the receiver’s configuration. CPVT systems also vary 

greatly in their targeted application, photovoltaic technology used, tracking 

requirements, system size, aperture area, concentration ratio, outlet HTF temperature, 

etc. As a result, many designs and improvements exist in the literature. And since 

CPVT systems, as previously explained, are a hybrid combination of CPV and PVT 

systems, it is necessary to define what constitutes a CPVT solar collector in order to 

focus and clarify the scope in Parts I and II of this study. We will define a CPVT solar 

collector as any system that concentrates and harvests solar energy and then 

simultaneously converts this energy to both useful electrical and thermal energies 

while collecting and utilizing the heat generated in the PV cell. Thus, extra heat in 

addition to the collected heat from the PV cell could by harvested using solar thermal 

components integrated into the CPVT design. The solar-to-electrical and solar-to-

thermal conversions could be end-user or intermediate steps and the conversion 

mechanism has to involve, but is not limited to, both PV cells and solar thermal 

collection components. It is important to stress that, unlike CPV collectors, a CPVT 

collector collects and then utilizes (instead of wastes) the thermal energy harvested 

from the PV. Collection could be pre-illumination or post-illumination (as will be 

discussed in Section I-2.2.1.7) while utilization, depending on the quality (i.e., 

temperature) of the harvested heat, could be in the form of DHW, space heating, 

thermally-driven cooling, thermally-driven water desalination, conversion to 

electricity through a heat engine, industrial/chemical process heat, etc. Likewise, it is 

also important to stress that, unlike typical PVT collectors, a CPVT collector utilizes 

concentrator optics to increase the intensity of the solar radiation. Thus, the keywords 

for any CPVT system are concentration and PV heat collection and utilization. 

I-2.2. Design Considerations 

 Designing and building a CPVT system is a delicate process that requires 

satisfying several design considerations with significant room for innovations and 

improvements, as will be shown in Part II of this study. This facilitates using CPVTs 

for applications ranging from building-integration to industrial processes. 
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Nevertheless, many of these design considerations are interrelated and often 

conflicting since a CPVT system is a combination of different components. As a 

result, multi-variable optimization is often required for the proper selection of 

different design variables and parameters with respect to a selected objective function 

(e.g., total efficiency, exergetic efficiency, net present value, etc.).  

The most important design considerations for CPVT systems are discussed in 

this section. It is worth noting that results obtained for the effect of some design 

considerations in typical CPV and PVT collectors could sometimes be extended to 

CPVTs. Thus, more studies dedicated to investigating the effect of a number of design 

considerations on CPVTs are needed. Generally, speaking, the merits of CPVTs are 

generally a combination of the merits of CPVs and PVTs. Furthermore, advantages 

such as zero point-of-use greenhouse gas emissions and saving fossil fuel and water 

resources are characteristic of CPVTs for being a solar technology. However, despite 

these merits, several drawbacks hinder the progress of CPVTs and are yet to be 

resolved for this technology to have a better chance at gaining widespread adoption 

and deployment. These advantages and drawbacks are summarized in Table I-1 and 

highlighted throughout this section. 

 

 

Table I-1: Summary of the Advantages and Drawbacks of CPVTs 

Advantages Drawbacks 

Multi-output generation High cost and complexity 

High-grade thermal energy Illumination and temperature non-uniformities 

High total efficiency Chromatic aberration 

High design flexibility Risk of PV overheating 

Less PV cells High PV series resistance 

Low cell temperature Lost diffuse radiation 

 

 

I-2.2.1. Thermodynamic and electrical considerations. 

I-2.2.1.1. Multi-output generation and grade difference of energy outputs. 

In a conventional PV or CPV system, more than 50% of the incident solar 

energy on a PV cell is dissipated as waste heat [3]. In a CPVT system, much of this 

waste heat, which is not converted to electricity, is utilized through a heat extraction 
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system. Thus, CPVTs have higher solar-to-useful energy efficiencies than other solar 

systems. In fact, when the concentration ratio, among other variables, is optimized 

with respect to the selected PV cell technology (Section I-2.2.1.2) and PV heat 

extraction mechanism (Section I-2.2.1.7), the individual electrical and thermal 

efficiencies of a CPVT become comparable or even higher than a separate solar PV 

and thermal collector, respectively. 

The multi-output generation nature is one of CPVTs’ most distinguishing 

characteristics with heat and electricity being the two forms of energy required by a 

wide range of residential, commercial, and industrial applications. This feature adds 

complexity to the performance analysis of a CPVT since electrical and thermal 

outputs are not equivalent from the second law of thermodynamics viewpoint, even if 

they were equal from the first law’s viewpoint. In other words, electrical and thermal 

outputs have different values for the end-user. As such, adding the thermal and 

electrical outputs to find a total energy output or adding the thermal and electrical 

efficiencies to find a total energy efficiency becomes meaningless (or at best 

misrepresentative) in a CPVT.  

In an attempt to settle this issue, Coventry and Lovegrove [238] proposed 

different approaches to find an electrical-to-thermal ratio that expresses the usefulness 

of electrical and thermal outputs to a residential consumer. Using the electrical-to-

thermal ratio, the equivalent electrical energy is defined as the sum of the electrical 

output and the thermal output divided by the ratio, as follows [238]:  

𝐸𝑒𝑙𝑒,𝑒𝑞 =
𝐸𝑡ℎ

𝛿
+ 𝐸𝑒𝑙𝑒        (I-1) 

The 𝐸𝑒𝑙𝑒,𝑒𝑞 concept could then serve as a performance figure-of-merit for a CPVT 

since it allows us to transform its multiple outputs into a single equivalent electrical 

energy output. Using an exergy approach (among other economic and environmental 

approaches), the authors were able to find the ratio for the case of a system with 

electricity and direct hot water outputs. The concept of exergy expresses the 

thermodynamic value or quality of a certain form of energy and is a suitable equalizer 

for the multiple outputs of a CPVT. More will be provided in Part II of this study on 

the role of exergy for the performance assessment of a CPVT. Accordingly, 

maximizing the second-law efficiency (exergy efficiency) rather than the energy 

efficiency (first law efficiency) should be the objective for a CPVT’s thermodynamic 
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optimization procedure. Similarly, minimizing the equivalent electrical energy 

levelized cost could serve as the objective for a thermoeconomic optimization 

procedure [238].  

Generally speaking, the overall second-law efficiency could be increased by 

maximizing the electrical output from the CPVT as well as maximizing the 

temperature of the thermal output, leading to a higher exergy output from the CPVT. 

Another method used by researchers to account for the grade difference between 

thermal and electrical outputs includes defining a primary energy saving (PES) 

efficiency. Huang et al. [241] defined the PES efficiency to be equal to the thermal 

efficiency plus the electrical efficiency divided by the electricity generation efficiency 

of a conventional power plant. This approach, where the conversion efficiency of 

primary energy to useful thermal energy is assumed to be 100%, actually converts the 

electrical energy into a thermal energy-equivalent. However, converting both 

electrical and thermal outputs into their primary energy-equivalent is a more 

representative approach that is possible using: 

𝜂𝑃𝐸𝑆 =
𝐸𝑒𝑙𝑒

𝜂𝑃𝐸𝑆−𝑒𝑙𝑒
+

𝐸𝑡ℎ

𝜂𝑃𝐸𝑆−𝑡ℎ
       (I-2) 

In their CPVT model, Otanicar et al. [249] multiplied the thermal efficiency by a 

Carnot factor that was assumed to be 0.5 of the ideal Carnot efficiency. This way, the 

grade difference between electricity and heat is accounted for using a simple 

approach. 

I-2.2.1.2. PV cell technology. 

Numerous PV cell types are under research and development or are already 

commercially-available (see Section I-3.1.10). The choice of the PV cells type is a 

critical design consideration that reflects on the thermodynamic performance of the 

CPVT and its economic feasibility. Da Silva and Fernandes [270] studied the thermal 

and electrical efficiency variations of their PVT when monocrystalline, 

polycrystalline, and amorphous silicon cells were used, as shown in Fig. I-6. Results 

showed that monocrystalline silicon provides the best economic value compared to 

the alternatives. However, an accurate comparison should account for the energy 

grade difference between electricity and heat, bringing us back to Section I-2.2.1.1.  
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Figure I-6: Electrical and Thermal Performance Variations when Different 

Silicon PV Cells are Used [270] 

 

 

A suitable PV technology for a CPVT system would have high efficiency 

under concentrated illumination and a low efficiency temperature coefficient. Also, 

the bandgap energy of the PV technology chosen should be in accordance with the 

concentration ratio (as will be shown in Section I-3.1.11 for the case of MJPVs) and 

PV heat extraction method (see Section I-2.2.1.7). Otanicar et al. [249] studied how 

different single-junction PV cell materials with different bandgap energies affect the 

electrical, thermal, and total efficiency of a CPVT collector under different 

concentration ratios, as shown in Fig. I-7. Figs. I-7a and I-7b show that the bandgap 

and concentration ratio ranges where electrical efficiency is maximized are also the 

same ranges where thermal efficiency is minimized. This is clearly due to the fact that 

when more solar energy is converted into electricity, the fraction of solar energy 

available for thermal energy conversion in a CPVT is reduced. Fig. I-7c then 

combines electrical and thermal efficiencies using a Carnot factor for the thermal 

efficiency to account for the grade difference with electricity, as was mentioned in 

Section I-2.2.1.1, so as to find optimum bandgap and concentration ratio ranges for 

maximum conversion efficiency. For the case when the mass flow rate is 0.05 kg sec-

1, this range is 10-50X for the concentration ratio and 1.5-2.0 eV for the bandgap 

energy [249]. It is worth noting that simply adding the thermal and electrical 
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efficiencies (i.e., only a first law’s approach) without accounting for their grade 

difference would have yielded misleading results. 

The absorption factor of the PV cell technology strongly affects both electrical 

and thermal performance [265]. And in case of using a pre-illumination PV heat 

extraction method (see Section I-2.2.1.7), the spectral response of the PV technology 

becomes an important design variable as well. Choosing high-performance PV cells is 

not always the best option (for instance, see Ref. [236]) since several other factors 

affect this choice; such as cell cost, concentration ratio, and heat extraction method. 

Thus, looking for a PV cell type that is cost-effective (rather than only highly-

performing) is the proper approach in the selection process. For high concentration 

ratios, multi-junction and non-silicon crystalline PVs are a preferable option due to 

their low sensitivity to elevated operation temperatures and high efficiency under high 

concentration levels. While for lower concentration ratios, conventional crystalline 

silicon PVs are more common due to their low cost and reasonable performance under 

low concentration levels. However, Yazawa and Shakouri [269] showed that under 

the assumption of an extremely high level of production, which is the scenario 

yielding the minimum theoretical cost, the installation cost per unit area of a CPVT 

with a concentration ratio above about 200X becomes almost the same regardless of 

the PV technology used, as illustrated in Fig. I-8. This signifies that under high 

concentration ratios, the cost of the optics dominates while the cost difference due to 

the use of different PV technologies starts to diminish. 

I-2.2.1.3. Adhesive between PV cells and thermal collector. 

The adhesive used to attach the PV cells in the receiver of a CPVT to the 

thermal collector must be a material with high thermal conductivity, high electrical 

insulation, high resistance to elevated temperatures and thermal cycling (i.e., ability to 

absorb thermal stresses), and reasonable cost. Rosell et al. [240] showed that an 

increase of 100% in the thermal conductivity of the adhesion (i.e., a decrease of 

thermal resistance from PV cells to the HTF) results in a 13.5% thermal efficiency 

increase. A lower thermal resistance between PV cells and the HTF is translated into 

lower cell temperatures (i.e., a higher efficiency and durability) and higher thermal 

efficiencies. A variety of adhesion materials are reported in the literature for CPVT 

receivers, as will be seen in Part II of this study. Dupeyrat et al. [264] proposed using  
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Figure I-7: Variation of CPVT’s (a) Electrical, (b) Thermal, and (c) Total 

Efficiency with Bandgap Energy and Concentration Ratio [249] 
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Figure I-8: Installation Cost per Unit Area for Different PV Cell Technologies 

under Different Concentration Ratios [269] 

 

 

a technique of single package lamination instead of standard PV cells gluing on an 

absorber’s surface. In this technique, the front glazing, encapsulated material, PV 

cells, and absorber are all laminated together in one step. Results show a significant 

increase of thermal conductivity from 100 to 700 W m-2 [264]. Nevertheless, care 

should be taken in order to ensure proper electrical insulation between the PV cells 

and absorber in the proposed technique. 

I-2.2.1.4. Solar thermal collector configuration and HTF type. 

The solar thermal concept on which the CPVT will be designed is another 

important design consideration that widely varies between different CPVT 

configurations. Sections I-3.2 and I-3.4.3 discuss non-concentrated and concentrated 

solar thermal collectors, respectively. Small-scale CPVTs with low-to-moderate 

concentration ratios frequently utilize a flat plate- or evacuated tube-based concept 

with a wide range of geometric variations (as will be seen in Section I-3.2). This 
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simplifies the assembly and cuts costs since non-concentrated solar thermal collectors 

are commercially available. On the other hand, larger CPVT systems with higher 

concentration ratios usually utilize a concentrated solar thermal-based concept. In 

their study, Sharan et al. [289] changed the receiver geometry for a line-focus CPVT. 

The authors used three receiver geometries—flat horizontal, flat vertical, and tubular. 

Results indicated that the tubular receiver is superior to the flat receivers with respect 

to both electrical and thermal performance.  

As for the HTF, water is the most common type due to its high specific heat 

capacity and availability. On the other hand, few low-concentration systems use 

mobilized air while some high-concentration CPVTs, often integrated with power 

generation or refrigeration cycles (see Part II of this study), use a refrigerant. 

Nevertheless, water offers a higher thermal and electrical performance compared to 

air even for low concentration CPVTs [251]. CPVT designs based on the concept of 

pre-illumination heat extraction using a direct absorption HTF, as will be shown in 

Section I-2.2.1.7, often use an engineered nanoparticle-suspended HTF in an internal 

loop. Eventually, the desired HTF outlet temperature, application size constraints, 

ambient conditions, and load requirements become the determining factors for 

selecting the solar thermal concept and HTF on which the CPVT will be designed. 

I-2.2.1.5. Cells temperature and HTF outlet temperature. 

As a result of the concentration in a CPVT, high PV cell temperatures result in 

decreased electrical efficiency, reduced open-circuit voltage, reduced fill factor, and 

accelerated cell degradation [31]. The cell efficiency expressed in terms of cell 

temperature is [43]: 

𝜂𝑐 = 𝜂𝑟𝑒𝑓[1 − 𝛽(𝑇𝑐 − 𝑇𝑟𝑒𝑓) + 𝛾 log 𝐼𝑇]     (I-3) 

The effect of cell temperature on performance will be elaborated on in Section I-3.1.8. 

Thus, if not properly cooled, especially at high concentration ratios, the performance 

and durability of a CPVT system are substantially compromised with risk of system 

failure in case of excessive overheating. This signifies the importance of adequately 

and robustly designing the PV heat extraction mechanism, as will be shown in Section 

I-2.2.1.7. 

Therefore, even though increased solar illumination as a result of optical 

concentration means the availability of more input energy to be converted into useful 



 
 

51 

 

energy, the limiting factor for the concentration ratio is the PV cells’ temperature. As 

a result, minimizing the PV cells’ temperatures is one of the most important design 

considerations for a CPVT system. In the same time, a higher HTF outlet temperature 

means a higher thermal exergetic efficiency and a wider scope of possible 

applications. Nevertheless, the HTF’s temperature needs to remain meaningfully 

lower than the PV cells’ temperature in order for meaningful heat transfer to occur 

and for the PV cells to remain at a reasonable temperature (similar to the concept of 

pinch temperature in a heat exchanger). For instance, a temperature of about 80℃ is 

recommended for the operation of most silicon cells. Thus, the HTF outlet 

temperature is usually limited to the range of 40-60℃ resulting in a limited range of 

possible applications due to the low quality of thermal energy extracted. 

Naturally, the inlet temperature of the HTF strongly affects both the HTF 

outlet temperature and the PV cells’ temperature in a direct relation [266]. 

Additionally, Xu et al. [239] confirmed that obtaining a higher HTF outlet 

temperature comes at the expense of the durability of the CPVT. This implies that an 

increase in the thermal exergetic efficiency comes at the expense of electrical 

efficiency and CPVT durability, and vice versa. This relation is perhaps one of the 

most prohibiting design limitations for any CPVT system with a post-illumination PV 

heat extraction method. As such, it becomes favorable to use a pre-illumination PV 

heat extraction method for applications that require high outlet temperatures. 

Nevertheless, pre-illumination designs are more challenging, mainly due to the 

difficulty of matching the optical properties of the HTF or filter with the spectral 

response of the PV cells. As such, pre-illumination designs are less mature and less 

common than post-illumination ones. Ultimately, a well-designed CPVT system 

would minimize the cells’ temperature while maximizing the quality of the harvested 

thermal energy. 

I-2.2.1.6. Mass flow rate. 

As shown in Fig. I-9, the mass flow rate of the HTF affects the thermal 

performance by affecting the HTF’s outlet temperature (Fig. I-9a) and affects the 

electrical performance by affecting the PV cell’s temperature (Fig. I-9b). Higher HTF 

mass flow rates usually result in lower cell temperatures and thus higher electrical 

efficiencies (Fig. I-9c). As seen in Fig. I-9c, the improved electrical efficiency means 
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the availability of more input solar radiation for conversion into electrical energy and 

less input solar radiation for conversion into thermal energy. However, the total 

efficiency should take into account the grade difference between electrical and 

thermal outputs, as per the discussion in Section I-2.2.1.1. Furthermore, higher HTF 

mass flow rates usually result in lower HTF outlet temperatures and thus lower 

thermal energy quality. The pumping power, which is a parasitic load as will be 

shown in Section I-2.2.1.10, also increases for higher mass flow rates. 

In their study, Xu et al. [239] concluded that increasing the mass flow rate by 

a factor of three (from an inlet velocity of 0.01 to 0.03 m sec-1) yields a total 

performance improvement of less than 1% and results in a sharp drop in the HTF’s 

outlet temperature from 56.2 to 35.5℃. Sharan and Kandpal [250] reached a similar 

conclusion where experimentally increasing the HTF’s mass flow rate results in 

electrical efficiency as well as electrical and thermal output increases up to a certain 

mass flow rate where performance improvements become negligible. As such, it is 

recommended to find an optimum range of mass flow rates that maximizes total 

system efficiency by following an optimization approach to settle the aforementioned 

trade-offs (electrical efficiency, thermal efficiency and quality, and parasitic loads). 

Similar to the concept of MPP tracking (Section I-2.2.1.8), when a CPVT is 

operated under real dynamic outdoor conditions where the ambient weather is 

continuously changing, the optimum mass flow rate that produces the maximum 

energy or exergy output (or efficiency) needs to be continuously adjusted as well. 

Thus, a mass flow rate controller that adjusts the mass flow rate according to ambient 

meteorological conditions (i.e., solar irradiance, ambient temperature, and wind 

speed) becomes necessary for optimum real-live dynamic operation. 

I-2.2.1.7. PV heat extraction mechanism. 

As already established, one of the main challenges with PV cells is that as 

their operating temperature rises as a result of changes in different weather variables, 

their electrical efficiency decreases and their durability decays [19]. CPVT systems 

have higher PV electrical efficiencies and longer lifetimes as a result of the 

continuous removal of heat from the PV cells. 

 The heat extraction method from the PV cells in a CPVT system is its most 

important design consideration and we will classify it into pre-illumination or post- 
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Figure I-9: Effect of HTF Mass Flow Rate on (a) HTF Outlet Temperature [266], 

(b) PV Cell Temperature [266], and (c) Electrical and Thermal Efficiencies [303] 

 

 

illumination methods, as shown in Fig. I-10. In pre-illumination methods, most of the 

radiation that is not efficiently utilized by the PV cell as a result of thermalization or 

non-absorption losses (see Section I-3.1.1) is collected before it impinges on the PV 

cells and elevates their temperatures. This is usually accomplished using spectral 

decomposition or direct absorption HTFs. The most common spectrum decomposition 

elements in CPVT studies are beam splitting filters [93], holographic concentrators 

[280], heat mirrors [242], and luminescent concentrators [101] while a direct 

absorption HTF could be a pure HTF or more commonly a customized nanoparticle-

suspended HTF [94]. Other less common spectrum decomposition techniques include 

diffractive optical elements [322] and dispersive prismatic elements [323]. A beam 

splitting filter has a reflection-transmission profile such that it reflects/transmits the 

PV-suitable band to the PV receiver while transmitting/reflecting the remaining bands 

to the thermal receiver. The most common type of beam splitting filters used for 

CPVTs are multilayered interference filters (also known as thin-film wave 
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interference filters and dichroic filters) that consist of a number of layers periodically 

deposited on a transparent substrate with a minimum of two non-absorbing materials 

with different refractive indices [93]. The desired reflection-transmission profile (i.e., 

band-stop, band-pass, etc.) from the filter is then obtained by modifying the material 

types, number of layers, and layer thickness profiles. The other type of beam splitting 

filters, Rugate filters, have a structure with continuously-varying refractive indices 

that enables them to selectively transmit radiation. Alternatively, a direct absorption 

HTF has an absorption-transmission profile such that it absorbs the non-PV-suitable 

bands from the solar spectrum while transmitting the PV-suitable band to the PV 

receiver. A holographic concentrator diffracts and concentrates the different 

wavelengths of solar radiation onto different focus locations [280-283], as will be 

shown Section I-3.3.3.4. A luminescent concentrator uses luminescent species, such 

as organic dyes [127, 128] and nano-crystalline quantum dots [129, 130], embedded 

in a transparent matrix to absorb solar radiation and then emit it at a different 

wavelength, as will be shown in Section I-3.3.3.3. Thus, the spectral decomposition 

element or the direct absorption HTF are designed such that they possess optimized 

optical properties in accordance with the spectral response of the PV cells. For 

instance, for the case of a silicon PV cell, the spectral decomposition element needs to 

direct the 700-1,100 nm spectral band, where silicon-based PV cells have the 

optimum spectral response (i.e., highest quantum efficiency), to the PV receiver while 

directing the remaining bands to the thermal receiver. This optimized matching 

between the cell’s spectral response and the spectral profile of the incident solar 

radiation results in the minimum spectral mismatch losses and a higher conversion 

efficiency. Decoupling the electrical and thermal components in a pre-illumination 

design overcomes one of the most challenging and inherent trade-offs in a CPVT; 

namely, the trade-off between the PV cell’s temperature and the HTF’s outlet 

temperature (Section I-2.2.1.5 through I-2.2.1.6). 

In post-illumination methods, the accumulated thermal energy within a PV 

cell as a result of thermalization and non-absorption losses is collected after the 

concentrated radiation impinges on the PV cells. Post-illumination, which is the more 

common and mature method, is accomplished using conventional passive or active 

heat extraction techniques. Minimizing the thermal resistance to maximize heat 

transfer between the PV cell(s) and the HTF, minimizing pressure drop to minimize 
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Figure I-10: Categorization of PV Heat Extraction Methods in CPVT Solar 

Collectors 

 

 

parasitic pumping (if any) loads, and achieving a uniform temperature profile to 

minimize thermal stresses are the three main design objectives for a post-illumination 

heat extraction mechanism. The choice and design of the PV heat extraction method 

in a CPVT is a critical step in order to maximize its electrical performance. Post-

illumination methods could be active (i.e., requiring a fraction of the cell power 

output) or passive (i.e., taking advantage of natural heat transfer). Active heat 

extraction is usually used for higher concentration ratios with higher cell temperatures 

and includes liquid- (e.g., water, refrigerant, solution, etc.) and air-based direct- and 

indirect-contact heat exchangers with a wide variety of geometries, jet impingement, 
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and micro- and nano-channel one- and two-phase heat exchangers. Active mechanism 

almost always use forced convection as the primary heat transfer mode with water 

being the most common HTF due to its superior thermal capacity, availability, and 

better control over waste heat utilization. On the other hand, passive heat extraction is 

effective only when the concentration ratio is low with mechanisms including 

extended surface heat sinks, heat pipes, and phase change materials. Active 

mechanism usually take advantage of natural convection and radiation and are highly-

dependent on the ambient conditions (e.g., wind velocity, temperature, relative 

humidity, etc.). Additionally, most passive methods dissipate the harvested heat to the 

surroundings which is not a feasible option energy-wise and contradicts the definition 

of a CPVT (as will be shown in Section I-2.1) unless a controllable setup is provided 

such as with the case of a thermosyphon-based CPVT. More on active and passive 

post-illumination heat extraction mechanism will be discussed in Section I-3.4.2. 

A hybrid combination between both pre- and post-illumination heat extraction 

is possible by direct liquid immersion of the PV cell. In direct liquid immersion, the 

HTF collects a portion of solar radiation before impinging on the PV cells (ideally, as 

much of the PV-unsuitable radiation as possible) in addition to collecting thermal 

energy generated within the PV cells by forced convection at the same time. A direct 

liquid immersion CPVT holds very promising potential due to the highly-effective 

heat transfer that takes place between the PV cell and the HTF. This is a result of the 

reduced contact thermal resistance, that normally exists between the PV cells and the 

HTF due to the different layers separating them in a typical CPVT design, and the 

increased heat transfer surface area when both the front and back surfaces of the cells2 

are immersed. This effective heat transfer results in reduced cell temperatures even 

under high concentration ratios. Additionally, direct liquid immersion achieves 

highly-uniform cell temperature distribution. The good agreement between the 

spectral response of many PV cell types with the optical transmittance of many 

available HTFs (with deionized water and dimethyl silicon oil being common 

choices) is also another reason for the high potential of this method. A challenge for 

direct liquid immersion that requires addressing; however, is the long-term stability of 

both the PV cell and the HTF under high concentration ratios. Nevertheless, very few 

                                                      
2 Having the PV cells immersed from both front and back within the HTF distinguishes direct liquid 
immersion from pre-illumination PV heat extraction via direct HTF absorption  
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studies on direct liquid immersion for CPVs are available in the literature [166, 275-

279] with almost no CPVT studies available. This calls for experimental testing and 

numerical simulation of CPVTs that employ direct liquid immersion heat extraction 

concepts. 

It is important to note that, depending on the design of the system, the PV cells 

heat extraction method could be independent of or integrated with the solar thermal 

component of the CPVT. That is, the PV cells heat extraction method is not 

necessarily the same as the solar thermal component in a CPVT. However, unlike 

CPVs (but like PVTs), a CPVT utilizes the extracted heat from the PV cell. This leads 

to the definition of a CPVT which was discussed in Section I-2.1. 

I-2.2.1.8. Maximum power point tracking (MPPT). 

Maximum power point tracking enables the operation of a PV cell at the 

voltage and current that provide maximum power. The MPP of a PV cell differs with 

load impedance, radiation intensity, cell temperature, and other environment operation 

conditions. Fig. I-11 illustrates the variation of the MPP with illumination intensity 

and cell temperature. As such, MPPT is the control algorithm that matches between 

the operation points of the PV cell and the DC/DC or DC/AC converter. Fig. I-12 

shows the block diagram of a PV system incorporating a DC/DC converter, a MPP 

tracker, and a power conditioner. The converter or inverter then conditions the power 

to the form usable by the load. According to Salas et al. [155], MPPT mechanisms 

could be classified according to the control strategy under direct control and indirect 

control methods. Direct control MPPT methods obtain the MPP from the 

instantaneous voltage and current of the PV. Direct methods include differentiation, 

feedback, perturb & observe, incremental conductance, and fuzzy logic methods. On 

the other hand, indirect control MPPT methods utilize built-in empirical mathematical 

algorithms that relate environment conditions with PV performance in order to 

estimate the MPP under a wide range of conditions. Indirect methods include curve 

fitting, look-up table, open-circuit voltage, short-circuit current, and open-circuit test 

cell methods. 

I-2.2.1.9. Packing factor. 

The packing factor of the PV cells in a CPVT receiver is defined as the ratio 

between the area occupied by the PV cells to the total receiver’s area. As such, the 
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packing factor strongly affects the ratio of electrical to thermal outputs. Determining 

an appropriate packing factor value depends on the heat extraction method, CPVT 

receiver design layout and material, concentration ratio, electrical connection type of 

PV cells, and application load requirements. The packing factor closely affects the 

heat transfer rate between adjacent PV cells, the receiver, and the ambient; especially 

at high concentration ratios where high cell temperatures could be reached. For low 

packing factors, the portion of the concentrated solar radiation utilized for electricity 

generation drops. Dupeyrat et al. [264] found that the electrical efficiency experiences 

an increase of about 3.5-4% while thermal efficiency experiences a decrease of about 

5-7% when the packing factor increases from 65% to 100% in a single-glazed PVT 

collector. Ji et al. [267] also found that increasing the packing factor from 50% to 

90% for a PVT results in a daily electrical energy yield increase from 0.4322 to 

0.7799 kWh day-1 accompanied by a daily useful thermal energy decrease from 

4.0039 to 3.6487 kWh day-1. Thus, the packing factor plays an important role in 

controlling how solar energy is utilized and the interaction between the thermal and 

PV components in a CPVT. 

I-2.2.1.10. Parasitic loads. 

Minimizing the parasitic load required internally for tracking, pumping, 

mechanical components, and power conditioning components (converters, inverters, 

controllers, etc.) translates into more useful energy available. Parasitic loads generally 

increase with increases in the concentration ratio of a CPVT since more exhaustive 

tracking and cell cooling requirements are imposed at high concentrations. Thus, 

optimization of the concentration ratio to maximize the total energetic and exergetic 

system efficiencies taking into consideration increased parasitic loads (a drawback at 

high concentrations) and improved power output in terms of quantity and quality 

(advantages at high concentrations) would be a sound approach. It is important to note 

that for high-concentration applications, the impact parasitic loads have on the overall 

CPVT system performance becomes more pronounced as a result of using demanding 

heat extraction methods and accurate tracking mechanisms. For instance, in the 

system designed by Kosmadakis et al. [261], 25.73% of the annual energy production 

from the proposed system was internally used to meet the system’s parasitic loads. 

Pumping the HTF usually accounts for the biggest parasitic load. The electrical power 
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Figure I-11: Variation of PV Maximum Power Point with (a) Illumination 

Intensity and (b) Cell Temperature [155] 

 

 

 

Figure I-12: Block Diagram of a Stand-Alone PV System with MPPT [156] 
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required to meet a certain pump head in a CPVT could be expressed as [263]: 

𝑃𝑒𝑙𝑒 = �̇�𝐻𝑇𝐹
𝑔𝐻𝑝

𝜂𝑓𝑎𝑛𝜂𝑚𝑜𝑡
        (I-4) 

I-2.2.1.11. Thermal energy utilization. 

The temperature of the thermal energy harvested from CPVTs is higher than 

that of conventional solar thermal collectors or PVT systems. This leads to a higher 

exergy content of the extracted heat, which makes the option of utilizing this thermal 

energy in applications such as thermally-driven cooling and water desalination a 

feasible and innovative approach (as will be demonstrated in Part II of this study). As 

shown in the previous sections, the quality of the collected thermal energy from a 

CPVT highly depends on the operating concentration ratio, HTF flow rate, PV heat 

extraction method, among other design variables. For HTF outlet temperatures above 

120℃, a good range of utilization applications are available. However, utilizing the 

collected thermal energy in a useful application becomes an issue for lower HTF 

temperatures (40-80℃), which is often the case for low to moderate concentration 

systems with post-illumination PV heat extraction methods. The availability of a 

suitable thermal demand in both quantity and quality becomes crucial for both the 

energetic and economic feasibility of a CPVT system [260]. Schwinkendorf [273] 

emphasized this finding in his thermoeconomic performance comparison for CPVTs 

in different commercial and industrial sectors. The availability of excess thermal 

energy without being able to utilize it gravely affects thermal efficiency since this 

excess heat will have to be eventually dissipated in order to avoid any electrical 

performance degradation. The incorporation of properly-sized thermal storage tanks 

smoothly buffers any generation/demand mismatch on the short-run; however, the 

main solution to avoid this issue remains to carefully match the CPVT’s HTF outlet 

temperature and mass flow rate with the thermal energy demand profile of the 

CPVT’s designated application. Generally speaking, a CPVT collector able to provide 

higher HTF outlet temperatures (i.e., a higher thermal exergy) is both more likely to 

find a suitable thermal energy demand and is more integratable on a system level. 
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I-2.2.2. Optical considerations. 

I-2.2.2.1. Concentration optics type and ratio. 

CPVT systems use up to 95% less PV cells area-wise [18] as a result of using 

solar concentrator optics that increase many folds the radiation intensity falling on 

each cell. Concentrator optics are significantly less expensive than PV and thermal 

receivers. This reflects on the overall cost of the system (as will be further discussed 

in Section I-3.4.2). 

On the other hand, it is important to consider that higher concentration ratios 

typically result in higher cell temperatures and a higher series resistance as a result of 

the higher short-circuit current. For a conventional PV cell, the relation between the 

concentration ratio and short-circuit current is linear:  

𝐼𝑠𝑐 = 𝑋𝐼𝑠𝑐,𝑟𝑒𝑓         (I-5) 

On the other hand, the relation is logarithmic with open-circuit voltage and is as 

follows: 

𝑉𝑜𝑐 =
𝑛𝑖𝜅𝑇

𝑞
[ln (

𝐼𝑠𝑐

𝐼0
) + ln 𝑋]       (I-6) 

The effect of irradiance level on electrical performance will be elaborated on in 

Sections I-3.1.8, I-3.1.11.3, and I-3.4.2. Additionally, concentration optics capture 

none-to-small amounts of diffuse radiation due to view angle limitations. Only direct 

radiation is utilized in solar concentrators, which requires the use of accurate solar 

trackers. However, for low concentration optics (<10X) with low tracking 

requirements, some diffuse radiation is harvested. For building-integrated CPVTs, the 

transmission of diffuse radiation is considered an advantage since it provides natural 

daylight while blocking and utilizing direct radiation which otherwise adds to the 

cooling load. 

From an electrical viewpoint, there exists an optimum concentration ratio for 

each PV cell type. However, for a CPVT, the optimum concentration ratio is an 

elementary design variable determined with respect to both electrical and thermal 

targets and priorities. A wide variety of concentrator optics is available for 

concentrated solar radiation applications, as will be covered in Section I-3.3.3. 



 
 

62 

 

I-2.2.2.2. Terrestrial solar spectrum and atmospheric attenuation. 

As solar radiation passes through the earth’s atmosphere, it is noticeably 

altered with respect to both intensity and spectrum. The earth’s atmosphere functions 

as a filter that attenuates solar radiation. Thus, the intensity and spectrum of the 

extraterrestrial radiation that reaches the top of the earth’s atmosphere are different 

than the intensity and spectrum of terrestrial radiation that reaches the earth’s surface. 

The level of intensity and spectrum attenuation of the incident radiation is governed 

by two main factors—optical air mass and local atmospheric composition. Optical air 

mass is defined as the path length of solar rays through the atmosphere relative to the 

shortest path length when the sun is overhead and could be found from [312]: 

𝐴𝑀 =
1

sin  + 0.50572( +6.07995)−1.6364
      (I-7) 

The geographical location’s latitude and altitude, time of day, and season of year all 

determine the air mass. Local atmospheric composition, on the other hand, refers to 

the type and number of air molecules and aerosols in the radiation’s path and is 

affected by the climate, current weather conditions, cloud cover, ozone layer 

thickness, and air pollution level. Thus, variations in the content of the atmosphere 

and distance solar rays have to travel through are what determines the intensity and 

spectrum of terrestrial solar radiation. The relation between variables, factors, and 

mechanisms of atmospheric attenuation is highlighted in Fig. I-13. Based on 

Bouguer–Lambert law, terrestrial direct beam irradiance on a horizontal plane 𝐼𝐵 as a 

function of air mass and atmospheric composition is found from [313]: 

𝐼𝐵 = 𝐼𝑒𝑥𝑆𝑑 sin(휀) exp(−𝑘𝑒 ∙ 𝐴𝑀)      (I-8) 

Where 𝑆𝑑 is a correction factor that accounts for sun-earth geometry while 𝑘𝑒 

accounts for atmospheric attenuation effects. 

 Direct solar irradiance is attenuated as it passes through the earth’s atmosphere 

to reach the earth’s surface as a result of absorption, scattering, and reflection by the 

chemical molecules in the natural clean atmosphere (oxygen, nitrogen, argon, etc.) 

and aerosol (suspended solid and liquid particles with 0.001-100 𝜇𝑚 diameters in the 

air including dust, sand, soot, smoke, etc.). The absorption of incident radiation in the 

earth’s atmosphere mainly by ozone, oxygen, water vapor, carbon dioxide, and dust 

causes wide variations in the spectrum content of terrestrial radiation (see Fig. I-14 

(bottom)). This absorbed energy is then emitted by the absorbing particles in all 
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Figure I-13: Relation between Variables, Factors, and Mechanisms of 

Atmospheric Attenuation of the Solar Spectrum 

 

 

directions as long-wavelength infrared thermal radiation. On the other hand, scattering 

of incident radiation splits it into direct and diffuse radiations. Rayleigh scattering 

occurs when the particle’s size is much smaller than the incident’s wavelength—

which is usually the case for air molecules. Rayleigh scattering results in a somewhat 

homogeneous scattering direction and mainly occurs for short-wavelength radiation. 

Mie scattering, on the other hand, occurs when the particle’s size is close to or larger 

than the incident’s wavelength—which is usually the case for aerosols. Mie scattering 

results in a less homogeneous and more fixated scattering direction and mainly occurs 

for long-wavelength radiation. Some of the scattered diffuse radiation reaches the 

earth while some is scattered into space. Scattering effects are of great importance for 

tracking CPVTs since they mainly utilize direct beam radiation. Lastly, clouds are 

responsible for most of the atmospheric reflection into space in which the incident’s 

direction is 180° changed. Quantifying reflection attenuation due to the cloud cover 

could be achieved by knowing the cloud factor and cloud optical depth or using other 

more involved and accurate procedures [314]. 

Fig. I-14 (top) gives indicative ranges of the portions of the direct 

extraterrestrial irradiance that gets absorbed in the atmosphere, scattered to the earth, 

scattered into space, and direct beam irradiance that actually reaches the earth’s 

surface. For a clear day, the direct beam irradiance that reaches the earth drops from 

about 1,367 W m-2 (the solar constant) at a surface normal to the sun’s rays at the 

outer edge of the atmosphere (i.e., about 40 km from earth’s surface) when the earth is 

at its mean distance from the sun to about 900 W m-2 of direct radiation on the earth’s 

surface. It is important to also notice that, depending on the local landscape, land and 
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water surfaces reflect a significant portion of the incident radiation that actually 

reaches the earth’s surface back into space. In addition to this radiation intensity drop, 

the solar spectrum is also noticeably and unevenly altered as it passes from the earth’s 

outer atmosphere to its surface. This is shown in Fig. I-14 (bottom) where the 

extraterrestrial solar spectrum at the top of the atmosphere (AM0) and the terrestrial 

direct solar spectrum at sea level (AM1.5D) are compared and the spectral absorption 

bands for different molecules are highlighted. 

As such, local hourly and seasonal weather variations in the same location 

should be accounted for since they could cause strong variations in the incident solar 

intensity and spectrum. For this reason, desert and equatorial locations are favorable 

in this regard since their local weather variations are low. Nevertheless, the strong 

soiling effects associated with many of the solar-rich locations should not be 

overlooked (see Section I-2.2.3.1). 

For a properly-designed CPVT system where the PV cells are properly cooled 

and the concentrated radiation is homogeneous over the cells’ surface area, the 

electrical and thermal energy outcomes are naturally higher for geographical locations 

with high direct solar radiations and clear weather. Most solar concentrators collect 

very small amounts of diffuse radiation, thus, areas with high direct radiation enable 

better concentration. Additionally, the temperature of the thermal energy harvested 

increases with increased radiation, enabling the use of this thermal energy for a wider 

range of applications (see Section I-2.2.1.11). This restrains the economic feasibility 

of a CPVT system to certain geographical locations. Fig. I-15 compares the relative 

direct normal radiation on the world map. Locations highlighted in orange have high 

direct solar radiations. That is, a more promising potential for solar energy utilization 

in general and CPVTs utilization in particular. Vokas et al. [268] assessed the 

performance of their PVT design in three different regions of Greece and found 

noticeable performance differences due to meteorological differences between the 

three regions. Similarly, da Silva and Fernandes [270] found that the solar fraction of 

their PVT design was 67% for a temperate region but it jumps to 92% for an 

equatorial region. While for a CPVT-based cooling and heating system, Buonomano 

et al. [262] found the maximum PES to vary between 98% and 159% for two 

locations in Italy. Also, in an early system-integration study conducted in 1981, Rios 

et al. [272] found that the CPVT collector breakeven cost with conventional 



 
 

65 

 

 

Figure I-14: Atmospheric Absorption and Scattering of the Solar Constant 

through the Atmosphere (Top) [29] and the Difference between AM0 and the 

Resulting AM1.5D Spectra with Molecular Absorption Bands (Bottom) 
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alternatives (grid and natural gas) for commercial and light industrial applications is 

in the range of $2.50-3.00 𝑊𝑒
−1 for Albuquerque while costs as low as $1 𝑊𝑒

−1 may 

not be cost-effective for Nashville due to the solar radiation availability differences 

between the two locations. 

 

 

 

Figure I-15: World Normal Solar Radiation Map (Modified from [1]) 

 

 

Finally, it is important to note that since the solar spectrum content and power 

vary with both time and geographical location, reference spectra standards are defined 

to allow for consistent performance comparisons. For terrestrial CPVs, the 

international standard is the AM1.5 Direct (ASTMG173-03(2012)) [28]. Software 

models such as SMARTS [311] use semi-empirical relations to predict the spectral 

solar irradiance for a given geographical location taking into account a number of 

factors including atmospheric composition, pollution level, landscape, tilt angle, etc. 

I-2.2.2.3. Incidence angle and tracking. 

The incidence angle between the CPVT surface and the incident direct solar 

radiation varies diurnally and seasonally and with the longitude and latitude of the 

location. For an orientation facing the equator, the incidence angle is a function of the 

elevation angle (i.e., angular height of the sun from the horizontal) and the CPVT’s 

tilt angle, as shown in Fig. I-16. The amount of radiation received by the CPVT 
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surface, with neglected diffuse radiation since most concentrator optics do not 

concentrate it, is the component of the incident direct (beam) radiation perpendicular 

to the CPVT surface, as shown in Fig. I-16. This effective perpendicular component 

could be calculated using: 

𝐼𝑒𝑓𝑓 = 𝐼𝐵 × sin 𝜃        (I-9) 

With the incidence angle 𝜃 found from: 

𝜃 = 𝜏𝑎 + 휀         (I-10) 

The elevation angle 휀 found from: 

휀 = 90 − 𝜉 + 𝜑        (I-11) 

And the declination angle 𝜑 found from: 

𝜑 = 23.45 sin (
360

365
[284 + 𝑑])      (I-12) 

Where all angles are in degrees. Thus, the CPVT surface receives the maximum 

amount of solar radiation when the incidence angle is 90° (or equivalently, when the 

sun’s zenith angle is equal to the CPVT’s title angle). Cosine losses are caused by 

deviation from 𝜃 = 90°. 

 

 

 

          Figure I-16: Incidence Radiation Components on a CPVT Surface 
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The optical efficiency of the solar concentrator is strongly dependent on the 

angle of incidence. This dependency is shown in Fig. I-17a for the case of a low-

concentration 3D compound parabolic concentrator (CPC) under a range of incidence 

angles. For both simulated and experimental results, a sharp drop in optical efficiency 

is observed at an incidence half-angle of 40°. Moreover, the shape and size of the 

image profile generated at the receiver sharply change when the incidence angle 

deviates from the aperture’s normal in either the transverse or longitudinal directions. 

The image profiles generated for a parabolic reflector with a flat receiver under 

different transverse incidence angle deviations are shown in Fig. I-17b. Thus, 

deviation from the concentrator’s acceptance angle could result in drastic electrical 

performance drops, as will be shown in Section I-3.3.2.1, due to the formation of hot 

spots (see Section I-2.2.2.6) and the reduced intensity of the photons flux impinging 

on the PV receiver surface. Additionally, the receiver’s intercept factor greatly suffers 

as a result of the enlarged and shifted image profiles [182] affecting both thermal and 

electrical outputs. 

According to Mousazadeh et al. [30], using tracking to keep the incidence 

angle at 90° with a ±10° accuracy would lead to receiving 98.5% of the incident 

radiation. Nevertheless, as the concentration ratio increases for a system, so does its 

tracking accuracy requirements. The decision to use tracking and the dimensions and 

accuracy of tracking to be used all depend on the size and concentration ratio of the 

CPVT system since trackers present a source of parasitic loads (see Section I-

2.2.1.10). Nevertheless, for locations with a clear weather, the energy gain from using 

tracking is between 30 and 40% [30, 248]. And even for the case of a PVT, 25% and 

39% energy gains from using one-axis and two-axis trackers, respectively, have been 

reported [270]. Mousazadeh et al. also reviewed the different one-axis and two-axis 

tracking methods available in the literature for solar systems (more on tracking in 

Section I-3.4.1). It is important to note that for accurate estimations of the incident 

solar radiation for high-concentration solar systems, solar radiation and 

meteorological data (e.g., ambient temperature, wind velocity, etc.) collected from 

experimental measurements over a long period of time averaged and projected for the 

future become the most accurate source. 
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Figure I-17: (a) Simulated and Experimental Optical Efficiency Variations in a 

3D Compound Parabolic Concentrator (CPC) for a Range of Incidence Angles. 

The Incidence Angle is Measured with Respect to the Normal to the Receiver’s 

Surface [293] and (b) Image Profiles Generated at the Surface of a Flat Receiver 

with a Parabolic Reflector with Transverse Incidence Angle Deviations from the 

Aperture’s Normal for Two Rim Angles. The x-axis Represents the 

Dimensionless Distance from Center of the Receiver [182] 

 

 

I-2.2.2.4. Glazing. 

Whether or not to use glazing is a tricky design option for a CPVT system. 

Glazing results in reduced thermal losses but increased optical losses, making glazing 

a twofold issue in a CPVT. From a thermal efficiency viewpoint, using glazing 

generally leads to a higher thermal efficiency. This is provided that the number and 

properties of the glazing cover(s) are carefully chosen such that the reduced thermal 
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losses offset the increased optical losses. However, from an electrical efficiency 

viewpoint, the increased optical losses, due to reflection and absorption of solar 

radiation by the glazing cover, generally lead to a lower photon flux impinging on the 

surface of PV cells. Moreover, the PV cells temperature increases due to the reduced 

thermal losses. Thus, in most cases, glazing improves the thermal efficiency of a 

CPVT system but at the same time decreases its electrical efficiency, as was 

confirmed by Tonui and Tripanagnostopoulos in their study [263]. This makes 

whether to use glazing, the glazing material properties, and the number of covers 

design decisions based on the design details, application requirements, ambient 

conditions for a CPVT system. 

Material-wise, glass is usually the preferred choice due to its durability under 

concentrated solar radiation and elevated temperatures compared to plastic 

alternatives even though the optical performance of plastic covers could be better than 

glass. The importance of the optical properties of the glazing material was identified 

by Ji et al. [267] where they studied the effect of varying the transmittance of the front 

glazing of their PVT design. The authors found that for an optical transmittance 

increase from 70% to 90%, the electrical efficiency and daily yield both increased by 

about 28.3% while the thermal efficiency and daily yield both increased by about 

8.4%. Chow et al. [22] experimentally showed that using glazing with a PVT system 

is favorable if we are to increase the quantity of harvested energy. Whereas, if we are 

to increase the quality of the harvested energy, the unglazed option is favorable. 

Nevertheless, similar studies on CPVTs under different concentration ratios and using 

different refraction and reflection optics are required. A possible solution (which adds 

to the complexity of the system) could be to use glazing for certain parts of the CPVT 

such that we retain the thermal advantage of glazing without sacrificing electrical 

performance. Another solution is to use anti-reflection coatings in order to decrease 

optical losses (will be further discussed in Section I-2.2.2.5). This could increase 

transmittance from 91% to 94% for a double-ARC low-iron glass cover [264]. 

I-2.2.2.5. Optical coatings. 

Anti-reflection coatings (ARCs) and low-emissivity coatings (LECs) are both 

used to increase the optical efficiency of a solar collector. ARCs consist of a thin layer 

of dielectric material that serves as a gradual refractive index transition layer between 
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the surrounding medium (e.g., air) and the coated medium (e.g., glass cover or PV 

receiver). While LECs are spectrally-selective thin layers (mostly either doped metal 

oxides or multilayered stacks of dielectrics and highly-reflective metal films) that 

exhibit high transmittance in the visible portion of the solar spectrum and a generally 

high reflectance in the infrared portion. The effects of using ARCs on the glass cover 

and LECs on the PV laminate were investigated by Santbergen et al. [265] in a typical 

sheet-and-tube PVT (with extendable results to CPVTs). As shown in Fig. I-18a, the 

authors compared three optical coating configurations (B: LEC on PV laminate; C: 

ARC on PV laminate and both sides of glass cover; D: B and C coatings combined) 

with a standard configuration (A: without coating) to study the effect of coating on 

electrical and thermal performance. The ARC used was a single-layer of SiO2 

deposited by dip coating while the LEC used was SnO2:F with a fluorine doping 

concentration of 3 × 1020 cm-3. Results shown in Fig. I-18b indicate that ARCs 

improve both electrical and thermal efficiencies while a LEC improves thermal 

efficiency at the expense of electrical efficiency. The combination of both ARC and 

LEC results in the highest thermal efficiency due to the increased intercepted solar 

radiation and reduced radiation losses, with a slight increase or decrease of electrical 

efficiency depending on the collector’s size. 

I-2.2.2.6. Illumination and temperature spatial non-uniformities. 

Non-uniform illumination is an inherent characteristic of all concentrator 

optics due to a number of random errors, as will be discussed in Section I-3.3. 

However, the level and distribution of illumination non-uniformities vary with the 

type and geometry of the concentrator. Other causes of a non-uniform illumination 

profile include the angular solar intensity variation across the solar disk and aureole 

(sun shape), geometric and manufacturing defects in the concentration optics, 

misalignment between the cells and concentrators, poor or insufficient tracking of the 

sun, soiling and photodegradation of optical elements with aging, shading by the 

surroundings and the system’s structure, and shape deformation caused by mechanical 

factors (e.g., fatigue, excessive wind loads, etc.). Both the efficiency and lifetime of 

the PV components in a CPVT (or CPV) system decrease as a result of illumination 

and temperature distribution non-uniformities. As such, many CPV and CPVT studies 

solely aim to optically characterize and mitigate temperature and illumination non- 
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Figure I-18: (a) PVT Receivers with Different Optical Coating Configurations 

and (b) their Resulting Electrical and Thermal Efficiencies for Different 

Collector Sizes [265] 

 

 

uniformities by developing optimized optical elements, as will be seen in Part II of 

this study, and optically modeling them using ray tracing techniques. Nevertheless, a 

simplified measure to quantify both the spread and extent of spatial irradiance non-

uniformities was proposed by Lu et al. [302] using a spatial non-uniformity factor, 

defined as the difference between the maximum and minimum concentrated 

irradiance to their sum, as follows: 

𝜔 =
𝐼𝑐𝑜𝑛
 𝑚𝑎𝑥−𝐼𝑐𝑜𝑛

 𝑚𝑖𝑛

𝐼𝑐𝑜𝑛
𝑚𝑎𝑥+𝐼𝑐𝑜𝑛

 𝑚𝑖𝑛         (I-13) 

Non-uniform illumination often results in the formation of localized high 

illumination spots, known as hotspots, on the surface of a single PV cell, as shown in 

Fig. I-19a. Eventually, these hotspots cause a drop in the electrical efficiency, open-

circuit voltage, short-circuit current, and fill factor in the case of a single PV cell as a 
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result of induced internal currents [20, 21]. While in the case of series-connected PV 

cells with different levels of illumination on different cells, as shown in Fig. I-19b, the 

current of the cell with the lowest level of illumination becomes the limiting current 

[17]. The well-illuminated cells then reverse bias the poorly-illuminated cell where 

power from the well-illuminated cells gets dissipated. This leads to overheating of the 

poorly-illuminated cell which eventually causes permanent damage to the cell and 

even the module containing the cells. 

 

 

 

Figure I-19: Non-Uniform Illumination on (a) a Single PV Cell and (b) Series-

Connected PV Cells 

 

 

Even though it’s very difficult to avoid the non-uniform illumination profile of 

concentration optics [26, 27], modeling the effect of non-uniform illumination and 

temperature profiles on the performance of a PV cell could help mitigate this issue. 

Currently, several hotspot analytical and experimental models are available in the 

literature [26, 27]. Mitigation strategies include using parallel-connected, adequately-

sized bypass diodes across PV strings to provide an alternative path for the current 

when a cell is reverse-biased due to poor illumination [24, 25]; using concentrated 

flux homogenizers or multiple optical elements to minimize the unavoidable non-

uniformity of the resulting image from concentrator optics [62, 83, 315]; connecting 

the cells in-parallel when individual cell voltages are adequate since voltage matching 

is less sensitive to illumination non-homogeneities than current matching [63]; 

optimizing the geometrical arrangement and electrical connection of cells and strings 

in an array in accordance with the solar flux distribution using innovative strategies 

such as total cross-tied connections [317], strings with different cell widths [318], 

connecting individual cells with DC/DC converters [319], and using computerized 



 
 

74 

 

algorithms to estimate the array’s current-voltage curve for all possible connection 

configurations [320]. 

On the other hand, a non-uniform temperature distribution across a single cell 

or an array of cells has two main causes—non-uniform illumination or a poorly-

designed heat extraction system. Fig. I-20a shows how a non-uniform illumination 

profile generates a non-uniform temperature distribution profile across the length of a 

PV cell. Franklin and Coventry [20] exhibited how both illumination and temperature 

distribution non-uniformities affect the performance of a PV cell by generating the 

current-voltage curves of a PV cell under different combinations of illumination and 

temperature distribution uniformities, as shown in Fig. I-20b. It is clear from the 

figure that a uniform illumination and temperature profile is necessary to obtain the 

best performance from a PV cell. As for the heat extraction mechanism, if the 

operating parameters (e.g., HTF mass flow rate) and device geometry are not 

carefully designed, a temperature gradient over the PV cell(s) increasing in the flow 

direction exists [292]. Barrau et al. [292] concluded that both the solar illumination 

profile and the HTF mass flow rate should be taken into account when choosing the 

heat extraction device geometry so as to achieve a uniform temperature profile over 

the PV cell(s) surface. Charactering the temperature distribution profile and finding its 

effect on cell performance is usually accomplished using finite element tools [293]. 

I-2.2.2.7. Chromatic aberration. 

Chromatic aberration (or illumination spectral non-uniformities, or color 

dispersion) is the convergence of different colors of light to different points in space 

due to the different refractive indices (which relate the speed of light in a transparent 

medium to the speed of light in vacuum) concentrator optics materials have for 

different light wavelengths. For instance, PMMA, which is commonly used in Fresnel 

lenses, has a refractive index ranging from 1.515 for blue light to 1.470 for red light 

[306]. The refractive index is also incidence angle-, temperature-, and humidity-

dependent. Thus, in addition to the spatially non-uniform illumination intensity (see 

Section I-2.2.2.6), practical solar concentrators (especially refractive optics) also 

generate a spectrally non-uniform illumination intensity on the surface of the receiver. 

For a single-junction cell, the spectral illumination non-uniformities caused by 

chromatic aberration have the same effect as spatial illumination  
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Figure I-20: (a) The Effect of a Non-Uniform Illumination Profile on PV Cell 

Temperature Distribution Profile [20] and (b) The IV Curves of a PV Cell under 

Different Combinations of Illumination and Temperature Uniformities [20] 

 

 

non-uniformities [306]. On the other hand, chromatic aberration could have a 

considerable effect on the fill factor and short-circuit current of current-matched 

multi-junction photovoltaic (MJPV) cells under high concentration ratios [85-87] due 

to the narrower spectral response window for each cell layer in a MJPV compared to a 

single-junction cell [306]. Fig. I-21 visually illustrates how the chromatic aberration 
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simulated for a range of practical concentrator optics affects the short-circuit current 

and fill factor of a MJPV, leading to a conversion efficiency drop. The authors [86] 

proposed that maximizing lateral current flow (i.e., current spreading) in the design of 

the semiconductor structure can minimize the effect of chromatic aberration by 

minimizing the effect of the overall spatial current mismatch in the MJPV cell. 

Alternatively, using flux homogenizers to resolve this issue is a favorable option since 

in addition to eliminating illumination spatial non-uniformities, it also minimizes the 

chromatic aberration of concentrator optics [84]. Other alternative solutions include 

using current-mismatched MJPV cells and slightly shifting the receiver from the 

concentrator’s focal plane. 

 

 

 
Figure I-21: Modeled Effect of Chromatic Aberration Generated by Different 

Concentrator Optics on the IV Curve of a Triple-Junction PV Cell [86] 
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I-2.2.3. Technoeconomic considerations. 

I-2.2.3.1. Reliability and durability. 

The component with the lowest durability limits the durability of the CPVT 

system. All components and connections need to be resilient to thermal stresses, water 

ingress, corrosion, and outdoor weather effects in order to minimize degradation rates 

and prevent any performance drops or sudden failures. One of the most common 

reliability concerns for solar technologies in general and CPVTs in particular is 

soiling due to dust deposition. Soiling disrupts the function of exposed transmissive 

and reflective surface(s) in a CPVT, which could be the concentrator optics and/or the 

PV and thermal receivers, depending on the design’s architecture. Both concentrated 

solar thermal (CST) and concentrated photovoltaic (CPV) systems are more sensitive 

to soiling compared to conventional non-concentrated systems [295-296]. This is due 

to the light scattering effect of dust particles. When direct beam radiation is scattered 

due to a dust particle, the solar concentrator will most likely not be able to deliver that 

radiation to the PV or thermal receiver (much like diffuse radiation falling on the 

concentrator) unless the deviated radiation direction still falls within the 

concentrator’s acceptance angle. Darwish et al. [301] concluded that limestone, ash, 

red soil, calcium carbonate, silica, and sand are the most detrimental types of dust on 

the performance of PVs. Common mitigation strategies for soiling include manual 

washing using water or detergents; mechanical cleaning using wiping, air flow, or 

vibrations; and coating or treating the surface such that strong bonds with dust cannot 

be established [294]. Another common reliability concern for reflector optics in 

particular is corrosion or oxidation of the reflecting surface. Most reflector optics use 

silver or aluminum as the mirror’s reflective layer. Both silver and aluminum can 

corrode due to different weathering effects (rain, humidity, etc.) in a CPVT’s 

environment. Front and back surface coatings, transparent protective front layers, and 

edge sealing of the mirrors are all common corrosion mitigation strategies. 

As for durability, PV, solar thermal, and concentrator optics are all mature 

technologies with 25+ lifetimes. Thus, a properly designed CPVT should have a 

similar lifetime. Xu. et al. [239] developed a thermomechanical finite element model 

to predict the fatigue life of a CPVT. The thermal expansion coefficient mismatch 

between the PV cell and its substrate with thermal cycling (due to concentration ratio 
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and operation temperature variations) leads to the eventual failure of the solder layer. 

As such, the authors developed a fatigue life model to predict the failure modes under 

different operation conditions [239]. It was found that obtaining higher HTF outlet 

temperature comes at the expense of the durability of the CPVT system. Generally 

speaking, the reliability assessment of a CPVT includes both electrical and thermal 

tests. More on reliability assessment will be covered in Part II of this study. 

I-2.2.3.2. Economic feasibility. 

A CPVT is a hybrid of hybrids (CPVs and PVTs). A successful CPVT design 

integrates photovoltaic cells, solar thermal collectors, and concentrator optics (as will 

be seen in Chapter I-3 and Part II of this study). Thus, the most sensitive task when 

designing a CPVT is to find optimum ranges for the design parameters in order to 

resolve the trade-offs between the different design considerations these components 

dictate. This is a complicated task that reflects on the design, manufacturing, and 

installation processes. Thus, the initial cost of a CPVT is high. Nevertheless, this is a 

normal drawback due to the novelty of CPVT technology. It is expected that costs 

will drop as the technology becomes more mature and widespread, especially that the 

constituent components of a CPVT are all commercialized with an established design 

and manufacturing infrastructure. 

It is vital to economically assess the feasibility of a CPVT system. This is 

because an energetically-feasible CPVT design or concept could be economically-

unfeasible if it contains extravagant components such as high-efficiency MJPV cells 

or high-reflectance concentrator optics. Renewable power generation systems, in 

general, require very high investment costs due to the young technological maturity of 

renewable equipment accompanied by very little running costs due to the absence of 

fuel costs. As such, the economic evaluation of a proposed renewable power 

generation system would determine if the running cost savings justify the high 

investment cost. But more importantly, an economic comparison between a 

conventional alternative where, typically, the investment cost is lower and the running 

cost is higher and the proposed renewable system should be established. This leads to 

the conclusion that a thermoeconomic analysis that combines both energy and cost 

feasibilities is the best approach for the assessment of a CPVT [269] and most power 

generation technologies, in general. Selecting application-specific and cost-effective 
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components is key for an economically-viable CPVT design. Often, cost 

optimizations are necessary to settle the trade-off between cost and efficiency. 

Economic indicators include the simple payback period, net present value, and life 

cycle cost. More on CPVTs’ economic assessment will be covered in Part II of this 

study. 

I-2.2.3.3. Environmental impact. 

Even though point-of-use energy generation using a CPVT is a zero-emission 

process; the raw materials extraction, materials processing, manufacturing, 

transportation, installation, maintenance, and disposal of the constituent components 

in a CPVT system are energy-intensive processes that often result in greenhouse gas 

emissions as well as liquid and solid wastes. Hence, in order to realistically assess the 

impact a CPVT system (or any other renewable-based power generation technology 

for that matter) has on the environment over its lifespan, the method of life cycle 

assessment [32, 258] is usually used. Using environmental indicators such as energy 

payback period and greenhouse gas emissions payback period, the realistic extent to 

which a CPVT system is environmentally-friendly could be assessed, as will be 

shown in Part II of this study. Other local environmental factors such as noise 

pollution, land use, and water consumption/discharge could also be applicable 

depending on the CPVT’s design and application. 

I-2.2.3.4. Aesthetic appeal. 

Most low-concentration CPVT designs and commercial initiatives are meant 

for building integration purposes (see Part II of this study). Low-concentration CPVT 

building integration is accomplished via façade-mounting or roof-mounting, 

depending on several factors (see Part II of this study). This implies that the aesthetic 

appeal of the CPVT is an additional design consideration that needs to be accounted 

for when building integration is the application area. 

I-2.2.3.5. System sizing and BoP components. 

The size of a CPVT system is dependent on the load requirements. Changing 

the system size affects its thermal and electrical efficiencies, but more importantly it 

affects the solar fraction (fraction of load requirements met by the CPVT) and 

investment cost. Naturally, a larger CPVT surface area would harvest more solar 
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energy and would be able to meet more of the load requirements. However, a larger 

system size also means more balance-of-plant (BoP) components and higher 

investment costs. Common CPVT BoP components include thermal storage tanks and 

battery banks in order to compensate for solar energy’s intermittent nature. Larger 

CPVT collector sizes also result in increased convection and radiation heat losses due 

to the larger surface areas and higher cell and absorber temperatures. A larger CPVT 

collector size also usually results in lower electrical efficiencies due to the higher 

HTF outlet temperatures with an increase in aperture size (i.e., an increase in 

concentration ratio if receiver’s size is unchanged). Thus, optimizing the system size 

for an expected load demand becomes necessary in order to achieve an economically-

profitable design.  

Calise and Vanoli [235] studied how varying the length of their proposed 

CPVT system affects performance. They found that both electrical and thermal 

efficiencies slightly decrease (<1%) for a length increase from 4 to 16 m. This is 

attributed to the increased cell temperature and the accompanying increased thermal 

losses. However, the authors also found that the electrical and thermal power outputs 

doubled 3.35 and 4.01 times, respectively, for this length increase. Santbergen et al. 

[265] studied how varying a PVT’s surface area affects the annual efficiency and 

solar fraction. Results show a drop of electrical and thermal efficiencies from 10.34% 

and 34.5% to 9.53% and 14.6% for surface areas of 3 and 12 m2, respectively. 

However, a solar fraction increase from 38.5% to 65.3% was also obtained. The main 

reason for the sharp efficiency drops was that the size of the thermal storage tank and 

the thermal load were both fixed for both sizes. This results in noticeably higher cell 

temperatures and higher HTF outlet temperatures which lead to higher electrical 

efficiency drops and higher thermal losses [265]. Vokas et al. [268] also found that 

increasing a PVT’s surface area from 30 to 70 m2 results in significant solar fraction 

increases for a residential heating and cooling application. These results emphasize 

the importance of finding an optimum system and BoP components size with respect 

to demand requirements and nature. 
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I-2.3. Brief History of Pioneering Works (Up Till 19853) 

A CPVT could be viewed as the natural evolution of a PVT or a CPV. Adding 

an optical concentrator to a PVT turns it into a CPVT. Similarly, utilizing the 

harvested thermal energy from a CPV with an active cooling mechanism turns it into 

a CPVT as well. The concept of a PVT has been introduced and studied since the mid 

70’s by various groups in different countries. Some of the earliest PVT studies include 

the works of Böer [246] in 1973 who installed air-type PVTs in a house, Wolf [234] 

in 1976 on a residential flat plate collector (FPC) with an array of solar cells mounted 

on its surface, Florschuetz [243] in 1979 who extended the Hottel-Whillier-Bliss 

model to PVT collectors, Hendrie [244] in 1979 on air- and liquid-type PVTs, and 

Suzuki and Kitamura [245] in 1980 in Japan on two high-performance liquid-type 

PVTs. The work conducted on PVTs eventually led to the introduction of the CPVT 

concept in an effort to improve performance. 

In 1979, Strong et al. [271] reported the successful development and field 

deployment of one of the pioneering CPVT systems (among other smaller 

deployments) in a housing complex in Quincy, Massachusetts to power the pumps of 

a 2000 m2 FPCs system that provides DHW for the complex. Thermal energy 

extracted from the CPVT system is used to assist with the DHW supply. The CPVT 

design used simple flat-walled 5X conical aluminum concentrators, circular 

monocrystalline silicon cells, an azimuth-axis three-step tracking system, an 

aluminum housing, and two alternative air-based and water-based heat extraction 

configurations. The housing complex system consists of 40 modules with a gross 

electrical output of 3 kW and has been successfully operational for three years at the 

time of publication in 1979. 

Another early CPVT study was conducted in 1983 by Buffet [81] and in 1981 

by Gibart [79] from the Société européenne de propulsion (SEP) in France. The 

authors designed and tested a cylindro-parabolic trough-based CPVT prototype with 

one-axis east-west tracking using a photovoltaic sensor and concentration ratios 

between 10 and 40X. The purpose of the study was to demonstrate the technical 

feasibility and economic potential for CPVTs. The cylindro-parabolic mirrors were 

made from thin rectangular aluminum foil supported with rigid bars. The CPVT’s 

receiver had a polygonal surface absorber tube, a glass cover, an array of series-

                                                      
3 All works reported in section will be covered in details in part II of this study 



 
 

82 

 

connected PV cells mounted using an adhesive, an insulation enclosure, and used 

water as the HTF. Six different configurations were tested with different 

concentration ratios, different PV cell types, and different illumination uniformities. 

Results showed peak electrical efficiencies mounting to 71% of conventional flat PV 

collectors and thermal efficiencies higher than conventional flat plate thermal 

collectors but lower than parabolic trough collectors. 

In 1981, Rios et al. [272] performed a system-level thermoeconomic 

performance comparison between a parabolic trough CPVT system with auxiliary 

heating and two alternatives; namely, a side-by-side PV and PTC system with an 

auxiliary water heater and a PV system with fossil fuel-based heating. This study was 

one of the earliest system-level CPVT integrations. The case applications were a meat 

packaging factory with power and process heat energy demands and a hospital with 

power, DHW, space heating, and air conditioning energy demands in three different 

locations in the USA; namely, Albuquerque, Omaha, and Nashville. A water thermal 

storage tank, an absorption chiller supplemented by a vapor compression cycle (VCC) 

or an independent VCC (for the hospital’s air conditioning load), an inverter, and 

cooling towers were all integrated into the CPVT system. A lifecycle cost assessment 

concluded that the CPVT system is more cost-effective than the alternatives. In fact, it 

was found that for a CPVT collector costs ranging between $1.00-2.50 𝑊𝑒
−1 for the 

region of Albuquerque, the CPVT is even more cost-effective than the conventional 

grid and natural gas alternatives for electrical and thermal energy demands, 

respectively. 

In 1982, Nakata et al. [80] constructed a 30 kW CPVT design in Japan. The 

design had a maximum output of 25 kW thermal and 5 kW electrical. Two-axis 

turntable azimuth and elevation tracking was used. Customized circular Fresnel lenses 

with 83% optical efficiency, high concentration ratios, and uniform illumination 

homogeneity were developed as the system’s concentrator optics. The receivers had 

concentrator silicon PV cells soldered to a metallic substrate with water flowing 

through a copper tube below it and a polyurethane insulator surrounding it. The CPVT 

consisted of 120 receivers. 

Also in 1982 but in the USA, Wong and Dorney [288] developed and built one 

of the earliest and more innovative CPVT systems with pre-illumination heat 

extraction via a direct HTF absorption concept. The system’s design consisted of 
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square point-focus Fresnel lenses, water-filled transparent glass tubes, silicon PV 

cells, and finned copper cooling tubes. Concentrated radiation falls first on the water-

filled tube which extracts thermal radiation from the solar spectrum in addition to 

functioning as a secondary concentrator before radiation falls on the PV receiver. 

Water circulates in a circuit first through the copper cooling tube attached to the back 

of the PV receiver and then to the concentrator tube above the PV receiver. This 

allows the attainment of high HTF outlet temperatures, reducing PV spectral 

mismatch losses, and maintaining the PV cells cooled. Results for 230X show a 

reasonable thermal performance but very poor electrical performance. 

In 1983, Boese et al. [287] in Germany proposed and conducted a preliminary 

analysis on a linear/spot Fresnel lenses CPVT system in a pre-illumination heat 

extraction design in addition to another CPVT design that utilizes a typical heliostat 

thermal power generation system. The first system uses a combination of direct HTF 

absorption and spectrally-selective minus filters by creating a passage for the flow of 

a transparent HTF with a layer composed of an ultraviolet filter and another infrared 

filter. A preliminary analysis for the line-focus system shows electrical and thermal 

efficiencies of 10.3% and 35.7%, respectively. The second system is based on 

arranging PV cells around the receiver’s aperture in a HFCR plant such that spillage 

radiation is used for PV electricity generation while making the aperture’s size 

smaller at the same time. Computational analysis results show that the integration of 

PV cells into an existing heliostat central receiver cycle yields higher total electrical 

efficiencies and investment cost reductions. 

Also in 1983 but in Israel, Bar-Lev et al. [286] identified four issues and 

proposed the necessary modifications for the conversion of a parabolic dish power 

generation system into a CPVT by integrating it with PV cells. The issues were the 

non-uniform illumination profile, un-illuminated segments of the receiver, incidence 

angle sensitivity, and current matching between cells at different locations on the 

receiver. The solution was to use a two-conical-sections, linearly-widening absorber 

with a polygonal cross-section and rotational tracking in addition to not covering the 

partially-illuminated segments of the receiver with PV cells. 

Rafinejad [290] reported on the design, operational experience, 

troubleshooting, and performance of one of the earliest and largest CPVT 

demonstration projects in 1983. A 35 kW electrical and 200 kW thermal parabolic 
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trough 445 m2 CPVT field was built to provide electricity and DHW for a hospital in 

Hawaii. The author reported on two major issues and how they were resolved during 

operation of the CPVT field; namely, degradation of the PV modules due to 

overheating and the inability of the CPVT’s power conditioning unit to account for 

voltage fluctuations in the local electrical grid. 

In 1984, Schwinkendorf [273] conducted a lifecycle thermoeconomic 

performance simulation and comparison for a gird-integrated Fresnel reflectors CPVT 

system deployed in five commercial and six industrial sectors in different locations 

across the USA. The CPVT was also compared to CPV and concentrated solar 

thermal (CST) systems. Hourly simulation results showed that the CPVT is most 

suitable for sectors where low temperature heat is required, emphasizing the 

importance of thermal energy utilization. Results also showed that the CPV is not 

cost-effective while the CST system is more economic than the CPVT for some cases. 

The introduction of thermal storage tanks yields significant performance 

improvements when high thermal loads are needed. Also, it was found that the 

optimum field size remains constant while the annual lifecycle cost-to-savings ratio 

increases regardless of the electrical load demand as long as the thermal load is fixed. 

Hachem [285] in Belgium, 1984, developed a simulation model for a CPVT 

with a multistage linear Fresnel lens mounted on top of a V-trough concentrator. The 

receiver consisted of series-connected PV cells attached to cooling tubes. The V-

trough functions as a secondary concentrator that increases the concentration ratio as 

well as making the concentrated illumination profile more uniform. Results showed 

electrical ant thermal efficiencies of about 11% and 55%, respectively. Furthermore, a 

comparison analysis with alternative solar solutions revealed that using significantly 

smaller area requirements, the CPVT offers higher/comparable combined cooling, 

heating, and power (CCHP) solar fractions with respect to the alternative systems. A 

simple lifecycle assessment (LCA) showed that the CPVT system has a payback 

period of 16 years using 1984 prices and data. 

One of the most successful CPVT system-level field deployments was 

reported by O’Neill [274] where a linear Fresnel lens-based CPVT system was used 

to meet the electrical and thermal loads of the Dallas-Fort Worth (DFW) airport in 

Texas, USA. The CPVT system was designed in 1978, hardware was developed in 

1980, and the system deployed in 1982. The author reports on the performance of the 
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system for three years at the DFW airport in this study (1985). The system consisted 

of 110 modules with a total area of 245 m2. The system was roof-mounted and had 

electrical and thermal outputs of 27 and 120 kW, respectively, for a concentration 

ratio of 25X. A one-axis tracker, inverter, and MPP tracker were integrated into the 

system. Over 37 months of continuous operation, the system achieved average 

electrical and thermal efficiencies of 7.7% and 39.2%, respectively, and average 

monthly DC electrical and thermal outputs of 2550 and 12950 kWh. O’Neill also 

reported the development of a simulation model for the system that had excellent 

agreement with field results. The system had the highest total efficiency of any of the 

DOE-funded PV projects at the time. 

In 1985, Mbewe et al. [255] at the university of Manitoba, Canada developed 

and validated a simplified semi-empirical electrical model for the performance 

evaluation of silicon PV cells in CPV and CPVT systems. The authors then proposed 

a Fresnel lens-based CPVT design. The CPVT consisted of several Fresnel 

lens/receiver units all sharing the same heat extraction and tracking mechanism. Each 

receiver consisted of a solar cell attached to a flow channel through which a HTF 

flows in a closed-loop and a heat exchanger is used to extract thermal energy from the 

HTF for residential or industrial DHW purposes. The CPVT system was briefly 

described and no further thermal or electrical analyses were performed on it. 

However, the electrical model was both demonstrated and validated for the general 

case of a silicon PV cell under concentrated radiation. 

It is very important to note that based on the definition of a CPVT that was 

presented in Section I-2.1, some pioneering works widely considered in the literature 

as CPVT systems are actually CPV systems. This includes the early works of O’Leary 

and Clement [256] on the performance modeling of an actively-cooled CPV based on 

a parabolic trough concept using a cell internal heat generation concept and the work 

of Al-Baali [257] who experimentally investigated the effects cell temperature and 

radiation intensity have on PV power, voltage, and current using a water circulation 

systems and a mirror reflector. This is due to the fact that the extracted thermal energy 

from these systems is wasted and not utilized. Making these works fall under the 

category of CPVs with active cooling mechanisms rather than CPVTs. Nevertheless, 

studies on CPVs with active cooling were widely responsible for the development of 

the CPVT concept that simply utilizes the extracted thermal energy instead of 
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dissipating it. Table I-2 gives a summary of the pioneering CPVT studies covered in 

this section. Following these pioneering studies, many other modified and novel 

designs followed, as will be shown in Part II of this study. 



 
 

87 

 

Table I-2: Pioneering CPVT Early Works Reported in Literature (1985 and Before) 

Work Year Country 
Concentrator 

Optics 
Nature of Study 

Strong et al. [271] 1979 USA 
Conical 

concentrator 

Description of a built and deployed prototype for a residential 

building 

Gibart [79] and Buffet 

[81] 

1981 and 

1983 
France Parabolic trough Thermal and electrical performance assessment of a test prototype 

Rios et al. [272] 1981 USA Parabolic trough 

System-level lifecycle thermoeconomic performance comparison 

with two alternative systems for two applications in three 

geographical locations 

Nakata et al. [80] 1982 Japan Spot Fresnel lens Description of a built prototype for a commercial building 

Wong and Dorney [288] 1982 USA Spot Fresnel lens Thermal and electrical performance assessment of a test prototype 

Boese et al. [287] 1983 Germany 

Linear Fresnel lens 

/ spot Fresnel lens / 

heliostat central 

receiver 

Conceptual design and description in addition to a preliminary 

thermal and electrical performance assessment 

Bar-Lev et al. [286] 1983 Israel Parabolic dish 
Identification of issues and proposing modifications for the 

conversion of a parabolic dish system into a CPVT 

Rafinejad [290] 1983 USA Parabolic trough 
Description, thermal and electrical performance assessment, and 

troubleshooting of a system-level operational prototype 

Schwinkendorf [273] 1984 USA 
Linear Fresnel 

reflector 

System-level lifecycle thermoeconomic performance comparison 

for 11 application sectors and with two alternative systems 

Hachem [285] 1984 Belgium Linear Fresnel lens 
Optical, thermal, and electrical simulation and performance 

assessment 

O’Neill [274] 1985 USA Linear Fresnel lens 
Thermal and electrical performance assessment of system-level 

operational prototype 

Mbewe et al. [255] 1985 Canada Spot Fresnel lens 
Semi-empirical CPV electrical model applicable to a briefly-

described proposed CPVT system 
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Chapter I-3. Fundamentals and Technological Advances of CPVTs’ Constituent 

Solar Components 

In this section, the scientific fundamentals and technological advances in solar 

photovoltaics, solar thermal collectors, solar concentrator optics, and concentrated 

solar energy systems (i.e., tracking mechanisms, concentrated photovoltaics, and 

concentrated solar thermal) will be presented. A fundamental understanding of the 

scientific basics and an overview of the recent advances in these solar technologies 

are essential for the robust design and accurate analysis of any CPVT system from the 

electrical, thermal, and optical viewpoints. This is due to the fact that CPVTs are but a 

hybrid combination that aims to complement these aforementioned solar technologies. 

I-3.1. Solar Photovoltaic Cells 

 Solar cells convert the sun’s incident radiation (photons) into electrical energy 

(DC current) with zero point-of-use noise or pollution. This conversion process is 

accomplished in two stages:  

 Generation Stage: Light energy is absorbed and used to excite free electron-

hole pairs. 

 Collection Stage: The excited electron-hole pairs are separated through a p-n 

junction. 

The result of the generation and collection stages is an electrical current and voltage 

difference, as will be shown in the following sections. The first practical p-n junction 

PV cell was demonstrated in 1954 [33]. Today, PVs are one of the fastest growing 

renewable energy markets due to the growing trend to utilize efficient and 

environmentally-benign energy generation technologies. In this section, a concise 

discussion of the photovoltaic effect, photogenerated current, avoidable and 

unavoidable cell efficiency loss mechanisms, semiconductors, the p-n junction and 

carriers transport, recombination types, cell operation and representation, modern 

non-concentrating PV technologies, latest PV improvement strategies, photovoltaic 

systems, and MJPVs will be presented. We will base most of the theory and 

fundamentals in this section on conventional single-junction crystalline PV cells. The 

proper understanding of the photovoltaic theory and latest PV technological 

developments is imperative for the proper electrical design and analysis of a CPVT 

solar collector. 
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I-3.1.1. Fundamental efficiency losses. 

According to the well-known Shockley-Queisser detailed balance limit, the 

maximum efficiency of an ideal single p-n junction PV cell with a bandgap energy of 

1.1 eV, under a number of simplifications and assumptions detailed in [36], is 33% 

under AM1.5 one sun [36] and could reach 40.7% under maximum concentration 

[69]. The method of detailed balance is based on finding the generated current by 

evaluating the difference between the absorption and emission fluxes. In the case of a 

multi-junction cell with infinite layers, the ideal limit jumps to 68% for one sun and 

86% for maximum concentration [37]. In this section, we will discuss the unavoidable 

fundamental efficiency losses responsible for limiting the efficiency of an ideal 

single-junction PV cell under one sun illumination. For a more elaborate discussion of 

the fundamental losses in a PV cell, the reader is directed to the articles by Hirst and 

Ekins-Daukes [34] and Markvart [35]. 

In conventional PV cells, the optical energy of a photon is absorbed by an 

electron at the valence band (ground state). The electron is then excited by this energy 

to the conduction band (free state). This creates an electron-hole free carrier pair—

electron at the conduction band and hole at the valence band. The excited electron is 

capable of freely moving throughout the semiconductor. The issue with conventional 

PV cells lies in the fact that only solar photons that meet or exceed the energy 

difference between the valence and conduction bands could be used for electron 

excitation in the semiconductor. This energy difference is termed the bandgap energy, 

which depends on the semiconductor material and is a function of temperature. The 

bandgap is the band of forbidden energy levels that separates the valence and 

conduction bands, with bandgap energy expressed as: 

𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣         (I-14) 

Due to the quantization of atomic energy levels, multiple photons with sub-bandgap 

energies cannot jointly excite an electron. Thus, photons with sub-bandgap energies 

are transmitted through the PV semiconductor and are not absorbed, leading to non-

absorption losses (also known as transmission, transparency, and sub-bandgap losses). 

On the other hand, the extra energy in photons with super-bandgap energies is initially 

transferred to the electron-hole pair as kinetic energy. The electron-hole pair then 

non-radiatively releases this kinetic energy to the lattice material as heat (phonon 

emission) in order to relax to the lower edge of the conduction band in a process 
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known as thermalization. Ideally, only photons with energies equal to the bandgap 

energy of the semiconductor are efficiently absorbed without the release of waste 

heat. Thus, a large number of photons with energies almost equal to the bandgap 

energy of the semiconductor material rather than a small number of photons with high 

energy contents would lead to a higher conversion efficiency (assuming no avoidable 

efficiency losses exist in an ideal cell). These non-absorption and thermalization 

phenomena are often termed spectral mismatch losses and are responsible for almost 

50% of the lost efficiency in an ideal cell [321]. Non-absorption losses result in a 

current reduction due to the reduced number of charge carriers, while thermalization 

losses result in a voltage reduction due to the reduced energy utilization of charge 

carriers. Consequently, the optimum bandgap for a single-junction semiconductor is 

found by trading off non-absorption losses that accompany high bandgap materials 

with thermalization losses that accompany low bandgap materials, as will be shown 

later in this section. The energy of a photon is inversely proportional to its wavelength 

as per the well-known equation: 

𝐸𝑝ℎ =
ℎ𝑐

𝜆𝑝ℎ
         (I-15) 

Thus, each wavelength in the solar spectrum corresponds to a different photon energy. 

 Two other fundamental efficiency losses that occur in a PV cell are a result of 

the lattice temperature being above absolute zero [34, 35], which leads to incomplete 

thermalization. The Carnot and Boltzmann losses are quantified using [34]: 

𝑞𝑉𝑚𝑝𝑝 = 𝐸𝑔 (1 −
𝑇𝑐

𝑇𝑠𝑢𝑛
)

⏟        
𝐶𝑎𝑟𝑛𝑜𝑡 𝐿𝑜𝑠𝑠

− 𝑇𝑐𝜅 ln
Ω𝑒

Ω𝑎⏟    
𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝐿𝑜𝑠𝑠

     (I-16) 

Carnot and Boltzmann losses occur due to inefficiencies in the conversion of thermal 

energy into free chemical energy during thermalization of the free carriers. Carnot 

losses are a result of the reduction in available energy due to incomplete 

thermalization since the lattice temperature is above absolute zero, as per Eq. I-16. 

Carnot losses represent the energy that has to be dissipated to the environment when a 

PV cell is considered to be a heat engine operating between a source (the sun) and a 

reservoir (the ambient), according to the second law of thermodynamics. Boltzmann 

losses are a result of the reduction in available energy due to the mismatch between 

the absorption and emission solid angles, as per Eq. I-16. Boltzmann losses represent 

the irreversible entropy generation due to photon modes expansion. The final type of 
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fundamental efficiency losses are emission losses (also known as radiative 

recombination losses). Emission losses are a result of the spontaneous radiative 

recombination of the excited free carriers. This is a consequence of Kirchhoff’s law—

stating that absorbers must also be emitters [34]. In an actual PV cell; however, there 

are other recombination mechanisms that differ in their magnitude according to the 

doping level and semiconductor material (as will be seen in Section I-3.1.6). 

In summary, the fundamental unavoidable efficiency losses of a single-

junction PV cell are due to sub-bandgap non-absorption losses, super-bandgap 

thermalization losses, Carnot losses, Boltzmann losses, and emission losses [34]. 

Non-absorption and emission losses result in a current reduction due to the reduced 

number of charge carriers. On the other hand, thermalization, Carnot, and Boltzmann 

losses result in a voltage reduction due to the reduced energy utilization of charge 

carriers. Fig. I-22 depicts the fundamental efficiency losses as a function of bandgap 

energy for a typical PV cell. Evidently, non-absorption losses dominate for higher 

bandgap energies while thermalization losses dominate for lower bandgap energies. 

Thus, optimization of the bandgap energy for an ideal cell is possible to achieve 

maximum ideal efficiency. As such, the optimum bandgap energy (i.e., material 

bandgap at which power output is highest) for a single-junction PV cell with both 

radiative and non-radiative recombination (a more realistic assumption) is in the range 

of approximately 1.34 to 1.38 eV under one sun AM1.5, depending on the radiative 

efficiency [91]. In practice, semiconductors with bandgaps between 1.0 and 1.7 eV 

are used for PV applications—including Si, CuS, GsAs, InP, and CdTe. 

Finally, Da Rosa [254] derived an expression for the ideal theoretical 

efficiency of a PV cell considering only that a PV cell performs the tasks of carrier 

generation and separation. Assuming that carrier separation takes place without any 

losses, each incident photon with energy equal to or greater than the bandgap energy 

generates an electron-hole pair, and ignoring radiative recombination losses, unlike 

the Shockley-Queiser assumption, the ideal PV efficiency could be expressed as 

[254]: 

𝜂𝑐,𝑖𝑑𝑒𝑎𝑙 = 1780
𝑉𝑔

𝑇
∫ (

𝑥2

𝑒𝑥−1
)𝑑𝑥

∞

𝑞𝑉𝑔 𝜅𝑇⁄
      (I-17) 

Where 𝑥 is equal to: 

𝑥 =
ℎ𝑐

𝜅𝑇𝜆
         (I-18) 



 
 

92 

 

The results obtained from Eq. I-17 are naturally higher than the results obtained from 

 

 

 

Figure I-22: Fundamental Efficiency Losses as a Function of Bandgap Energy 

for a Single-Junction PV Cell [34] 

 

 

the Shockley-Queiser detailed balance analysis due to ignoring radiative 

recombination losses. 

I-3.1.2. Avoidable efficiency losses. 

In addition to the unavoidable fundamental efficiency losses for a single-

junction cell, additional avoidable efficiency losses could also be introduced as a 

result of incomplete absorption of photons, reflection, shadowing, the voltage factor, 

and the fill factor. 
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Even though a photon with energy equal to the bandgap energy is more 

efficiently absorbed, the probability of absorbing this photon is lower than the 

probability of absorbing a photon with energy greater than the bandgap energy. This 

is because only electrons at the edge of the valence band can interact with photons 

with energies equal to the bandgap energy. Following the same logic, photons with 

energies greater than the bandgap energy can interact with a wider range of electrons 

and are thus more likely to be absorbed. The probability of absorbing photons with 

different wavelengths depends on the material’s absorption depth (or absorption 

coefficient) and thickness. The following equation gives the electron-hole generation 

rate at any distance through the material for a certain wavelength: 

𝐺 = 𝛼𝑐𝑁0𝑒
−𝛼𝑐𝑥        (I-19) 

Where the absorption coefficient is given from: 

𝛼𝑐 =
4𝜋𝑘𝑒
𝜆

         (I-20) 

Intuitively, the photons flux will decrease through the solar cell as a result of 

absorption and so will the electron-hole generation rate. In order to find the total 

generation rate for a continuous range of wavelengths such as the solar spectrum, we 

have to sum the generation rate for each wavelength over the material’s thickness. In 

case of a finite semiconductor thickness, an efficiency loss is introduced due to the 

incomplete absorption of photons. For an ideal cell, the thickness is assumed to be 

infinite and thus, all absorbable photons are absorbed. Under this assumption, 

incomplete absorption losses are assumed avoidable. 

 Reflection of light at both the covering layer and between the inner layers 

within a PV cell is another source of efficiency loss. This is expressed by reflectance, 

which is the ratio between the reflected energy to the incident energy on the cell’s 

surface. Another source of efficiency loss is the obstructed light because of the 

contacts grid placed on the front side of the PV cell. This efficiency loss is known as 

shading losses. Usually, optimization is required in order to find the optimum cross-

sectional area and spacing of the frontal contacts grid since increasing this area 

decreases its series resistance but increases the shaded PV cell area. Moreover, the 

ratio of the cell’s open-circuit voltage to the voltage that corresponds to the bandgap 

energy of the absorber is known as the voltage factor. The voltage factor is affected 

by the doping level and recombination processes type and magnitude. Finally, another 

efficiency loss occurs due to the fill factor. The fill factor is the ratio between the 
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MPP voltage and current to the open-circuit voltage and short-circuit current. The fill 

factor is a measure of the electrical quality of a PV cell and is used to represent the 

area under the current-voltage curve that contributes to the maximum achievable 

power. Fill factor losses are a result of the type of recombination process, 

semiconductor material, series resistance, and shunt resistance. Series resistance in a 

PV cell is due to resistance of the current flow in the emitter, base, and contacts grid 

in addition to interfacial contact resistance between the emitter/base and the contacts 

gird. Shunt resistance, on the other hand, is the cell’s internal resistance due to the 

alternative current paths provided by material and manufacturing defects. 

I-3.1.3. Quantum and total conversion efficiencies. 

 The total conversion efficiency of a PV cell is defined as the fraction of the 

incident solar power on cell surface converted to electrical power, and is commonly 

expressed as follows: 

𝜂𝑐 =
𝑃𝑒𝑙𝑒

𝐴𝑐𝐼𝑇
=
𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹

𝐴𝑐𝐼𝑇
        (I-21) 

Expressing the total conversion efficiency in terms of the material’s physical 

properties is a difficult task and is mainly used to illustrate the efficiency loss 

mechanisms within a PV cell. Van Overstraeten and Mertens [38] expressed the total 

conversion efficiency of a PV cell in terms of its material properties. By modifying 

their expression, we express cell conversion efficiency as: 

𝜂𝑐 = 𝜂𝑛𝑜𝑛−𝑎𝑏𝑠 ∙ 𝜂𝑡ℎ𝑟𝑚 ∙ 𝜂𝑞 ∙ (1 − 𝑅𝑒) ∙ 𝐴𝐴 ∙ 𝑉𝐹 ∙ 𝐹𝐹    (I-22) 

The non-absorption efficiency 𝜂𝑛𝑜𝑛−𝑎𝑏𝑠 accounts for photons transmitted by a 

material with a bandgap wavelength 𝜆𝑔 (corresponding to the material’s bandgap 

energy), as follows: 

𝜂𝑛𝑜𝑛−𝑎𝑏𝑠 =
∫ (𝜙(𝜆)

ℎ𝑐

𝜆
)𝑑𝜆

𝜆𝑔
0

∫ (𝜙(𝜆)
ℎ𝑐

𝜆
)𝑑𝜆

∞
0

        (I-23) 

The thermalization efficiency 𝜂𝑡ℎ𝑟𝑚 accounts for the portion of energy from the 

absorbed photons that was not converted into electrical energy as a result of 

thermalization losses, as follows: 

𝜂𝑡ℎ𝑟𝑚 =
𝐸𝑔 ∫ (𝜙(𝜆))𝑑𝜆

𝜆𝑔
0

∫ (𝜙(𝜆)
ℎ𝑐

𝜆
)𝑑𝜆

𝜆𝑔
0

        (I-24) 

Quantum efficiency in solar cells is a direct measure of the electron-hole pairs 

generation rate (inversely proportional to the absorption depth) and collection 
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probability (directly proportional to the diffusion length). The internal quantum 

efficiency 𝜂𝑞 is defined as the ratio between the number of free charge carriers 

collected to the number of absorbed photons. Photons transmitted, reflected, and 

blocked (i.e., photons that do not actually interact with the cell) are accounted for by 

the non-absorption (𝜂𝑛𝑜𝑛−𝑎𝑏𝑠), reflection (𝑅𝑒), and shading (𝐴𝐴) optical loss terms in 

Eq. I-22, respectively. Conversely, the external quantum efficiency is defined with 

respect to the incident photons. Quantum efficiency takes into account losses due to 

the different premature recombination mechanisms of the generated charge carriers 

before being collected (as will be shown in Section I-3.1.6) expressed as 𝜂𝑟𝑐𝑐 in 

addition to losses due to incomplete absorption expressed as 𝜂𝑖𝑛𝑐. Moreover, the 

generation efficiency 𝜂𝑔𝑒𝑛, which expresses the number of charge carriers that could 

be excited by a single photon, is also accounted for in 𝜂𝑞. 𝜂𝑔𝑒𝑛 is unity for 

conventional solar cells but could be more than that for third generation solar cells 

with carrier multiplication [74]. Thus, the internal quantum efficiency could be 

expressed as: 

𝜂𝑞 = 𝜂𝑟𝑐𝑐𝜂𝑖𝑛𝑐𝜂𝑔𝑒𝑛        (I-25) 

The shading losses due to the frontal contacts grid are accounted for using: 

𝐴𝐴 =
𝐴𝑎

𝐴𝑡𝑜𝑡
          (I-26) 

The voltage factor was previously defined and is expressed as: 

𝑉𝐹 =
𝑞𝑉𝑜𝑐

𝐸𝑔
          (I-27) 

The fill factor was previously defined and is expressed as: 

𝐹𝐹 =
𝑉𝑚𝑝𝑝𝐼𝑚𝑝𝑝

𝑉𝑜𝑐𝐼𝑠𝑐
         (I-28) 

Finally, the portion of the incident reflected externally and internally within the solar 

cell is accounted for by the total effective reflectance 𝑅𝑒. 

Modern PV cells with concentration optics, accurate tracking, multi-junction 

technologies, and other third generation concepts overcome many of the efficiency 

losses in typical unconcentrated single-junction cells, allowing practical efficiencies 

above 40% to be achieved [40, 89, 147]. 

I-3.1.4. Semiconductor types. 

PV cells are made of at least two thin layers of semiconductors (emitter and 

base). A semiconductor is a material with a crystalline structure and is composed of a 
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single element, a compound, or an alloy. A semiconductor differs from a conductor in 

that it conducts electrons freely only when they have reached a certain energy level. 

Semiconductors are generally classified as direct bandgap or indirect bandgap. For a 

direct bandgap semiconductor:  

 The absorption coefficient is a function of the bandgap energy and photon 

energy.  

 The minimum conduction band energy and maximum valence band energy 

occur at the same crystal momentum. 

For an indirect bandgap semiconductor:  

 The absorption coefficient is a function of the bandgap energy, photon energy, 

and phonon (the particle representation of semiconductor lattice vibration or 

momentum) energy. 

 The minimum conduction band energy and maximum valence band energy 

occur at different crystal momentums. 

Thus, indirect bandgap semiconductors (such as silicon) poorly perform light 

absorption and radiative recombination (the opposite process of light absorption). 

This is because either process in an indirect semiconductor usually requires a photon 

and a phonon with agreeable frequencies to interact and adjust both the momentum 

and energy of an electron. The phonon plays the mediator role where it’s either 

emitted or absorbed depending on the energy of the absorbed/emitted photon. The 

difference between direct and indirect bandgap semiconductors is illustrated in Fig. I-

23. From this viewpoint, indirect semiconductors make a poor choice for a PV cell or 

a LED as a result of their poor light absorption and radiative recombination, 

respectively. 

Different semiconductors differ in their bandgap energy, number of available 

electron-hole free carriers, and the generation and recombination rates of these 

electron-hole pairs in response to light excitation. For an intrinsic (i.e., undoped) 

semiconductor, the concentration of conductive electrons in the conduction band is 

equal to the concentration of holes in the valence band as a result of charge neutrality. 

This concentration is termed the intrinsic carrier concentration. The intrinsic carrier 

concentration is a measure of the conductivity of the semiconductor and is higher for 

lower bandgap energies and higher temperatures, such that for an intrinsic  
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Figure I-23: Energy-Momentum Diagrams of Light Absorption in Direct (Left) 

and Indirect (Right) Bandgap Semiconductors [82] 

 

 

semiconductor under thermal equilibrium: 

𝑛𝑖𝑐
2 =

𝐺

𝑟
         (I-29) 

Therefore, for a given intrinsic semiconductor material, the intrinsic carrier 

concentration (i.e., the conductivity) is a function of the generation rate, which is in 

turn a function of temperature. For a Fermi energy level equal to half the bandgap 

energy (intrinsic semiconductor), the population of conductive electrons in the 

conductive band of a semiconductor under equilibrium conditions is found by 

multiplying the electrons density of energy states function 𝜌(𝐸) with the Fermi-Dirac 

distribution function 𝑓(𝐸) and carrying the integral with a lower limit starting from 

the bottom of the conduction band 𝐸𝑐; yielding: 

𝑁𝑐𝑒 = ∫ 𝜌(𝐸)𝑓(𝐸)𝑑𝐸
∞

𝐸𝑐
= 2(

2𝜋𝜅𝑚𝑛
∗ 𝑇

ℎ2
)
3 2⁄

exp (
−𝐸𝑔

2𝜅𝑇
)    (I-30) 

𝜌(𝐸) describes the number of available energy states for conductive electrons, which 

is zero in the bandgap, while 𝑓(𝐸) describes the occupation probability of a certain 

energy state by a conductive electron, which is zero in the conduction band at 

absolute zero temperature. 𝑚𝑛
∗  is the effective mass of an electron carrier. 

A higher intrinsic carrier concentration means higher conductivity and cell 

efficiency. In order to increase the carriers’ concentration in a semiconductor, doping 

with impurities is used to form an extrinsic semiconductor. Doping is the process of 

introducing foreign atoms to the intrinsic semiconductor lattice. Increasing the level 

of doping increases the equilibrium carrier concentration but reduces the diffusion 

length of the minority carriers. The equilibrium carrier concentration is the total 



 
 

98 

 

number of free carriers per unit volume from both doping and the intrinsic material 

with no externally-applied voltage or illumination. N-type semiconductors are created 

when doping with donor atoms (group V elements) results in a surplus of free 

conductive electrons available in the conduction band. P-type semiconductors are 

created when doping with acceptor atoms (group III elements) results in a surplus of 

free holes available in the valence band. The concept of doping is visually illustrated 

in Fig. I-24. As a final note, in most extrinsic semiconductors, the number of free 

carriers from doping is much greater than the number of free carriers from the 

intrinsic material to the point where the equilibrium carrier concentration is assumed 

to be equal to the number of donated/accepted free carriers. This implies that unlike 

an intrinsic semiconductor, for an extrinsic semiconductor, conductivity is a function 

of doping level rather than temperature. 

 

 

 

Figure I-24: N-Type Semiconductor (Left) with Excess Electrons in the 

Conduction Band and P-Type Semiconductor (Right) with Excess Holes in the 

Valence Band [39] 

 

 

I-3.1.5. The p-n junction and charge carriers transport. 

It is important to notice that both n-type and p-type semiconductors are 

electronically neutral; however, they facilitate the movement of free carriers at the 

junction that joins them. Electrons in the conduction band and holes in the valence 

band move randomly; however, with zero net displacements unless a driving force 

exists. This random zero displacement movement is known as the random thermal 

motion. The two driving forces that result in a net carriers’ displacement are a 
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concentration gradient and an electrical field. A concentration gradient results in 

diffusion transport of the carriers in order to achieve a uniform distribution. Diffusion 

transport is characterized by the diffusivity of the semiconductor, which relates the 

charge carrier concentration change with time to the charge carrier concentration 

change with distance. Accordingly, the diffusion current density for electrons and 

holes becomes: 

𝐽𝑑𝑖𝑓𝑓 = 𝑞 (𝐷𝑛
𝑑𝑛

𝑑𝑥
− 𝐷𝑝

𝑑𝑝

𝑑𝑥
)       (I-31) 

Where the diffusivity of electrons/holes is given from: 

𝐷 =
𝑙𝑐
2

2𝜏𝑐
         (I-32) 

An electrical field results in drift transport of the carriers in the direction of the field 

for holes and opposite to it for electrons. Drift transport is characterized by the 

mobility of the semiconductor, which is defined as the ratio between the drift velocity 

and the electrical field magnitude. Accordingly, the drift current density for electrons 

and holes becomes: 

𝐽𝑑𝑟𝑖𝑓𝑡 = 𝑞𝜖(𝑛𝜇𝑛 + 𝑝𝜇𝑝)       (I-33) 

Where the mobility of electrons/holes is given from: 

𝜇 =
𝑞𝜏𝑐

𝑚∗          (I-34) 

At the p-n junction, the concentration gradient between the two layers results 

in the diffusion of carriers from one layer to the other. Since each layer is originally 

electronically neutral, diffusion of free carriers leaves behind immobile positive ions 

in the n-type layer and immobile negative ions in the p-type layer. These immobile 

ions are covalently bonded to the intrinsic material atoms and are concentrated at the 

junction interface in a region known as the depletion region (or space-charge region). 

The charge difference in the depletion region creates an internal electrical field from 

the immobile positive ions to the immobile negative ions. Thus, drift transport of the 

free carriers in the opposite direction of the diffusion transport occurs. The net carriers 

transport as a result of both diffusion and drift is zero according to the law of detailed 

balance. Thus, at equilibrium, the net current is zero since the diffusion and drift 

currents (Eqs. I-31 through I-34) are equal in magnitude and opposite in direction for 

each carrier and the built-in internal voltage across the junction in terms of the 

concentration of donor and acceptor atoms becomes [41]: 
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𝑉𝑖𝑛 =
𝜅𝑇

𝑞
ln (

𝑁𝐴𝑁𝐷

𝑛𝑖𝑐
2 )        (I-35) 

These transport phenomena for a p-n junction under equilibrium are illustrated 

graphically in Fig. I-25. 

 

 

 

Figure I-25: Diffusion and Drift of Free Carriers at a P-N Junction under 

Thermal Equilibrium 

 

 

However, when an external voltage is applied or light is illuminated on the 

cell, the internal electrical field is affected and the equilibrium state is disrupted. If the 

applied external voltage is such that the positive terminal is at the p-type layer and the 

negative terminal is at the n-type layer, the induced electrical field will be in the 

opposite direction of the internal electrical field and the net electrical field will 

decrease. This is called forward bias and the result is an increase in the diffusion 

current. An increase in the diffusion current results in an increase of the minority 

carriers’ concentrations at the edges of the depletion region in each layer. This is 

known as minority carriers’ injection. These extra minority carriers then move to 
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recombine at the bulk of the quasi-neutral region with majority carriers supplied from 

the external circuit, thus allowing more minority carriers to continue diffusing and 

resulting in a net current. The recombination rate in this process is a function of the 

semiconductor’s material properties and is closely related to the dark saturation 

current. The current generated as a result of the applied forward bias voltage is found 

from the well-known diode equation (which accounts for generation, recombination, 

diffusion, and drift of carriers):  

𝐼𝑑𝑖𝑜𝑑𝑒 = 𝐼0 (exp
𝑞𝑉𝑓

𝑛𝑖𝜅𝑇
− 1)       (I-36) 

On the other hand, if the applied external voltage is such that the positive terminal is 

at the n-type layer and the negative terminal is at the p-type layer, the induced 

electrical field will be in the same direction of the internal electrical field and the net 

electrical field will increase. This is called reverse bias where increasing the applied 

voltage results in a negligibly-small semi-constant current (called saturation current) 

until breakdown voltage is reached and the current sharply shoots [42]. 

I-3.1.6. Recombination mechanisms. 

Lifetime and stability of PV cells are dependent upon the recombination rate 

of the photogenerated electron-hole pairs. Recombination occurs as a result of excited 

electrons in the conduction band eventually losing their energy and falling back to the 

valence band where they recombine with a hole. The energy lost due to recombination 

could be in the form of light or heat, depending on the location (surface, bulk, or 

back) and type of the recombination process. The three types of recombination 

processes are radiative, Auger, and single level trap recombination. Radiative (also 

known as band-to-band) recombination is the inverse of light absorption where an 

electron’s energy is either emitted by a photon in case of a direct bandgap 

semiconductor or both a photon and a phonon in case of an indirect bandgap 

semiconductor. Auger recombination is noticed at high carriers’ concentration where 

the carrier gives its energy to another carrier in the conduction or valence bands. The 

receiving carrier then releases this energy and momentum to phonons. Single level 

trap (also known as Shockley-Read-Hall) recombination occurs as a result of defects 

present in the crystal lattice. These defects can trap a carrier in the bandgap 

somewhere between the conduction and valance bands where recombination can 

occur in case another carrier (of opposite sign) is trapped in the same defect. Fig. I-26 
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illustrates the three aforementioned recombination mechanisms. The recombination 

rate depends on the minority carriers’ lifetime and diffusion length. The lifetime of a 

minority carrier is the average time it remains in the excited state between generation 

and recombination. The diffusion length of a minority carrier is the average distance it 

moves during the excited state starting from generation and until recombination. Both 

lifetime and diffusion length of minority carriers depend on the type of recombination 

process occurring, semiconductor material, defects and impurities, and level of 

doping. 

 

 

 

Figure I-26: Single Level Trap, Radiative, and Auger Recombination 

Mechanisms [148] 

 

 

I-3.1.7. Cell operation and the photovoltaic effect. 

When a PV cell is exposed to light, the following processes occur during 

operation: 
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 An electron-hole free carrier pair is generated, as per Eqs. I-19 and I-20, using 

the energy of absorbable photons according to the semiconductor material 

properties (e.g., bandgap energy, absorption coefficient, etc.). 

 Now we have three scenarios according to the location in which the 

photogenerated electron-hole pair is formed and the diffusion length of the 

minority carrier: 

A. Within the depletion region: The photogenerated minority carrier drifts as 

a result of the internal electrical field to the other layer (i.e., an electron to 

n-type and a hole to p-type) where it becomes a majority carrier. On the 

other hand, the photogenerated majority carrier will remain in its 

respective layer. 

B. Outside the depletion region but within a diffusion length from it: The 

minority carrier is likely to diffuse to the depletion region and the scenario 

in (A) above applies. The diffusion length of the minority carrier is given 

by: 

𝐿 = √𝐷 ∙ 𝜏        (I-37) 

The probability that the minority carrier will reach the depletion region 

before recombination is a function of the diffusion length of the minority 

carrier in addition to other factors such as the surface recombination 

velocity, which depends on the surface passivation level, and the proximity 

of the photogeneration location to the depletion region. Thus, the 

photogenerated current becomes a function of both the generation rate and 

the collection probability (which is 100% only at the depletion region and 

declines as we move away from it) of the generated carriers over the width 

of the semiconductors, as follows: 

𝐼𝑝ℎ𝑜𝑡𝑜 = 𝑞 ∫ (𝐺(𝑥) ∙ 𝐶𝑃(𝑥))𝑑𝑥
𝑤

0
      (I-38) 

C. Outside the depletion region and not within a diffusion length from it: The 

minority carrier is likely to recombine before reaching the depletion region 

as soon as it completes its diffusion length. 

 With an excess of photogenerated majority carriers now existing in each layer, 

these excess carriers will diffuse towards the quasi-neutral region of their 
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respective layer due to the newly-formed concentration gradient between the 

depletion and quasi-neutral regions in each layer. 

 Now we will have three other scenarios according to the setup of the external 

circuit: 

A. Short-circuit setup: If a wire short-circuits the terminals of the n-type and 

p-type layers, electrons will flow through it to recombine with holes at the 

other side, which generates the short-circuit current. The short-circuit 

voltage is zero, so the total power is zero. 

B. Open-circuit setup: If no wire is connected to the terminals, majority 

carriers will build up creating an electrical field opposite in direction to the 

internal field (which is equivalent to a forward bias voltage). Thus, the net 

electrical field will decrease allowing diffusion transfer to increase. As a 

result, the recombination rate starts to increase balancing out the 

photogeneration rate. The decrease in the net electrical field is by an 

amount proportional to the open-circuit voltage. The formation of an 

electrical potential difference within a semiconductor material as a result 

of exposure to light is known as the photovoltaic effect. The open-circuit 

current is zero, so the total power is zero. 

C. Load setup: If a load is added to the external circuit joined by the wire, 

useful power will be exerted on the load and we will have both an 

operative voltage and current and a resulting power. 

I-3.1.8. Cell representation. 

A PV cell can by represented as a photogenerated current source in parallel 

with a diode that represents the p-n junction, as shown in Fig. I-27:  

𝐼 = 𝐼𝑝ℎ𝑜𝑡𝑜 − 𝐼𝑑𝑖𝑜𝑑𝑒        (I-39) 

Hence, superimposing the photogenerated current on the diode current (Eq. I-36) 

yields the current-voltage equation for an illuminated PV cell: 

𝐼 = 𝐼𝑝ℎ𝑜𝑡𝑜 − 𝐼0 (exp
𝑞𝑉

𝑛𝑖𝜅𝑇𝑐
− 1)      (I-40) 
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Figure I-27: Photovoltaic Cell Equivalent Circuit 

 

 

The generated current-voltage curve using Eq. I-40 is strongly affected by 

both cell temperature and illumination level, as seen in Fig. I-28. To a large extent, 

this is due to the sensitivity of the dark saturation current 𝐼0 to cell temperature and 

the sensitivity of the photogenerated current 𝐼𝑝ℎ𝑜𝑡𝑜 to both cell temperature and 

illumination level. The dark saturation current could be expressed with respect to a 

reference case as: 

𝐼0 = 𝑋𝐼0,𝑟𝑒𝑓 (
𝑇𝑐

𝑇𝑐,𝑟𝑒𝑓
)
3

exp(
𝐸𝑔𝑞

𝜅
(

1

𝑇𝑐,𝑟𝑒𝑓
−

1

𝑇𝑐
))     (I-41) 

While the photogenerated current could be expressed with respect to a reference case 

as [291]: 

𝐼𝑝ℎ𝑜𝑡𝑜 =
𝐼𝑇

𝐼𝑇,𝑟𝑒𝑓
(𝐼𝑝ℎ𝑜𝑡𝑜,𝑟𝑒𝑓 + 𝛽𝐼𝑠𝑐(𝑇𝑐 − 𝑇𝑐,𝑟𝑒𝑓))    (I-42) 

From a physical viewpoint, the bandgap energy in a solar cell in inversely 

proportional to cell temperature. An elevated temperature results in lattice expansion 

and weakened interatomic bonds. Thus, a lower bandgap resulting from an elevated 

cell temperature means that more photons can generate free charge carriers since the 

photonic energy required to liberate a free charge carrier is now lowered. This is 

translated into a larger flow of electrons (i.e., a higher current) with lower energies 

(i.e., a lower voltage). However, the drop in voltage is more drastic than the increase 

in current and the result is lower MPP power, fill factor, and conversion efficiency, as 

evident from Fig. I-28. As for irradiance, the higher number of photons impinging on 

the cell’s surface allows for the generation of a larger number of free charge carriers 

and a higher current. The effect on open-circuit voltage could be considered 

negligible while the effect on short-circuit current could be taken as directly 

proportional. This allows us to use the short-circuit current as a measure of irradiance 

intensity and concentration ratio. Therefore, when comparing different PV cells,  
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Figure I-28: Effect of (a) Increased Irradiance Level and (b) Increased Cell 

Temperature on the Current-Voltage Characteristics of a PV Cell [291] 

 

 

standardized testing conditions for temperature, irradiance level, spectrum, etc. are 

used. 

When the effect of series and shunt resistances is included, the current-voltage 

equation becomes: 

𝐼 = 𝐼𝑝ℎ𝑜𝑡𝑜 − 𝐼0 (exp
𝑞(𝑉+𝐼𝑅𝑠)

𝑛𝑖𝜅𝑇𝑐
− 1) −

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
     (I-43) 

With the resulting single diode equivalent circuit that models the performance of a PV 

cell shown in Fig. I-27. 
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I-3.1.9. Photovoltaic systems. 

The structure and layers of a typical commercial single-junction silicon 

crystalline PV cell are shown in Fig. I-29. The glass cover provides protection to the 

solar cell against soiling and shocks while transmitting most of the visible portion of 

the spectrum useful for PV conversion. The encapsulant (usually EVA copolymer) 

provides further protection against moisture and weathering effects in addition to 

bonding the solar cell layers together. The frontal and back contacts grid consist of 

fingers and bus bars (not shown) to collect and conduct the generated current to the 

external circuit. Finally, an ARC reduces reflection losses while the back sheet is 

made of Tedlar which is a polyvinyl fluoride film with high emissivity to increase 

radiative heat rejection. 

 

 

 

Figure I-29: Structure of a Typical Single-Junction Crystalline Silicon PV Cell 

[44] 

 

 

A PV system consists of a PV array in addition to a number of BoP 

components; namely, MPP trackers, batteries, battery charge controllers, and 

inverters. PV systems can be generally classified into stand-alone and grid-connected 

types. A stand-alone (or grid-independent) PV system could be based solely on a PV 

generator for small-scale power demands or on a hybrid combination of PV, micro-
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hydro, wind, and/or diesel generators for larger and more reliable power demands. 

Markets for stand-alone PV systems range from consumer appliances such as 

calculators and auxiliary power for electrical appliances on boats to remote area 

power supply (RAPS) such as rural electrification and rural-area water pumps. Grid-

connected PV systems, on the other hand, are much more common than stand-alone 

systems and could be classified into the centralized and distributed generation sectors. 

Distributed generation grid-connected PV systems are commonly façade- or roof-

integrated into buildings in an effort to reduce investment costs and area 

requirements. However, tracking limitations, current mismatch losses due to shading, 

and elevated cell temperatures due to poor ventilation are serious issues facing PV 

building-integration systems. The market for grid-connected PV systems is mainly 

focused on the residential and commercial power generation sectors. Finally, it is 

worth noting that the PV market is one of the fastest growing markets in the world, 

with global total installations doubling nearly 73 times within 10 years, from only 

1,400 MW in 2002 to 102,156 MW in 2012 [56]. 

I-3.1.10. Photovoltaic technologies and improvement strategies. 

Table I-3 lists and describes the main first, second, and third generation non-

concentrator PV technologies. Other less common first and second generation 

technologies include silicon ribbon, microcrystalline silicon, micromorph tandem 

cells, HIT cells, and non-silicon III-V cells. Similarly, other promising third 

generation technologies in their early R&D stage include intermediate band cells [70]; 

carrier multiplication (or multi-exciton generation cells) [74]; utilizing 

nanotechnologies such as nanotubes, quantum dots, and hot carrier cells in which 

photogenerated carriers are extracted before thermalization [40, 61]; and technologies 

to adjust the optical properties of the incident light to be in agreement with the PV cell 

absorption abilities such as luminescent concentrators [72], up-converters [71], down-

converters and down-shifting layers [73, 77]. 

Improving the performance of a PV cell could be accomplished using a range 

of techniques and modifications that aim to improve short-circuit current, open-circuit 

voltage, fill factor, and total conversion efficiency. Those include techniques to 

minimize optical losses (due to internal and external reflection and shadowing) and 

maximize absorption such as optimized ARCs [45], surface texturing [46, 47], light 
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trapping [46-48], rear surface reflection [49, 50], surface plasmons [67, 68], laser-

buried contacts [60], and bifacial cell designs [75, 76]; techniques to minimize series 

and shunt resistive losses such as edge passivation or coating [54], optimizing the 

frontal contacts grid geometry and properties [55], and using selective emitters [310]; 

techniques to minimize surface and bulk recombination losses such as front surface 

passivation [51], back surface field [52], detection and minimization of crystal defects 

[53], carefully optimizing the doping level, and heavy doping under front contacts. 

I-3.1.11. Multi-junction photovoltaic cells. 

A separate treatment of multi-junction (also known as tandem) photovoltaic 

(MJPV) cells and their design considerations is important since MJPVs are becoming 

the preferred PV cell of choice in CPVTs and CPVs in general due to their superior 

efficiency, making them ideal candidates for any high-concentration PV system (as 

will be discussed in Section I-3.4.2). Simply put, the MJPV concept exploits two 

facts. The first is that different PV cell materials have different bandgap energies 

while different bands of the solar spectrum also possess different energies. The 

second is that a junction functions as a low-pass filter that transmits unabsorbed sub-

bandgap photons. Therefore, the concept of a MJPV is to match the energies of each 

spectrum band with an appropriate PV cell. Thus, by stacking these cells on top of 

each other, such that the bandgap decreases from top to bottom, the fundamental 

spectral mismatch efficiency losses (thermalization and non-absorption losses; see 

Section I-3.1.1) are minimized. For instance, in a three-junction PV cell, the top wide-

bandgap cell absorbs most of the high-energy photons that meet or exceed its bandgap 

while transmitting the remaining photons to the middle cell. The middle cell then 

absorbs most of the middle-energy photons that meet or exceed its bandgap while 

transmitting the remaining photons to the bottom cell. Finally, the bottom cell absorbs 

most of the low-energy photons that meet or exceed its bandgap. The most 

commonly-used materials for MJPVs are III-IV direct bandgap semiconductor 

compounds due to their high absorption coefficients and long minority carriers’ 

lifetimes. A common MJPV is the triple-junction InGaP/InGaAs/Ge, schematically 

shown in Fig. I-30. As evident from the figure, several layers constitute a MJPV. On 

the top surface of a MJPV lays the frontal contacts gird, an n- or p-type doped 

semiconductor, and an ARC. Each cell is composed of a p-n junction (emitter and 
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base). In the top and middle cells, the emitter has an n-type window layer on top of it 

while the base has a p-type back surface field (BSF) layer below it. The window 

passivates the emitter’s surface in order to minimize surface recombination losses. 

Similarly, the BSF passivates the interface between the base and tunnel junction. A 

buffer layer exists between the Ge and InGaAs cells to confine dislocations and 

reduce recombination losses (will be discussed later on). Different cells are connected 

in-series using tunnel junctions (will be discussed later on). The three cells are grown 

on the same Ge substrate. We will briefly cover the most important MJPV design 

considerations in the remainder of this section. This includes number of junctions, 

current matching, concentration ratio, bandgap combination and lattice matching, cell 

temperature, and layers thickness. 
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Table I-3: Comparison between the Main First, Second, and Third Generation Non-Concentrator Photovoltaic Technologies 
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F
ir

st
 

M
o
n

o
cr

y
st

a
ll

in
e 

S
il

ic
o
n

 

Single crystal silicon 

wafers sawn from 

large high-purity 

crystal ingots slowly 

pulled from molten 

silicon  

 Commercial maturity 

 Relatively high efficiency 

 High silicon availability 

 Silicon nontoxicity 

 High stability under 

outdoor conditions 

 Relatively thick due to 

low absorption 

coefficient 

 Lower manufacturability 

than polycrystalline 

 High cost 

15-

19% 
25.0% 30% 40% 1.4 7 H 

                                                      
4 In 2013, according to [58] 
5 Of the produced PVs in 2011, according to [57] 
6 According to [59] 
7 According to [59] 
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P
o
ly

cr
y
st

a
ll

in
e8

 S
il

ic
o
n

 
Multicrystal silicon 

wafers sawn from 

silicon blocks which 

were molten then 

solidified to orient 

crystals to a certain 

direction 

 Commercial maturity 

 High silicon availability 

 Silicon nontoxicity 

 High stability under 

outdoor conditions 

 Lower cost than 

monocrystalline 

 Less sensitivity to silicon 

feedstock quality 

 Less wasted silicon than 

monocrystalline 

 Relatively thick due to 

low absorption coefficient 

 Lower efficiency than 

monocrystalline 

 Lower crystal structure 

quality than 

monocrystalline with 

more defects 

 Lower space-efficiency 

than monocrystalline 

13-

15% 
20.4% 30% 45% 1.4 8 H 

                                                      
8 Also known as multicrystalline 
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G
a
A

s 
Crystalline gallium 

arsenide fabricated 

using metal-organic 

chemical vapor 

deposition or liquid 

phase epitaxy 

 High efficiency due to 

being a direct bandgap 

semiconductor with a near-

optimum bandgap 

 Lower thickness than 

crystalline silicon due to 

high absorption coefficient 

 Low temperature sensitivity 

 High resistance to radiation 

damage 

 Excellent for space 

applications 

 Excellent performance 

under concentrated 

illumination 

 High design flexibility 

 Very high cost 

 Low manufacturability 

 High fragility 

 Higher density than 

silicon 

 Low potential for 

terrestrial applications 

NA 26.4% 38%9 <1% NA NA H 

S
ec

o
n

d
 

A
m

o
rp

h
o
u

s 
S

il
ic

o
n

 T
h

in
 

F
il

m
 

Hydrogenated non-

crystalline silicon with 

a random structure 

deposited on large 

substrates using vapor 

phase deposition 

techniques 

 Flexibility 

 Lightweight 

 Significantly less material 

requirements due to high 

absorption coefficient 

 Low payback time 

 High bandgap energy 

 Low cost 

 Expandability to form 

multi-junction cells 

 Low efficiency 

 Rapid degradation with 

prolonged sun exposure 

due to the Staebler-

Wronski effect 5-

8% 
13.4% 27% 3% 0.8 15 H 

                                                      
9 Based on the assumptions and analysis of [92] 
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C
IS

/C
IG

S
 T

h
in

 F
il

m
 

Copper indium 

(gallium) diselenide 

absorber layer 

fabricated either by 

using deposition of 

metallic precursor 

followed by  

selenization and/or 

sulfidization or by 

using vacuum co-

deposition which then 

forms a hetrojunction 

with a CdS window 

layer 

 Flexibility 

 Lightweight 

 Significantly less material 

requirements due to high 

absorption coefficient 

 Low payback time 

 Highest thin film efficiency 

 Low efficiency 

 Degradation of CdS 

window layer 

 Relatively high cost 

 Low manufacturability 

due to complexity of the 

multi-component 

absorber layer 

 Cadmium toxicity 

 Indium scarcity 

 

7-

11% 
20.4% 29% 3% 0.9 10 M 

C
d

T
e 

T
h

in
 F

il
m

 Cadmium telluride 

absorber layer 

deposited using 

closed-space 

sublimation which 

then forms a 

hetrojunction with a 

CdS window layer 

 Flexibility 

 Lightweight 

 Significantly less material 

requirements due to high 

absorption coefficient 

 Low payback time 

 Low cost 

 High economic value 

 Low efficiency 

 Degradation of CdS 

window layer 

 Back contact issues 

 Rapid recombination 

 Cadmium toxicity 

 Tellurium scarcity 

8-

11% 
19.6% 30% 8% 0.9 11 L 
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T
h

ir
d

 

O
rg

a
n

ic
 

Composed of 

semiconducting 

organic polymers or 

small organic 

molecules that absorb 

light 

 Flexibility 

 Disposability 

 Lightweight 

 Low cost 

 Manufacturability due to 

utilizing established 

fabrication techniques 

 Expandability to form 

multi-junction cells 

 Wide variety of polymer 

options with different 

properties 

 Very low efficiency 

 Low durability 

 Degradation and stability 

issues 

 Poor understanding of 

physics and operation 3-

4% 
11.1% 15% <1% NA NA 

R
&

D
 

D
y
e-

S
en

si
ti

ze
d

 

Photoelectrochemical 

solar cells that mimic 

photosynthesis where 

semiconductor 

nanocrystals collect 

photons while dye 

molecules separate the 

charge  

 Low cost 

 Manufacturability 

 Excellent performance 

under low and indirect 

illumination 

 Very low efficiency 

 Rapid dye degradation 

upon prolonged 

ultraviolet radiation 

exposure 

 Sealing issues due to the 

electrolyte’s volatile 

solvents 

 Risk of electrolyte 

freezing 

1-

5% 
11.4% 20% <1% NA NA 

R
&

D
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M
u

lt
i-

J
u

n
ct

io
n

1
0
 

Multiple cell layers 

with different 

bandgaps stacked 

either by using 

multiple terminals 

(mechanical 

configuration) or 

tunnel junctions 

(monolithic 

configuration) in order 

to minimize non-

absorption and 

thermalization losses 

 Very high efficiency 

 Excellent performance 

under concentrated 

illumination 

 Ideal for space applications 

 Extensive room for 

innovation and 

improvement with respect 

to bandgaps and lattice 

structure 

 Very high cost due to 

fabrication complexity 

especially for the 

mechanical configuration 

 Low manufacturability 

 Bandgap limitations on 

cells in series-connected 

monolithic structures due 

to current and lattice 

mismatch constraints 

 Recombination losses at 

misfit and threading 

dislocations in lattice-

mismatched structures 

25-

30% 
37.9% 68% <1% NA NA L 

                                                      
10 Also known as tandem 
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Figure I-30: Structure of a InGaP/InGaAs/Ge Triple-Junction PV Stack [164] 

 

 

I-3.1.11.1. Number of junctions. 

In a MJPV cell, the quantity (due to reduced non-absorption losses) and 

quality (due to reduced thermalization losses) of photons utilization are maximized 

and the conversion efficiency is improved as a result of the spectral matching between 

radiation and cells. This effect is illustrated in Fig. I-31. It is interesting to notice from 

Fig. I-31 that as the number of junctions increases, the improvement in efficiency 

becomes less considerable. Theoretically speaking, an infinite number of junctions 

would lead to a theoretical efficiency of 68% for one sun and 86% for maximum 

concentration [37]. This is of no significant effect; however, since current fabrication 

techniques are limited to MJPVs with five junctions at best. 



 
 

118 

 

 

 

Figure I-31: Theoretical Efficiencies and Loss Mechanisms in Multi-Junction PV 

Cells as the Number of Junctions Increases. IV-Curve Losses Account for Non-

Spectral Mismatch Loss Mechanisms [88] 

 

 

I-3.1.11.2. Current matching. 

The multiple cells in a MJPV are connected either mechanically or 

monolithically, as shown in Fig. I-32. In the mechanical configuration, different cells 

with separate substrates are stacked together with each cell having its own terminal 

contacts. In the monolithic configuration, junctions are fabricated atop each other on a 

single substrate (the cell layers need to have the same lattice constant; see Section I-

3.1.11.4). The junctions are then electrically connected in-series using low-resistance 

tunnel junction diodes, resulting in a unified terminal contact. Tunnel junctions are 

highly-doped p-n junctions that also serve as barriers between adjacent cells. Thus, in 

the mechanical configuration, the voltage and current of each cell are not affected by 

other cells. While in the monolithic configuration, and just like a string of single-

junction series-connected PV cells, the cell with the lowest current limits the stack’s 

current. Accordingly, this imposes a current-matching constraint on the cell material 

and stack structure. The very high cost, manufacturing complexity, transparency 

constraints on substrates and components above the bottom junction, and bulkiness of 
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mechanically-connected MJPVs has led to R&D efforts focusing on the 

monolithically-connected configuration. 

The short-circuit current density of a sub-cell m in a MJPV stack is given by 

[148]: 

𝐽𝑠𝑐,𝑚 = 𝑞 ∫ [1 − exp(−𝛼𝑐,𝑚(𝜆)Λ𝑚)]𝜙𝑚(𝜆)𝑑𝜆
𝜆𝑚

0
    (I-44) 

Where the wavelength of sub-cell m is: 

𝜆𝑚 =
ℎ𝑐

𝐸𝑔,𝑚
         (I-45) 

As such, the current of sub-cell m in a MJPV is a function of its bandgap. Hence, 

current matching is achieved by selecting the optimum bandgap combination for the 

sub-cells in a MJPV stack such that each sub-cell generates almost the same current. 

This concept is illustrated in the top plot of Fig. I-33 where the current density of each 

cell in a two-junction MJPV stack is affected by the bandgap of the top cell. The 

optimum top cell bandgap to achieve current-matching for this case is 1.95 eV. 

Current-matching is also affected by the thickness of cells. In order for a photon to be 

absorbed, the thickness of the layer needs to be greater than its absorption length 

(which is a function of wavelength). However, a layer with a finite thickness will 

always have some incomplete absorption losses (see Section I-3.1.2). As such, some 

absorbable near-bandgap photons will be transmitted since these photons require large 

absorption lengths. These transmitted photons will contribute to the current of the 

layer below. As such, the thickness of each layer is another design variable that needs 

to be optimized and fine-tuned in order to achieve current-matching between all cells. 

This concept is illustrated in the bottom plot of Fig. I-33 where bandgap energies for 

the top and bottom cells are fixed and the top cell’s thickness is varied. The optimum 

top cell thickness to achieve current-matching for this case is 0.7 μm. It is interesting 

to notice in the bottom plot of Fig. I-33 how the fill factor (which is a function of the 

ratio of the short-circuit currents of the top and bottom cells) reaches a minimum at 

current-matching. This fill factor decrease at current-matching is about half the 

increase in short-circuit current for a MJPV [148]. Nevertheless, the maximum 

conversion efficiency is obtained under current-matched conditions. The spatial and 

spectral uniformity of the incident illumination should also be accounted for to 

minimize current-matching losses, especially for high concentration ratios, as per the 

discussion in Sections I-2.2.2.6 and I-2.2.2.7. 
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Figure I-32: Mechanically-Connected (Left) and Monolithically-Connected 

(Right) Multi-Junctions PVs [88] 

 

 

 

Figure I-33: Current Density Variation of Top and Bottom Cells in a Two-

Junction MJPV as a Function of the Top Cell's Bandgap (Top) and Top Cell’s 

Thickness (Bottom) [148] 
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I-3.1.11.3. Concentration ratio. 

Even though MJPVs have the highest efficiencies among all current non-

concentrator PV technologies (see Table I-3), their commercialization is hindered by 

their very high costs. Thus, using them with medium- and high-level concentrator 

optics in order to minimize their area is a very promising approach (as will be 

elaborated on in Section I-3.4.2). This will be observed in Part II of this study where 

MJPV receivers rather than conventional Si receivers dominate for high concentration 

CPVT collectors. This approach is reinforced by the fact that the performance of 

MJPVs is highly improved under concentrated illumination, as seen from Fig. I-34. 

The performance of a MJPV doesn’t suffer as much due to elevated temperatures that 

result from increased illumination as compared to other PV technologies. This is due 

to the unique multi-layered structure of a MJPV that enables the efficient utilization 

of the maximum number of impinging photons in addition to the superior electronic 

and material properties of III-V semiconductors that usually comprise MJPVs. The 

relative insensitivity to illumination non-uniformities, on the single cell level, in a 

MJPV also contributes to this performance enhancement and economic feasibility 

under high concentration ratios. Moreover, the high efficiency of MJPVs under high 

concentrations significantly reduces the required cell area, which in turn decreases 

series resistance and improves heat dissipation [136]. As a result, the highest recorded 

experimental PV efficiency of 44.4% belongs to a three-junction PV under 302X 

concentration [58]. Nevertheless, as a result of MJPVs very high costs, a concentrated 

MJPV system becomes economically-feasible only when the concentration ratio is 

sufficient to reduce cell area and offset its high initial cost [146]. Hence, developing 

MJPV cells that operate efficiently under very high concentration ratios is crucial to 

minimize the payback time and maximize the net present value (NPV) of a 

CPV/CPVT system. As seen from Fig. I-34, the efficiency reaches a maximum at a 

certain concentration ratio. This peak is where the series resistance effects start 

becoming dominant due to increased current in response to increased illumination 

(see Fig. I-28). MJPVs; however, are less prone to series resistance limitations at 

elevated concentrations. This is due to the fact that MJPVs inherently operate at lower 

currents compared to conventional single-junction PVs as a result of the previously-

discussed current-matching requirement on MJPVs. Nevertheless, it is important to 

carefully calculate the frontal grid geometry and spacing such that the trade-off at 
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high concentrations between losses due to series resistance [162] and losses due to 

shadowing is balanced. Moreover, it is recommended to choose a concentration ratio 

and a MJPV cell type such that there’s a smooth efficiency decrease after reaching 

peak efficiency [146]. This is based on the fact that real concentrators do not yield a 

uniform concentration profile, which yields localized hotspots on the receiver where 

local concentration could be manifold higher than the average nominal concentration 

ratio, as per the discussions in Section I-2.2.2.6. 

 

 

 

Figure I-34: Efficiency of Different Multi-Junctions PVs as a Function of 

Concentration Ratio [89] 

 

 

I-3.1.11.4. Bandgap combination and lattice matching. 

One of the most important material design considerations in a MJPV is the 

selection of an optimum bandgap combination while preserving lattice matching. As 

such, the purpose becomes to have cell layers with optimized bandgaps and the same 

lattice constant. This is achievable by tuning the stoichiometry of quaternary 

semiconductor compounds to have optimum bandgaps while preserving lattice 

matching. Fig. I-35 shows the bandgap energies and lattice constants of selected 

element and binary semiconductors with circles indicating direct bandgap 
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semiconductors, triangles and squares indicating indirect bandgap semiconductors, 

and lines indicating ternary alloys [252]. For instance, it can be seen from the figure 

that for about 0.01 mole fraction of In in InGaAs ternary alloy and about 0.5 mole 

fraction of In in InGaP ternary alloy, the lattice constant is almost the same as that of 

Ge—resulting in the widely-used lattice-matched InGaP/InGaAs/Ge cell. The 

optimization of bandgap combinations to minimize current-matching losses (see 

Section I-3.1.11.2) while satisfying the lattice matching constraints is referred to as 

bandgap engineering. Chan et al. [91] used a radiative efficiency figure-of-merit, 

which quantifies recombination due to radiative and non-radiative mechanisms, to 

estimate the theoretical optimum bandgap combinations for one-, two-, and three-

junction PV cells under different concentration ratios and different standard solar 

spectra. The results for each sub-cell in a three-junction stack under AM1.5D 

spectrum are shown in Fig. I-36. Using a three-dimensional graphical optimization 

approach, Geisz et al. [157] illustrated the maximum achievable efficiencies, with 

only radiative recombination considered, using theoretical bandgap combinations for 

a three-junction stack, as shown in Fig. I-37. Actual MJPVs are noted on the figure. 

Based on a Shockley-Queisser detailed balance analysis conducted by Philipps et al. 

[253] under 500X, 65℃ cell temperature, and the AM1.5D spectrum; two optimum 

bandgap combinations for a three-junction device were found to be 1.75/1.18/0.70 eV 

and 1.86/1.34/0.93 eV with only radiative recombination considered and a perfect 

external quantum efficiency assumed [253]. These results are in agreement with the 

results obtained by Chan et al. [91], seen from Fig. I-36, and Geisz [157], seen from 

Fig. I-37. Unfortunately, finding semiconductor materials with this optimum bandgap 

combination while satisfying the lattice constant constraint is very difficult. 

Nevertheless, there exists an actual semiconductor materials combination that 

somewhat approximates the 1.86/1.34/0.93 eV optimum bandgap combination. That 

is the InGaP/GaAs/Ge combination with a bandgap combination of approximately 

1.8/1.4/0.7 eV. Lattice mismatch imposes one of the strictest limitations on any 

bandgap combination. Lattice matching refers to the similarity of the crystal structure 

in the cell layers and is measured using the lattice constant. In a monolithic 

configuration, the lattice constant (i.e., crystal structure) between the epilayers and the 

substrate needs to be consistent since the layers are epitaxially-grown atop each other. 

Otherwise, dislocations are formed and the interfacial surface is strained. Thus, a 
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lattice-mismatched structure promotes single level trap recombination at these 

dislocations and decreases performance and durability [96] unless a mitigation 

strategy is introduced. The minority carriers’ lifetime could be expressed in terms of 

radiative and non-radiative recombination lifetimes as [99]: 

𝜏 = (
1

𝜏𝑟
+

1

𝜏0
+
𝜋3𝐷𝑁𝑑

4
)
−1

       (I-46) 

Since lattice matching is one of the strictest material constraints on optimum bandgap 

combinations, a trade-off between optimum bandgaps and lattice matching usually 

requires compromises in order to reach optimum performance. As a result, the 

composition of cell layers needs to have optimum bandgaps and minimum lattice 

mismatch. Innovative fabrication techniques to  decouple the bandgap combination of 

choice from the lattice matching constraint include metamorphic [97] and inverted 

metamorphic [98] growth. A metamorphic (or lattice-mismatched) cell contains a 

compositionally-graded buffer structure between the lattice-mismatched layers to 

confine dislocations in it; thus prohibiting the propagation of dislocations to active 

layers and allowing more room for the growth of layers with different lattice 

constants. Metamorphic fabrication provides considerably higher flexibility in 

choosing the subcells bandgap energies. For instance, controlling the mole fraction of 

indium in 𝐺𝑎1−𝑥𝐼𝑛𝑥𝐺𝑒 provides a range of bandgap energies from approximately 1.4 

to 0.2 eV as the indium fraction increases. However, limiting the recombination 

mechanism to be radiative only becomes a challenge that is achieved by maintaining 

the crystal quality during growth and controlling the location, density, and activity of 

any dislocations due to the lattice mismatch. On the other hand, in the inverted 

metamorphic technique, layers with the highest lattice mismatch are grown first 

instead of starting with grading the lattice constant at the substrate. This avoids the 

limitation on the degree of lattice mismatch in metamorphic growth due to the 

propagation of growth defects to subsequent layers after grading the lattice constant at 

the substrate. Nevertheless, bringing these techniques from the laboratory to 

commercial production could prove to be a challenge due to their high level of 

delicacy. 
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Figure I-35: Bandgap Energy and Lattice Constant Diagram for Selected 

Element and Binary Semiconductors [252] 

 

 

I-3.1.11.5. Cell temperature.  

A PV cell under 500X could reach temperatures as high as 1400℃ if insulated 

[163]. As such, it is important to investigate the effect of cell temperature on a MJPV 

since electrical parameters such as the conversion efficiency, fill factor, open-circuit 

voltage, and short-circuit current in addition to material parameters such as the 

bandgap energy, saturation current, and diffusion length are all affected to varying 

degrees by elevated temperatures. Table I-4 lists the temperature coefficients of open-

circuit voltage, short-circuit current, fill factor, and efficiency at different 

concentration ratio of an InGaP/InGaAs/Ge cell normalized to 25℃. At higher 

concentrations, the temperature effect on fill factor and efficiency becomes less 

pronounced due to the increase in open-circuit voltage with concentration. Hence, a 

higher concentration ratio has a mitigation effect on performance degradation of a 

MJPV as a result of elevated temperature levels. The reason open-circuit voltage is  
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Figure I-36: Theoretical Optimum Bandgaps for a Three-Junction PV Cell 

under AM1.5D as a Function of Concentration Level with Different Radiative 

Efficiencies Showing (a) Top Cell, (b) Middle Cell, and (c) Bottom Cell [91] 
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Figure I-37: Theoretical Optimum Bandgap Combinations (Black is 51% and 

Light Blue is 52%) for Three-Junction PV Cells under AMD1.5 Spectrum at 

500X. Geometrical Figures Indicate Actual MJPVs under Different 

Concentrations [157] 

 

 

highly sensitive to cell temperature stems from the high sensitivity of the saturation 

current (which is a function of the temperature-dependent intrinsic carrier 

concentration, diffusivity, and minority carrier lifetime) to cell temperature. The 

variation of open-circuit voltage with cell temperature could be approximated from 

[164]: 

𝑑𝑉𝑜𝑐

𝑑𝑇
= −(

𝑉𝑔−𝑉𝑜𝑐

𝑇
+
𝜅

𝑞
[3 +

𝛽

2
]) + (

𝜅𝑇

𝑞𝐼𝑠𝑐

𝑑𝐼𝑠𝑐

𝑑𝑇
+
𝑑𝑉𝑔

𝑑𝑇
)    (I-47) 

As such, the 𝑉𝑜𝑐 temperature coefficient of a MJPV is simply the sum of the 

temperature coefficients of each sub-cell. And even though the change of 𝑉𝑜𝑐 is the 

most noticeable effect of temperature variation in a MJPV, the 𝐼𝑠𝑐 slightly increases 

with temperature elevation. This is mainly due to the change in the material’s 
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absorption coefficient with temperature [164]. Similarly, the fill factor and efficiency 

vary with temperature mainly due to the variation in open-circuit voltage. 

 

 

Table I-4: Normalized Temperature Coefficients for a InGaP/InGaAs/Ge Cell at 

Various Concentration Ratios [164] 

Normalized Temperature Coefficient (% ℃⁄ ) 1X 17X 200X 

𝒅𝑽𝒐𝒄 𝑽𝒐𝒄,@𝟐𝟓℃⁄

𝒅𝑻
 -0.245 -0.191 -0.151 

𝒅𝑰𝒔𝒄 𝑰𝒔𝒄,@𝟐𝟓℃⁄

𝒅𝑻
 0.0742 0.1228 0.1202 

𝒅𝑭𝑭 𝑭𝑭 @𝟐𝟓℃⁄

𝒅𝑻
 -0.0707 -0.0562 -0.0453 

𝒅𝜼 𝜼 @𝟐𝟓℃⁄

𝒅𝑻
 -0.248 -0.141 -0.098 

 

 

I-3.1.11.6. Layers thickness. 

Finally, and as with single-junction PVs, the material of choice for each layer 

in a MJPV needs to have a thickness that is greater than its absorption depth and a 

diffusion length that is greater than its thickness. This ensures that the material has 

enough thickness to absorb photons and that the generated minority carriers have 

enough lifetimes, regardless of their generation location, to contribute to the 

photogenerated current before recombination. Moreover, as previously mentioned in 

Section I-3.1.11.2, the thickness of a sub-cell affects the short-circuit current of the 

cell below it in addition to the current-matching condition, open-circuit voltage, and 

fill factor of the entire MJPV. Adjusting the top layers thickness and choosing near-

optimum bandgap combination are how current-matching conditions are maximized 

in a MJPV stack. In fact, thinning the top cell in a stack can improve the MJPV 

efficiency while reducing dependence of efficiency on sub-cell bandgap [148]. 

I-3.1.11.7. Other considerations. 

Design considerations other than the main ones discussed in this section exist 

for a MJPV. Those include incident spectrum variations [159], shading [160], and 

reflectance losses [161]. This brings out the importance of MJPV modeling in order to 

capture the effects of as many design considerations on performance as possible. An 



 
 

129 

 

accurate semi-empirical two-diode equivalent circuit for concentrated MJPVs under 

terrestrial conditions as function of concentration level and cell temperature was 

developed by Segev et al. [100], as shown in Fig. I-38 (model details available in Ref. 

[100]). Additionally, Rodrigo et al. [158] reviewed several existing models for the 

characterization of MJPV cells and modules as a function of different inputs (e.g., 

concentration ratio, cell temperature, air mass, etc.). MJPV fabrication is a delicate 

and difficult task due to the thinness of the many layers that compose a cell. The most 

common fabrication methods for MJPVs include metal-organic chemical vapor 

deposition for commercial-scale production and the more demanding molecular beam 

epitaxy and chemical beam epitaxy for research-scale production. Currently, the most 

established MJPV developers include the National Renewable Energy Laboratory 

(NREL), Spectrolab-Boeing, Sharp, Fraunhofer ISE, Soitec, Spire Semiconductor, 

and Solar Junction. The InGaP/InGaAs/Ge inverted metamorphic concentrated 

MJPVs are on the verge of widespread commercialization [90] due to their 

exceptionally high efficiency under already established concentrator optics and have 

been in the production stage for several years. Nonetheless, addressing current 

obstacles such as reliability by developing test standards, opening new market sectors 

by focusing on the distributed generation market in developing countries, and 

commercial manufacturing by providing the necessary assembly line infrastructure is 

pivotal for the commercial success of MJPVs under high concentration levels. 

 

 

 

Figure I-38: Multi-Junction Photovoltaic Cell Equivalent Circuit [100] 
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I-3.2. Solar Thermal Collectors 

 The same STC designs and analyses are used when designing and analyzing 

the thermal part of a CPVT collector. Thus, an understanding of both photovoltaic 

theory and solar thermal theory along with a familiarity with the latest developments 

in both fields are the building blocks of a CPVT design with respect to both its 

electrical and thermal aspects, respectively. In this section, a concise discussion of 

flat-plate collectors (FPCs), evacuated-tube collectors (ETCs), and the thermal and 

optical performance of solar thermal collectors (STCs) will be presented. A STC 

could be viewed as a heat exchanger that absorbs solar energy and converts it to 

internal energy of a HTF (e.g., water, oil, or air). The most common non-

concentrating active STCs are FPCs and ETCs. Concentrating STCs will be discussed 

in Section I-3.4.3. The operation principles for both FPCs and ETCs are very similar. 

Both don’t require tracking and are mainly utilized in low-temperature residential and 

commercial water and space heating applications. Non-concentrating and 

concentrating solar thermal systems have numerous applications ranging from solar 

water heaters, solar cookers, and solar driers to solar power plants, solar desalination 

units, and solar air conditioners. A comparison between all concentrating and non-

concentrating solar thermal technologies will be presented at the end of Section I-

3.4.3. 

I-3.2.1. Flat-plate collectors. 

A schematic of a typical FPC is shown in Fig. I-39. As seen from the figure, 

the main components in a FPC are the transparent top cover (glazing), absorber plate, 

integrated heat transfer passages, insulation, and supportive structure. The design 

shown in Fig. I-39 is of a typical commercial FPC, while numerous other variations 

with respect to the location and geometry of the integrated heat transfer passages are 

available, as described in Fig. I-40. The working mechanism of a STC is quite simple. 

The absorber plate absorbs solar radiation and converts it to thermal energy. The HTF 

then collects this thermal energy from the absorber plate via convection in the 

integrated heat transfer passages and stores it as internal energy. The internal energy 

of the fluid is then utilized either directly, such as in a DHW system; indirectly, such 

as in a Rankin cycle to produce electricity in case of a concentrated STC; or stored in 

a thermal storage unit. 
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The functions of the transparent top cover(s) are to minimize convection heat 

losses by finding an immobile air layer around the absorber plate and to minimize 

radiation heat losses by having low transmittance for long-wave thermal radiation 

emitted from the absorber plate. Similarly, the back and edge insulations also 

minimize conduction and convection heat losses to the ambient. The absorber plate 

needs to have the maximum possible absorptance for short-wave solar radiation and 

the minimum possible emittance for long-wave thermal radiation. This is usually 

achieved using solar-selective surface coatings. 

 

 

 

Figure I-39: (a) Cross-Sectional and (b) Isometric Schematic Views of a Typical 

Flat-Plate Solar Collector [64] 

 

 

I-3.2.2. Evacuated-tube collectors. 

ETCs give superior performance in cold and cloudy weathers compared to 

FPCs. However, their initial costs and payback times are higher. A schematic of one 

tube in a typical ETC is shown in Fig. I-41. As seen from the figure, an ETC is a heat 

pipe surrounded by a vacuum tube. The vacuum tube that surrounds the heat pipe  
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Figure I-40: Various Flat-Plate Collector Designs with Respect to the Integrated 

Heat Transfer Passages. Water-Based (a) Bonded Sheets, (b) Lower Circular 

Tubes, (c) Upper Circular Tubes, and (d) Extruded Rectangular Tubes Designs. 

Air-Based (e) Extended Surface, (f) Metal Matrix, and (g) Corrugated Metal 

Sheet Designs [65] 

 

 

minimizes the conduction and convection heat losses, thus, increasing the output 

temperature. The heat pipe is attached to an absorber plate. The tube fluid (e.g., 

methanol) evaporates (to saturated or superheated vapor) in the evaporator segment of 

the heat pipe due to the thermal energy transferred to it. The tube fluid is then 

adiabatically driven by the vapor pressure to the sealed condenser segment of the heat 
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pipe where it condenses, giving away its latent thermal energy to the HTF (e.g., 

water) in a heat exchanger duct. The tube fluid then returns to the evaporator segment 

of the tilted heat pipe naturally as a result of gravity or with the help of capillary 

pressure created by a wick. 

 

 

 

Figure I-41: Schematic of a Typical Evacuated-Tube Collector with One Tube 

Shown [39] 

 

 

I-3.2.3. Energy losses and thermal efficiency. 

The thermal efficiency of a STC is defined as the ratio of the useful energy 

harvested by the HTF to the incident solar radiation on the STC surface. The first step 

for expressing the thermal efficiency and the energy losses associated with it in a STC 

is finding the portion of solar radiation absorbed by the absorber plate. The second 

step is to identify the optical and thermal loss mechanisms during energy transfer to 

the HTF, as shown in Fig. I-42. The first optical loss occurs due to the top cover (if 

any) as part of the incident radiation is reflected, part is absorbed, and part is 

transmitted by the cover, as shown in Fig. I-42. While the second optical loss occurs 

due to the absorber plate’s incomplete absorption of the radiation incident on its 

surface as some of the incident radiation will be reflected, as shown in Fig. I-42. 

According to the first law of thermodynamics, the sum of the reflected, absorbed, and 
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transmitted parts of radiation on a surface is equal to unity. The reflectance, 

absorptance, and transmittance of a material vary with the incidence angle and 

radiation wavelength. However, we usually use the mean wavelength-corresponding 

values and use incidence angle modifiers (as will be shown) to account for these 

optical material properties variations in STCs. Additionally, part of the transmitted 

radiation through the top cover will be diffusively reflected by the absorber to the 

inner surface of the top cover. Part of this diffusion radiation will then be re-reflected 

by the top cover to the absorber, and so on. To account for this endless series of 

absorption-transmission-reflection, the transmittance-absorptance product is used, 

which is expressed as: 

(𝜏𝛼) =
𝜏𝑡
𝑔𝑐
𝛼𝑡
𝑟

1−(1−𝛼𝑡
𝑟)𝜌𝑑

𝑔𝑐        (I-48) 

Where superscripts 𝑔𝑐 and 𝑟 denote the glass cover and receiver, respectively. 

Accordingly, the amount of solar radiation absorbed by the absorber plate is 

expressed as: 

𝑞𝑎𝑏𝑠 = 𝑘𝜃(𝜏𝛼)𝑛𝐼𝑇𝐴𝑠        (I-49) 

Where the incidence angle modifier, which accounts for incidence angle variations 

(both cosine losses and material optical variations) for a non-concentrating STC, 

could be semi-empirically found from [66]: 

𝑘𝜃 = 1 − 𝑏0 (
1

cos𝜃
− 1)

𝑐

       (I-50) 

Where 𝑏0 and 𝑐 are data-fitting constants. 

Part of the heat absorbed by the absorber plate (Eq. I-49) is then transferred as 

useful energy to the HTF, while another part is thermally lost. The thermal loss 

mechanisms occur due to the temperature gradient between the absorber on one hand 

and the top cover and supportive structure on the other hand. In turn, the top cover 

and the supportive structure lose the gained heat to the ambient. The equivalent heat 

flow resistance circuit for a STC is shown in Fig. I-43. As seen from the equivalent 

thermal circuit, the absorber loses heat to the back insulation via conduction and to 

the top cover via both convection and radiation. These losses are illustrated in Fig. I-

42. Both the top cover and back insulation then lose energy to the ambient via 

convection and radiation. We have neglected any edge insulation losses since they are 

usually very small and assumed the top cover, absorber plate, and back insulation to 

be isothermal. By balancing the heat flows in the equivalent circuit, knowing the 
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required material properties, and using known correlations from the literature for 

finding heat transfer coefficients; we can find the unknown temperatures and heat 

flow rates. Notice that for ETCs, convective heat transfer between the absorber plate 

and top cover is negligible due to the vacuum envelope between them, which in turn 

decreases the overall heat lost from the absorber plate. We can now express the 

overall thermal loss coefficient for a STC based on Fig. I-43 as follows: 

𝑈𝐿 =
(𝑅𝑐𝑜𝑛𝑣
𝑎−𝑐 +𝑅𝑟𝑎𝑑

𝑎−𝑐)(𝑅𝑐𝑜𝑛𝑣
𝑐−𝑎 +𝑅𝑟𝑎𝑑

𝑐−𝑎)

(𝑅𝑐𝑜𝑛𝑣
𝑎−𝑐 ×𝑅𝑟𝑎𝑑

𝑎−𝑐)(𝑅𝑐𝑜𝑛𝑣
𝑐−𝑎 +𝑅𝑟𝑎𝑑

𝑐−𝑎)+(𝑅𝑐𝑜𝑛𝑣
𝑐−𝑎 ×𝑅𝑟𝑎𝑑

𝑐−𝑎)(𝑅𝑐𝑜𝑛𝑣
𝑎−𝑐 +𝑅𝑟𝑎𝑑

𝑎−𝑐)
+

𝑅𝑐𝑜𝑛𝑣
𝑏−𝑎 +𝑅𝑟𝑎𝑑

𝑏−𝑎

𝑅𝑘
𝑎−𝑏(𝑅𝑐𝑜𝑛𝑣

𝑏−𝑎 +𝑅𝑟𝑎𝑑
𝑏−𝑎)+(𝑅𝑐𝑜𝑛𝑣

𝑏−𝑎 ×𝑅𝑟𝑎𝑑
𝑏−𝑎)

       (I-51) 

Where superscripts a, c, and b stand for absorber plate, top cover, and back structure, 

respectively. Thus, the lost energy becomes: 

𝑞𝑙𝑜𝑠𝑡 = 𝑈𝐿𝐴𝑠(𝑇𝑎𝑣𝑔 − 𝑇𝑎𝑚𝑏)       (I-52) 

Where the average temperature 𝑇𝑎𝑣𝑔 refers to the absorber plate. 

 

 

 

Figure I-42: Energy Flow and the Accompanying Optical and Thermal Losses in 

a Solar Thermal Collector [183] 
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Figure I-43: Equivalent Thermal Circuit of a Solar Thermal Collector 

 

 

We can replace the average absorber plate temperature with the inlet HTF 

temperature by incorporating a heat-removal factor that is defined as the ratio between 

the actual fluid heat gain to the maximum collector heat gain (which occurs when the 

collector’s temperature is uniform and equal to the HTF’s inlet temperature) and is 

found from: 

𝐹𝑅 =
�̇�𝐻𝑇𝐹𝑐𝑝,𝐻𝑇𝐹

𝑈𝐿𝐴𝑠
(1 − exp [−

𝑈𝐿𝐹
′𝐴𝑠

�̇�𝐻𝑇𝐹𝑐𝑝,𝐻𝑇𝐹
])     (I-53) 

With the collector efficiency factor 𝐹′ being a constant for a certain collector’s 

geometry with a certain HTF mass flow rate. Accordingly, the amount of useful 

energy transferred to the HTF under steady-state conditions is the difference between 

the absorbed and lost energies from Eqs. I-49 and I-52. Thus: 

𝑞𝑢𝑠𝑒 = 𝐹𝑅𝐴𝑠[𝑘𝜃(𝜏𝛼)𝑛𝐼𝑇 − 𝑈𝐿(𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏)]     (I-54) 
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Eq. I-54 is known as the Hottel-Whillier-Bliss equation. The useful energy could also 

simply be found from a steady-state energy balance, as follows: 

𝑞𝑢𝑠𝑒 = �̇�𝐻𝑇𝐹𝑐𝑝,𝐻𝑇𝐹(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)      (I-55) 

Finally, we can now express the collector’s thermal efficiency as: 

𝜂𝑡ℎ = 𝐹𝑅𝑘𝜃(𝜏𝛼)𝑛 − 𝐹𝑅𝑈𝐿
(𝑇𝑖𝑛−𝑇𝑎𝑚𝑏)

𝐼𝑇
      (I-56) 

I-3.3. Solar Concentrator Optics 

 We will refer to any device in which solar radiation is concentrated to a 

receiver as an application of concentrated solar energy11 (CSE). Accordingly, we can 

divide CSE into concentrated photovoltaic (CPV) and concentrated solar thermal 

(CST), depending on the receiver type. The same concentrator optics utilized in CPV 

and CST systems are utilized in CPVT collectors. As such, a proper understanding of 

the theory, differences, and developments in solar concentrator optics and the optics 

of radiative heat transfer is necessary for the optical design and analysis of a CPVT 

collector. 

The optical systems in both CPVs and CSTs have a lot of similarities. 

Nevertheless, CST optics tend to have higher concentration ratios whilst CPV optics 

tend to be more accurate. The goal for using concentrator optics in solar systems is to 

focus solar energy falling on large concentrator surfaces onto small PV or solar 

thermal receivers. Concentrator optics have lower costs per unit area than PV cells 

and solar thermal absorbers. As such, utilizing concentrator optics enables us to 

intensify the solar radiation while reducing the system cost. Intensified solar radiation 

increases the short-circuit current of a PV cell and its power output [39]. Similarly, 

intensified solar radiation increases most of the performance indices of a STC (e.g., 

thermal efficiency and exergy output) [105]. In this section, a concise discussion of 

the design consideration, optical characteristics and figures of merit, and a 

background on the different concentrator types and configurations utilized in both 

CPVs and CSTs will be presented. In Section I-3.4, the integration of concentrator 

optics into CPV and CST systems will be covered. 

                                                      
11 Not to be confused with concentrated solar power (CSP), which usually refers to power generation 
using a concentrated solar thermal cycle in conjunction with/instead of a combustion chamber 
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I-3.3.1. Design considerations. 

 The optics utilized for solar concentration applications are often of the non-

imaging type due to their wider acceptance angles (maximum incidence angle at 

which solar radiation is effectively collected by a receiver) and more uniform 

illumination distribution. Additionally, the function of a solar concentrator is radiation 

intensification rather than accurate photographic imaging (which is the distinguishing 

characteristic of imaging optics). The most important design considerations common 

for both CPVs and CSTs are the concentration ratio, acceptance angle, tracking 

requirements, material durability under ultraviolet radiation and outdoor conditions, 

cost, and manufacturability. Most of these considerations are determined based on the 

required temperature (for a CST) or required output power (for a CPV) from the 

concentrator and the CSE application constraints. 

 A number of design considerations differs between concentrators designed for 

CSTs and CPVs, with CPVs usually imposing more constraints on the concentrator 

design as compared to CSTs. These CPV-specific constraints include: 

 Illumination uniformity: As established in Section I-2.2.2.6, PVs are 

sensitive to illumination spatial non-uniformities and chromatic aberration. 

The type and geometry of the optical concentrator greatly affect the level of 

illumination uniformity. Imaging concentrators naturally generate a less 

uniform illumination profile compared to non-imagine optics since they 

attempt to image the source’s image on the receiver. Actual concentrators do 

not yield a uniform concentration profile, as shown in Fig. I-44, due to a 

number of random and non-random errors. As such, the concentration profile 

is averaged to find the average flux concentration ratio with spatial 

illumination non-uniformities possibly quantifiable using a factor (rather than 

just the difference between the maximum and minimum irradiance) as was 

shown in Section I-2.2.2.6. A viable solution to this issue from the 

concentrator optics side is to incorporate kaleidoscope homogenizers [83] or 

Köhler integration [62] in the concentration setup to evenly randomize 

radiation, specifically for point-focus optics. Fig. I-45 illustrates the concept of 

Köhler integration in a CPV. However, the trade-off between the reduced 

optical efficiency when secondary homogenizing optical elements are added to 

the system (i.e., new absorptance and scattering losses at the new light/surface 
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interactions) and the improved electrical efficiency of a string of cells due to a 

more uniform illumination has to be carefully considered in order to justify the 

integration of any homogenizer elements. A simpler but less effective 

alternative is to slightly shift the receiver from the focal plane of the 

concentrator [316] to produce an enlarged more uniform image without the 

integration of any additional optical elements. 

 

 

 

Figure I-44: Actual Concentration Profile of (a) a Parabolic Trough Collector 

and (b) a Parabolic Dish Collector [148] 

 

 

 

Figure I-45: Schematic of a CPV Concentrator that Utilizes the Concept of 

Köhler Integration (SOE) for the Homogenization of Concentrated Radiation 

[62] 
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 Spectral response: Most PV cells have very low absorptions for the low-

energy infrared band of the solar spectrum. This means that a CPV 

concentrator could be designed to reflect infrared radiation away from the PV 

cell instead of concentrating it. In CPVTs, this reflection is achieved using 

spectral beam splitters and the radiation that is not useful to the PV cell is 

collected in a thermal receiver. This is an implementation of the pre-

illumination PV heat extraction concept that was discussed in Section I-2.2.1.7 

and will be demonstrated in Part II of this study. 

 Cell geometry: Most crystalline PV cells are flat and rectangular due to 

manufacturing constraints, which imposes less flexibility in the concentrator 

design. 

 Elevated temperature: As established in Section I-2.2.1.5 and I-3.1.8, 

elevated cell temperatures reduce the efficiency of PV cells and accelerate 

their degradation. This usually necessitates the incorporation of passive or 

active cooling mechanisms (see Section I-3.4.2). 

It is important to realize that even though different solar concentrators have 

the same function, they serve very different purposes in CPVs and CSTs. For a CST, 

the purpose from intensifying solar radiation is to increase the temperature of the 

HTF. While for a CPV, the purpose from intensifying solar radiation is to increase the 

photon flux impinging on the PV cell surface area. The CPV-specific constraints 

listed above are substantially relaxed in a CST. Concentration non-uniformities are 

independent of system performance since a CST’s performance depends on the 

cumulative radiation falling on the absorber surface. However, for very high 

concentration ratios, thermo-mechanical stresses as a result of non-uniform 

illumination could damage the absorber [111]. Moreover, a CST harvests thermal 

energy from the entire solar spectrum. As for geometry, CSTs provide high flexibility 

in their design geometry, with flat and tubular geometries being more common. And 

finally, the higher the temperature, the better the performance of a CST [105]; 

provided its materials can withstand elevated temperatures. 

For a CST, increasing the receiver’s area enables the capture of more of the 

reflected/refracted radiation which improves the intercept factor and optical 

efficiency. On the other hand, a larger receiver area means increased convection and 

radiation heat losses to the ambient which decreases thermal efficiency. This trade-off 
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between thermal and optical efficiencies for a CST with respect to receiver area was 

studied by Lof and Duffie [308] with the conclusion that a receiver designed 

according to the image profile generated by a perfect concentrator results in a 5-10% 

optical efficiency drop for a wide range of practical concentrators. Generally speaking 

for a CSE system, the reduced absorber/cell surface area as a result of using a 

concentrator reduces thermal losses, even though increased absorber/cell temperature 

increases these losses. Yet, thermal losses are disadvantageous in CSTs while they are 

favorable in CPVs, as per the discussion in Section I-2.2.2.4. Fresnel lenses and 

parabolic dishes are the most common solar concentrators utilized in CPVs. While for 

CSTs, parabolic troughs are quite common. Another important design consideration 

related to solar concentrators is tracking, which will be covered in Section I-3.4.1. 

I-3.3.2. Optical properties. 

In this section, the most important performance indices in solar optics such as 

the geometric and flux concentration ratios, the intercept factor, optical efficiency, 

and acceptance angle in addition to the most important optical features in solar optics 

such as the focus shape, thermodynamic and practical concentration limits, and 

refraction and reflection laws will be concisely covered. 

I-3.3.2.1. Concentration ratio and acceptance angle. 

One of the most important parameters for any solar concentrator is the 

geometric (or area) concentration ratio, defined as the ratio of concentrator’s aperture 

to the receiver’s aperture, and is expressed as: 

𝑋 =
𝐴𝑐𝑎

𝐴𝑟𝑎
         (I-57) 

The geometric concentration ratio is different than the flux (or optical or brightness) 

concentration ratio which is defined as the irradiance ratio between the receiver and 

concentrator, as follows12: 

𝑋𝑓𝑙𝑢𝑥 =
𝐼𝑇
𝑟𝑒𝑐

𝐼𝑇
𝑐𝑜𝑛         (I-58) 

Where both 𝐼𝑇
𝑟𝑒𝑐 and 𝐼𝑇

𝑐𝑜𝑛 are in W m-2.  

The optical efficiency of a solar concentrator is defined as the ratio of solar 

radiation absorbed by the receiver(s) to the incident radiation on the concentrator's 

                                                      
12 Or using 𝐼𝑠𝑐  of a PV receiver since 𝐼𝑠𝑐  is linearly proportional to 𝐼𝑇  (Eq. I-5) 
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aperture. The optical efficiency depends on the concentrator and receiver’s optical 

properties as well as the intercept factor. The intercept factor 𝛾𝑡 is defined as the ratio 

of solar radiation that falls on the receiver(s) to the total reflected/refracted radiation 

from the concentrator. For a receiver’s width 𝑤 extending from A to B, 𝛾𝑡 becomes: 

𝛾𝑡 =
∫ 𝐼𝑐𝑜𝑛(𝑤) 𝑑𝑤
𝐵
𝐴

∫ 𝐼𝑐𝑜𝑛(𝑤) 𝑑𝑤
+∞
−∞

        (I-59) 

The intercept factor accounts for spillage losses between the concentrator and receiver 

due to a number of practical optical and geometrical errors, as listed in Section I-

3.3.2.2. If we use averaged material properties with respect to temperature and the 

solar spectrum and assume there are no transparent covers between the concentrator 

and receiver with perfect tracking, then a general simplified expression for the optical 

efficiency of a refractive solar concentrator becomes: 

𝜂𝑜𝑝𝑡 = 𝛾𝑡𝜏𝑡
𝑐𝑜𝑛𝛼𝑡

𝑟𝑒𝑐        (I-60) 

While for an opaque reflective solar concentrator the optical efficiency could be 

expressed as: 

𝜂𝑜𝑝𝑡 = 𝛾𝑡𝜌𝑡
𝑐𝑜𝑛𝛼𝑡

𝑟𝑒𝑐        (I-61) 

The acceptance angle of a solar concentrator serves as an indication of 

tracking sensitivity requirements. Even though an acceptance angle of ±0.265° 

should be sufficient to cover radiation emitted from the solar disk, which is not a point 

source with parallel rays, the effects of tracking errors, dynamic loads, deformations 

due to loads, etc. need to be accounted for [148]. In Fig. I-46, the acceptance angle 

has been defined as the incidence angle at which power output falls to 90% of its 

maximum. We can notice from the figure how deviating from the acceptance angle 

range can drastically affect electrical performance with or without secondary optics. 

The angular dependence of optical efficiency could be modeled using the incidence 

angle modifier, which is defined as the ratio of the optical efficiency at a certain 

incident angle to the optical efficiency at normal incidence (see Eq. I-50 for the 

incidence angle modifier of a non-concentrating STC). 

Another important parameter that is particular to CPVs is the concentration 

acceptance product (CAP), expressed as: 

𝐶𝐴𝑃 = √𝑋 sin 𝛼        (I-62) 

There’s a trade-off between 𝑋 and 𝛼 in a concentrator. Thus, it is optically desirable 

to maximize the value of 𝐶𝐴𝑃. For a given 𝑋, the 𝐶𝐴𝑃 value indicates the tolerance of 
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the concentrator. While for a given 𝛼, the 𝐶𝐴𝑃 value indicates the intensity of 

concentration. Another important optical parameter indicative of the size of a 

concentrator is the aspect ratio, which is defined as the ratio between the focal length 

and the concentrator’s aperture area. 

 

 

 

Figure I-46: Effect of Deviation from the Acceptance Angle of a Solar 

Concentrator on Short-Circuit Current [148] 

 

 

I-3.3.2.2. Focus shape and concentration limits. 

The focus shape of the concentrator could be a point or a line. Line-focus 

concentrators have linear symmetry and concentrate solar rays to a line, such as with 

the parabolic trough shown in Fig. I-47a. A line-focus concentrator calls for a linear 

receiver configuration, such as long and narrow flat strips or a cylindrical tube. The 

maximum geometric concentration ratio of an ideal line-focus concentrator with an 

ideal exit half-angle of 90° is limited by [110]: 

𝑋𝑚𝑎𝑥 ≤
𝑛2

𝑛1 sin𝛼
        (I-63) 

Point-focus concentrators, on the other hand, have rotational symmetry and 

concentrate solar rays to a point, such as with the parabolic dish shown in Fig. I-47b. 

A point-focus concentrator calls for a circular receiver configuration, such as a 

number of densely-packed cells arranged in a semi-circle. The maximum geometric 

concentration ratio of an ideal point-focus concentrator with an ideal exit half-angle of  
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90° is limited by [110]: 

𝑋𝑚𝑎𝑥 ≤ (
𝑛2

𝑛1 sin𝛼
)
2

        (I-64) 

A differential element of area on the surface of a perfect concentrator 

generates a cone of radiation with 𝛼 = ±0.265° (sun’s radiation cone half-angle) 

[182]. A differential image is generated at the receiver’s surface as a result of the 

intersection between this differential cone and the receiver’s surface [182]. 

Consequently, the cumulative image profile generated at the receiver surface is found 

from integrating the differential images generated by the differential elements of area 

in the concentrator [182]. For the case of a reflector parabola with a flat receiver, the 

differential image shape is an ellipse [182]. The resulting cumulative image profile 

(i.e., its size and shape) at the receiver is shown in Fig. I-48 for different rim angles. 

We can notice from the figure that the distance where the concentration ratio reaches 

zero corresponds to an intercept factor of 100% for a perfect reflector. For the case of 

an imperfect practical concentrator, the image profile becomes larger. 

 

 

 

Figure I-47: The Focus Shape of a Solar Concentrator Could be (a) a Line such 

as with a Parabolic Trough or (b) a Point such as with a Parabolic Dish [65] 

 

 

Assuming the sun is a blackbody radiator and assuming an ideal black 

receiver, the second law of thermodynamics dictates that the maximum concentration 

limit could be achieved using a perfect concentrator only when the sun’s and 

receiver’s temperatures are equal [307]. Following Eqs. I-63 and I-64, the 

thermodynamic concentration limit for a perfect concentrator (i.e., one in which the 
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only unavoidable limit is the 𝛼 = ±0.265° solar intercept half-angle required to cover 

the radiation cone from the solar disk) becomes approximately 216X for line-focus 

concentration and 46,747X for point-focus concentration assuming 𝑛1 = 𝑛2 [182]. 

However, high concentration ratios call, among many other constraints, for very 

accurate tracking and a highly smooth and continuous concentrator surface due to the 

smaller acceptance angles. As such, it becomes more difficult and expensive to attain 

very high concentration ratios. 

For high concentration ratios the sun shape becomes an influential factor and 

the circumsolar ratio has to be taken into account to account for flux spillage from the 

solar aureole (approximately taken from 𝛼 = 0.265° to 𝛼 = 2.5°) [304]. The 

circumsolar ratio, a useful quantity, is defined as the ratio of irradiance from the solar 

aureole 𝐼𝑠𝑎 (also known as circumsolar irradiance) to irradiance from both the solar 

disk 𝐼𝑠𝑑 and the solar aureole 𝐼𝑠𝑎 as follows [304]: 

𝐶𝑆𝑅 =
𝐼𝑠𝑎

𝐼𝑠𝑑+𝐼𝑠𝑎
         (I-65) 

Generally speaking, a high 𝐶𝑆𝑅 value indicates reduced optical efficiency for high 

concentration optics due to a reduced intercept factor (i.e., more spillage losses). 

 

 

 

Figure I-48: Cumulative Image Profile Generated at the Surface of a Flat 

Receiver with a Perfect Parabolic Reflector for Different Rim Angles. The x-axis 

Represents the Dimensionless Distance from Center of the Receiver. Only the 

Right Halves of the Generated images are Shown [182] 
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 Other than the fundamental thermodynamic concentration limit, a number of 

practical random and non-random optical errors exist for a reflective solar 

concentrator comprising its overall optical error. These errors impact the normal at the 

concentrator’s surface and are divided as follows [39, 305-306]: 

 Specularity error (𝝈𝒔𝒑): Due to diffuse reflection that does not obey the law 

of reflection (see Section I-3.3.2.3) as a result of the microscopic roughness of 

any surface. 

 Surface slope error (𝝈𝒔𝒔): Accounts for local surface ripples and is quantified 

by the angular deviation of the actual surface normal vector to the stipulated 

design normal vector. 

 Shape error (𝝈𝒔𝒉): Accounts for manufacturing surface facets imperfections 

and surface distortions as a result of thermal stresses, wind loads, etc. 

 Tracking error (𝝈𝒕𝒓): Due to the step nature of solar trackers (see Section I-

3.4.1). 

 Sun shape error (𝝈𝒔𝒖𝒏): Due to the changing sun shape, especially when 

simplifying the sun shape with a normal distribution. 

 Misalignment error: Due to misalignment of the receiver from the 

concentrator’s focus. 

These errors (except for misalignment error) could be assumed to be random in nature 

and, thus, could be described using a normal Gaussian distribution for which the total 

reflected energy standard deviation becomes [305]: 

𝜎𝑡𝑜𝑡 = √𝜎𝑠𝑝2 + 𝜎𝑠𝑠2 + 𝜎𝑠ℎ
2 + 𝜎𝑡𝑟

2 + 𝜎𝑠𝑢𝑛2      (I-66) 

The Gaussian distribution function is then used to describe the actual direction of the 

surface normal after accounting for the random optical errors. Alternatively, a 

dispersion angle is sometimes used to account for any angular surface imperfections 

in a parabolic reflector. 

I-3.3.2.3. Reflection, refraction, and transmission. 

 It is useful to keep in mind that specular reflection off a smooth surface obeys 

the law of reflection, which states that the incident and reflected rays are coplanar and 

make equal angles with the normal to the surface. In case of non-specular reflection, 

diffusion of the reflected ray takes place and the reflected angle is no longer defined 
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by the incident angle. It is also useful to keep in mind that refraction through a 

transparent surface obeys Snell’s law, which states that the incident and refracted rays 

are coplanar according to: 

𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2        (I-67) 

Nevertheless, a portion of the incident will still be reflected off any transparent 

surface according to Fresnel’s law. Thus, the incident, reflected, and refracted rays are 

all coplanar. The reflectance of unpolarized light at normal incidence to a single 

interface between two mediums is expressed as: 

𝜌𝑡 = (
𝑛2−𝑛1

𝑛2+𝑛1
)
2

         (I-68) 

While the transmittance of unpolarized light at normal incidence to a single 

transparent interface between two mediums is expressed as: 

𝜏𝑡 =
4𝑛1𝑛2

(𝑛1+𝑛2)2
         (I-69) 

With the absorptance equal to the difference between the two: 

𝛼𝑡 = 1 − 𝜌𝑡 − 𝜏𝑡        (I-70) 

In reality, 𝜌𝑡, 𝜏𝑡, and 𝛼𝑡 vary with both wavelength and incidence angle for a certain 

material. Thus, we usually assume gray and diffuse surfaces to simplify the analysis. 

An important result of Eq. I-67 is the phenomenon of total internal reflection. Total 

internal reflection occurs when light passes from a material with a high refraction 

index to a material with a low refraction index. In that case, there exists a critical 

incidence angle 𝜃1 at which 𝜃2 becomes greater than 90 degrees. In other words, 

instead of refraction, the ray is reflected internally at the boundary between the two 

mediums.  

I-3.3.3. Types and configurations. 

 Different concentrator optics could be classified according to their focus shape 

or their concentration mechanism. The focus shape could be a point or a line while 

basic concentration mechanisms include reflection, refraction, luminescence, 

holography, or a combination of these mechanisms. Reflection and refraction 

concentrators are mature technologies while luminescent concentrators [101] are still 

under development. Nevertheless, unlike most reflector and refractor optics, a 

luminescent concentrator is capable of harvesting both direct and diffuse radiation. 

Holographic concentrators, on the other hand, suffer from low optical efficiencies and 
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relatively high costs, even though they simultaneously perform the functions of 

concentration and spectral decomposition. Configurations with multiple concentrators 

are utilized to increase the acceptance angle (thus relaxing tracking accuracy) or 

concentration ratio [102], change the shape or homogenize the concentrated flux 

[103], or both functions [104]. 

I-3.3.3.1. Refraction optics. 

Refraction solar concentrators utilize lenses, most commonly Fresnel lenses, 

to refract the light falling on the lens’s surface onto a smaller surface. If a 

conventional lens is utilized as a solar concentrator, it would have to be quite thick 

with excessive weight. A Fresnel lens differs from a conventional lens in that its bulk 

material is reduced by the removal of parallel grooves to form discrete prisms at the 

back surface usually facing the receiver, as shown in Fig. I-49. Thus, the weight of a 

Fresnel lens is markedly reduced compared to its conventional lens counterpart. 

Hence, a Fresnel lens is essentially a series of prisms patterned on a superstrate to 

approximate a curved lens. The most common material for Fresnel lenses is PMMA 

due to its photostability and transparency to most of the solar spectrum wavelengths 

[124]. These features give Fresnel lenses certain advantages such as a large aperture 

with short focal length, simple design, light weight, small volume, and low cost. A 

Fresnel lens could be of the line-focus (linear) or point-focus (spot) types. The latter 

achieves higher concentration ratio than the former. According to the edge ray 

principle [126], which is a widely used algorithm in the design of non-imaging 

concentrators, the prisms of a Fresnel lens are designed such that rays entering the 

collector at the acceptance half-angles will be refracted to the edges of the absorber. 

This results in rays within the acceptance interval being refracted within the absorber 

edges. Refraction in a Fresnel lens occurs in two planes with two acceptance angles 

perpendicular to each other, as defined in Fig. I-50. Both acceptance half-angles need 

to be considered for the optimum three-dimensional design of a non-imaging Fresnel 

lens [125]. A Fresnel lens could be of the imaging or non-imaging types with the 

latter often having a convex shape and the former often being flat and requiring higher 

tracking requirements [14]. Fresnel lenses are typically designed up to concentration 

ratios of 80X. Higher concentration ratios require placing a secondary concentrator 

with a sufficiently large acceptance angle at the focus of the Fresnel lens. Total 
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internal reflection losses, facet blocking and diffraction losses, reflection losses, 

absorption losses, and prism-tip scattering losses are the inherent optical loss 

mechanisms in a Fresnel lens [117]. Numerous design variations and geometries are 

available in the literature in an effort to minimize losses and to tackle concerns such 

as chromatic aberration, illumination uniformity, lens-to-cell volume, and tracking 

tolerance of a Fresnel lens [118-120]. However, Fresnel optics in general (including 

Fresnel lenses and reflectors) have lower optical efficiencies than competing optics 

due to the aforementioned reasons. 

 

 

 

Figure I-49: Conventional and Fresnel Lenses [116] 

 

 

 

Figure I-50: Elementary Prism in a Fresnel Lens with the Two Perpendicular 

Acceptance Half-Angles Shown [125] 
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I-3.3.3.2. Reflection optics. 

Reflection concentrators utilize flat and curved mirrors, most commonly of 

parabolic shapes (e.g., parabolic troughs, parabolic dishes, and compound parabolic 

concentrators), to reflect the light falling on the mirror’s surface onto a smaller 

surface. The mirror is composed of a reflective material (e.g., aluminum, silver) 

deposited on the front or back of a transparent substrate (e.g., glass, plastic). A 

parabola is defined as the group of points in a plane that are equidistant from both a 

point within its curvature called a focus and a line below its vertex called a directrix. 

The reflective property of a parabola dictates that light that enter the parabola parallel 

to its axis of symmetry (the line perpendicular to the directrix and passing through the 

focus) is reflected to its focus. In an imaging parabolic reflector, using tracking to 

achieve parallelism between the sun’s rays and the parabola’s axis of symmetry at all 

times enables the reflection of all rays to the parabola’s focus. However, if tracking is 

not accurate and the sun’s rays are even slightly off the parabola’s axis of symmetry, 

dispersion of the concentrated rays occurs. A parabolic trough is created when a 

parabolic curve is truncated at a selected rim angle and translated along the plane of 

curvature, as shown in Fig. 51a. A parabola with its axis aligned with the y-axis is 

defined by: 

𝑦(𝑥) =
𝑥2

4𝑓𝐿
         (I-71) 

Parabolic troughs require one-axis tracking with the continuous series of parabolic 

foci forming a focal line. As such, the receiver geometry in a parabolic trough system 

is usually tubular and located on the focal line. If the parabolic curve is circulated 

about the parabola’s axis, a parabolic (or more accurately, a paraboloidal) dish is 

formed. A paraboloid with its axis aligned with the z-axis is defined by: 

𝑧(𝑥, 𝑦) =
𝑥2+𝑦2

4𝑓𝐿
        (I-72) 

A parabolic dish (which is a point-focus concentrator) exhibits the highest 

optical efficiency of all concentrator optics and requires two-axis tracking. By 

choosing a focal length 𝑓𝐿 and a rim angle 𝜙𝑅 any parabolic curve is completely 

defined [305]. The rim angle is defined as the angle between the parabola’s axis and 

the line connecting the parabola’s focus and the parabola’s edge. The rim angle of any 

parabolic reflector could be expressed in terms of 𝑓𝐿 and the parabola’s width 𝑤 in: 
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tan𝜙𝑅 =
8𝑓𝐿𝑤

16𝑓𝐿
2−𝑤2

        (I-73) 

The maximum concentration ratio is 108X at 𝜙𝑅 = 45° for a flat receiver and 68.5X 

at 𝜙𝑅 = 90° for a tubular receiver in a parabolic trough [305]. While for a parabolic 

dish, the maximum concentration is 11,600X for both flat and spherical receivers at 

𝜙𝑅 = 45° and 𝜙𝑅 = 90°, respectively [305]. 

A compound parabolic concentrator (CPC) is a non-imaging concentrator that 

is essentially two half parabolas, as shown in Fig. I-52. A CPC takes advantage of the 

fact that for a tilted parabolic reflector, the parabola’s half that is closer to the sun will 

focus the sun’s rays below the parabola’s focus. As such, by truncating the parabola’s 

half that is now farther from the sun and then reflecting the resulting half parabola 

about an axis of symmetry, a CPC curvature is created, as shown in Fig. I-52. The 

angle between the two (full) parabolas axes of symmetry defines the CPC’s 

acceptance angle, as shown in Fig. I-52. Creating a 2D line-focus CPC trough is 

achieved by translating the two half parabolas along their plane of curvature. By 

contrast, creating a 3D point-focus CPC is achieved by rotating the two half parabolas 

about the CPC’s axis of symmetry. In both cases, the receiver is placed at the exit 

aperture. By deciding on the exit aperture area and the desired acceptance angle, the 

geometry of the CPC could be determined. The CPC is one of the most common 

optics for low-concentration STC and PV applications with numerous variations and 

improvements to its basic design and geometry published in the literature [110]. 

Other than the parabola, other geometries are also used in reflection 

concentrators, such as cylindrical troughs, spherical dishes, hyperboloid reflectors, 

and linear Fresnel reflectors. Semi-circular reflectors usually have less demanding 

tracking requirements since they are symmetrical with respect to rotation about the 

center. Translating a semi-circular curve along the plane of curvature creates a 

cylindrical trough with a focal plane, as shown in Fig. I-51b. Alternatively, by 

circulating a semi-circular curve about its center, a spherical dish is formed. A 

hyperboloid reflector is created by circulating a truncated hyperbolic curve around its 

axis of symmetry where the inner surface of the hyperboloid reflects and concentrates 

solar radiation, as shown in Fig. I-53. Hyperboloid reflectors are often used as 

secondary concentrators [107], stationary low concentrators [106], or in beam-down  

 



 
 

152 

 

 

Figure I-51: Focus Shape and Plane of Curvature of (a) Parabolic Troughs and 

(b) Cylindrical Troughs [109] 

 

 

central receiver systems [108]. A linear Fresnel reflector (LFR) is similar to a 

parabolic trough in that they both have linear foci and one-axis tracking requirements. 

As previously mentioned, Fresnel optics have lighter weights, lower costs, and occupy 

smaller volumes compared to conventional optics. However, some of the issues with 

LFRs include lateral drift of reflected rays [112], concentration variations throughout 

the day [113], and lower commercial maturity compared to the rivaling parabolic 

trough technology. Additionally, LFRs usually have 10-20% lower efficiencies than 

parabolic troughs due to the inherent characteristics of Fresnel optics already 

mentioned in Section I-3.3.3.1. 
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Figure I-52: Sectional View of a Compound Parabolic Concentrator [109] 

 

 

 

Figure I-53: A Hyperboloid Concentrator for Stationary Operation [106] 
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I-3.3.3.3. Luminescent concentrators. 

 Luminescent concentrators use luminescent species, such as organic dyes 

[127, 128] and nano-crystalline quantum dots [129, 130], embedded in a transparent 

matrix to absorb solar radiation and then emit it at a different wavelength. Most of the 

emitted radiation then propagates through the matrix by total internal reflection until it 

reaches the receiver at the edge. As such, when coupled with a PV receiver, as shown 

in Fig. I-54, a luminescent concentrator could be used for the down-conversion [121] 

or up-conversion [122] of incident radiation in addition to concentration, which would 

result in a significant reduction in thermalization or non-absorption losses (see 

Section I-3.1.1), respectively. A luminescent concentrator is a non-imaging device 

capable of utilizing both direct and diffuse radiation with no tracking requirements 

and is typically used for low concentration ratios. However, several difficulties have 

hindered the integration of luminescent concentrators into solar systems. Those 

include the narrow absorption ranges of luminescent material, reabsorption of emitted 

light which reduces efficiency, light emitted at angles less than the critical angle being 

lost due to the escape cone of total internal reflection, front surface reflection, surface 

transparency to long wavelengths, parasitic absorption in matrix material, spectral 

mismatch between PV cells and luminescent materials, and long-term material 

photostability [123]. 

 

 

 

Figure I-54: A Luminescent Solar Concentrator Coupled with a PV Cell under 

AM1.5 Spectrum with (1) Part of the Emitted Radiation Lost due to the Escape 

Cone and (2) the Other Part Guided by Total Internal Reflection to the Edge 

[101] 
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I-3.3.3.4. Holographic optics. 

 Another optical element that, similar to a luminescent concentrator, achieves 

both concentration and spectral modification is a holographic concentrator. 

Holographic concentrators are dispersive diffraction gratings that diffract and 

concentrate the different wavelengths of solar radiation onto different focus locations. 

As such, it is possible to utilize this simultaneous diffraction and concentration effect 

by placing receivers (different PV cells, thermal absorbers, thermoelectrics, etc.) that 

spectrally match each diffracted wavelengths band to achieve higher solar-to-useful 

conversion efficiencies [280-283]. A holographic concentrator could have a line- or a 

point-focus [284] and could be transmissive or reflective [281]. Numerous design 

variations are possible and available. A commonly used holographic configuration in 

solar applications is volume phase transmission holograms [282]. Even though 

holographic concentrators offer the unique advantage of performing both spectral 

decomposition and radiation concentration in addition to being lightweight and having 

a relatively low cost, they suffer from low optical efficiencies due to noise 

interference effects and have received less attention and development for solar 

applications compared to alternative concentrators. 

I-3.4. Concentrated Solar Energy 

 As mentioned at the beginning of Section I-3.3, we will divide concentrated 

solar energy (CSE) technologies into concentrated photovoltaics (CPVs) and 

concentrated solar thermal (CST) systems. CSE technologies enable us to greatly 

intensify the solar energy falling on a PV or solar thermal receiver. Thus, CSE 

systems remedy the most fundamental issue with solar energy—the low irradiation 

intensity. In that way, the development of CSE technologies has greatly reflected on 

the progress of CPVT collectors. Generally speaking, a CPV or a CST system could 

be modified or integrated to become a CPVT collector. The strong reliance of CPVT 

collectors on CSE technologies will be apparent in Part II of this study. 

In CPVs, we are replacing the expensive PV cells with cheaper refraction and 

reflection optics. In the same time, we are increasing the conversion efficiency of the 

PV cell as a result of the increased illumination, given that the PV cell technology 

chosen is in agreement with the concentration ratio utilized. In CSTs, we are able to 

harvest high-temperature thermal energy from solar radiation. This translates into 
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high-efficiency thermal-to-electrical energy conversion and the possibility to 

efficiently use the harvested thermal energy in new applications such as desalination, 

air conditioning, refrigeration, and industrial and agricultural processes. The main 

issues with CSE technologies remain to be the expensive tracking requirements and 

the fact that only direct solar radiation can be concentrated. In this section, a concise 

discussion of CPVs and CSTs will be presented with the attempt of understanding 

both the advantages CPVTs share with CSE technologies and the disadvantages in 

CSE technologies that naturally led to the concept of a CPVT. But first, an overview 

of solar trackers used in most concentrated solar technologies is due. 

I-3.4.1. Solar tracking mechanisms. 

The purpose of a solar tracker is to increase a CSE’s system efficiency by 

maximizing the amount of direct solar radiation received on the concentrator’s 

aperture through maintaining incident radiation normal to it and at the same time 

minimizing the parasitic energy required to drive the tracking mechanism. The energy 

gain from using tracking equipment in a solar concentrator system is generally within 

30 to 40% annually [30, 248]. Table I-5 lists the typical levels of tracking required 

corresponding to different concentration levels. According to the powering source, 

solar trackers could be divided into passive and active mechanisms. According to 

tracking accuracy, solar trackers could be divided into one- and two-axis systems, as 

classified in Fig. I-55. The higher the tracking accuracy, the higher the capacity factor 

and the steadier the power output becomes. 

An active solar tracker is a mechatronic system that uses electrical positioning 

drives consisting of motors, gearboxes, controllers, and sensors. The control of active 

solar trackers is either based on predefined astronomical algorithms that calculate the 

sun’s position based on time and date [153], a sun-seeking system consisting of 

electro-optical sensors [154], or a hybrid combination of both [141]. Astronomical 

algorithms supply the motors with predefined signals independent of sensor errors 

introduced by weather conditions and environment. Electro-optical sensors, on the 

other hand, supply the motors with signals depending on the sun’s position and are 

affected by clouds, dust, etc. Nevertheless, electro-optical sensors require an 

algorithm to restore the tracker to the East after sunset. Usually, the controller follows  
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Table I-5: Tracking Requirements and Typical Concentrators Corresponding to 

Different Concentration Levels 

Concentration Level Tracking Requirement Typical Solar Concentrator 

2-10 Regular adjustments Compound parabolic  

10-60 One-axis 
Parabolic trough 

Linear Fresnel reflector 

60-1500 Two-axis 

Spot Fresnel lens 

Parabolic dish 

Central receiver 

 

 

an on-off pattern with a time interval that depends on the required tracking accuracy. 

One-axis tracking is usually utilized for systems of low and medium concentration 

(e.g., line-focus optics), while two-axis tracking is necessary for systems with higher 

concentration ratios (e.g., point-focus optics), as per Table I-5. Table I-6 compares the 

annual direct and total radiation collected using two-axis tracking and three different 

one-axis tracking mechanisms according to orientation. Elevation movement in solar 

trackers is achieved either using a standard screw or a hydraulic actuator, with the 

latter having good wind absorption with no backlash. Azimuth movement, on the 

other hand, is achieved using motors that operate at gear reduction ratios above 1000. 

 

 

Table I-6: Direct and Total Radiation (Madrid, Spain) Falling on a Surface 

Using Different Tracking Mechanisms [148] 

Radiation Two-Axis Polar Axis N-S Axis E-W Axis 

Direct (kWh-m-2) 5.15 4.90 4.46 3.48 

Total (kWh-m-2) 7.08 6.87 6.24 5.61 

 

 

Alternatively, passive one-axis solar trackers require no electrical actuators 

and are used for low concentration ratios. A passive solar tracker could be based on 

shape memory alloy actuators [152], the thermal expansion of bimetallic actuators 
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Figure I-55: Classification of Solar Trackers According to Tracking Accuracy 

[30] 

 

 

[151], or bifacial PV cells that follow the sun while powering a motor [149, 150]. 

Alternatively, for low-concentration systems, manually adjusting the collector’s 

position on a daily-, weekly-, monthly-, or seasonal-basis could be sufficient. 

I-3.4.2. Concentrated photovoltaic cells. 

 CPV systems can reduce the required PV cells area by a factor greater than 

1,000. This results in significant cost-per-kW reductions in addition to altering the 

system cost breakdown such that concentrator optics, solar trackers, thermal 

management, and BoP components cost proportions rise at the expense of the cost 

proportion of the PV cells [135]. Additionally, assuming cell temperature is 

maintained under illumination and semiconductor parameters are unaffected by 
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illumination, the short-circuit current increases linearly with illumination while open-

circuit voltage increases logarithmically with illumination, as per Eqs. I-5 and I-6 and 

Fig. I-28. Hence, the effect of illumination intensity on efficiency can be expressed in 

[148]: 

𝜂𝑐,𝑐𝑜𝑛 = 𝜂𝑐,𝑟𝑒𝑓 (
𝐹𝐹𝑐𝑜𝑛

𝐹𝐹𝑟𝑒𝑓
) (1 +

𝜅𝑇 ln𝑋

𝑞𝑉𝑜𝑐
)      (I-74) 

CPVs could be classified into low (1 to 10X), medium (10 to 80X), high (80 to 

500X), and ultra-high (>500X) concentration categories. A typical CPV system 

consists of four main components—a PV cell , a passive or active thermal 

management mechanism, an optical concentrator, and a tracking mechanism. We will 

elaborate on the thermal management and optical concentrator components in the 

remainder of this section. For medium-to-high concentration ratios, MJPV cells are 

usually preferred since their relatively very high efficiencies and superior 

performance under concentrated illumination compared to other PV technologies set 

off their high costs. For low-to-medium concentration ratios, customized concentrator 

cells with minimized surface reflection and surface recombination losses are used. 

Both MJPV cells (and their operation under concentrated illumination) and solar 

trackers were covered in Sections I-3.1.11 and I-3.4.1, respectively. 

The solar concentrator optics utilized in CSE systems and the particularities of 

CPV optics were covered in Section I-3.3. Fresnel lenses are a common choice in 

CPVs; however, configurations with multiple concentrators that increase the 

acceptance angle or concentration ratio [102], change the shape or homogenize the 

concentrated flux [103], or both [104] are showing promising results. This is because 

the strict design constraints and performance criteria of a PV solar concentrator that 

were covered in Section I-3.3.1 (i.e., illumination uniformity, spectral response, cell 

geometry, concentration ratio, durability, etc.) often require the integration of multiple 

optical elements. Nonetheless, other solar concentrator optics such as parabolic dish 

reflectors [137], central receiver systems [138], parabolic trough reflectors [139], and 

compound parabolic concentrators [140] have been successfully integrated in CPV 

systems. Fig. I-56 shows implemented CPV systems utilizing the aforementioned 

solar concentrator optics. 
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Figure I-56: CPV Systems using Different Concentration Mechanisms Including 

(a) Fresnel Lenses [88], (b) Parabolic Trough [88], (c) Parabolic Dish [137], (d) 

Compound Parabolic Concentrators [140], and (e) Heliostat Field Central 

Receiver [138] 

 

 

Most of the excess photonic energy that doesn’t get converted into electricity 

in a PV cell is converted into heat (lattice vibration) as a consequence of 

thermalization and non-absorption losses. As such, cooling of the PV cells using 

passive and/or active heat exchanging in a CPV system is essential to prevent 

efficiency drops and accelerated cell degradation [19, 31, 43], as was shown in 

Sections I-2.2.1.5 and I-3.1.8, especially under high concentration levels. Minimizing 

the thermal resistance to maximize heat transfer between the PV cell(s) and the HTF, 

minimizing pressure drop to minimize pumping parasitic loads, and achieving a 

uniform temperature profile to minimize thermal stresses are the main design 

considerations for a CPV cooler. The uniformity of the cells temperature profile due 

to the cooling effect is sometimes neglected as a design consideration, even though 

the differential thermal expansion of the different layers in a CPV receiver induces 

cyclic thermal stresses that could result in fatigue failure due to the formation of 

micro-cracks. This calls for a thermal fatigue analysis in order to determine the global 

thermal expansion of the receiver and decide on the stability of the assembly and the 

interconnections between the different layers under cyclic operation temperatures 

[171-173]. In both passive and active mechanisms, the cooling process typically 
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occurs at the back of the cell where the total thermal resistance is the summation of 

the thermal resistances of the layers between the cell and the HTF. Before we 

continue, it is important to bear in mind that in a CPVT system, and as per the 

definition of a CPVT given in Section I-2.1, the PV cells are cooled while their 

harvested thermal energy is utilized. As such, it is important to keep in mind that most 

CPV thermal management methods are meant to maximize heat dissipation rather 

than heat collection then utilization, which is a key difference between a cooled CPV 

and a typical CPVT. Nevertheless, many CPV cooling methods are variations of the 

heat collection methods listed in Section I-3.2 since a STC is but a heat exchanger at 

the end of the day. In fact, heat dissipation elements developed for the electronics, 

metal treatment, internal combustion engines, and power generation industries are 

being adapted for CPVs.  

We will divide CPV passive cooling mechanisms into static and dynamic 

systems. Static passive cooling mechanisms attach the PV cell(s) to high thermal 

contact extended surface heat sinks and/or heat dissipative elements such as fins and 

pins in order to increase heat dissipation by natural convection. Dynamic passive 

cooling mechanisms utilize intermediate thermal systems that absorb and then 

dissipate thermal energy, such as thermosiphon systems in which the HTF circulates 

using natural convection rather than a pump. In general, a passive cooling strategy 

could be satisfactory for low and medium concentration ratios. Fig. I-57 shows 

examples of static and dynamic passive cooling of CPVs. However, for high 

concentration ratios and densely-spaced cells (mainly with point-focus optics), using 

active cooling mechanisms becomes a necessity to maintain efficient operation of the 

PV cells since the surface area available for passive convection is significantly 

reduced. Numerous CPV active cooling design variations are available in the 

literature with the aim of maximizing heat transfer while minimizing parasitic loads. 

The design variations are with respect to the heat transfer passages geometry, 

location, and number in addition to the HTF’s type, similar to the variations in FPCs 

that were shown in Fig. I-40. Other modern CPV active and passive cooling 

mechanisms include direct dielectric liquid immersion in an effort to eliminate 

thermal contact resistance [166, 275-279], jet impingement [167], micro- and nano-

channel coolers [15], thermoelectric cooling [168], phase-change material [169], and 

hybrid combinations between these mechanisms [170]. In general, active cooling is 
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more complicated, more costly, and represents a parasitic load. However, heat is 

transferred much more efficiently in an active cooling system with better control over 

the way absorbed heat is dissipated and/or utilized. The dissipation of the extracted 

heat from a CPV (especially for higher concentrations) is rarely a feasible choice both 

economically and energy-wise. From a CPVT point of view, recovering and utilizing 

the absorbed thermal energy from a passive cooling mechanism is very difficult due 

to the absence of a heating circuit. This makes active cooling the likely candidate for 

an efficient CPVT system. 

 CPVs hold great potential, especially for Sunbelt countries [145]. 

Nevertheless, CPV technology is in its early commercialization phase with entities 

such as the Institute of Concentration Photovoltaic Systems (ISFOC) aiming to help 

push CPVs out of the trial deployment phase to the commercial phase by creating 

CPV standards and launching utility-scale CPV power plants [142]. Renewed interest 

in CPV systems since 2005 resulted in a sharp increase in demonstration projects and 

R&D efforts. Fig. I-58 shows the expected CPV market growth between 2007 and 

2015. However, issues such as high series resistance at high concentration ratios, 

tunnel junctions manufacturing, efficient active thermal management mechanisms, 

shading effect, tracker accuracy and durability, photodegradation of exposed 

components, and lack of field data need more attention and funding support in order 

to facilitate the commercialization of CPVs and to achieve the goal of 34 GW per year 

with an efficiency of 45% by 2020 [144]. 

I-3.4.3. Concentrated solar thermal. 

As mentioned in Section I-3.2, STCs could be divided into non-concentrating 

and concentrating types. CST systems could be further classified according to their 

purpose into enhanced heating CST (EH-CST) systems and power generation CST 

(PG-CST) systems. FPCs and ETCs integrated with booster reflectors and compound 

parabolic concentrators (CPCs) represent the most common EH-CST systems. 

Enhanced heating is achieved by using concentration ratios typically below 10X in 

order to attain higher operating temperatures employed for space heating and DHW 

supply. On the other hand, PG-CST systems typically integrate concentrator optics 

with a power generation cycle (i.e., a heat engine) such as a Rankin, organic Rankine, 

or a Stirling cycle. As such, a PG-CST system employs the sun as the heat source in a  
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Figure I-57: Passive Cooling of CPVs using (a) a Static Mechanism [163] and (b) 

a Dynamic Mechanism [165] 

 

 

 

Figure I-58: Expected CPV Market Growth between 2007 and 2015 [143] 
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modified power generation cycle. For systems with high concentration ratios, 

industrial process heat could also be an outcome of the CST system. Well-developed 

PG-CST technologies include parabolic trough collectors (PTCs), linear Fresnel 

reflectors (LFRs), parabolic dish collectors (PDCs), and heliostat field central 

receivers (HFCRs). These different PG-CST technologies differ in their working 

mechanisms, operating temperatures, typical efficiencies, concentration ratios, 

technological maturities, employed power generation cycles, and thermal storage 

technologies (if any). However, they all consist of three main components: a solar 

collector, a thermal receiver, and a power generation cycle, as shown in Fig. I-59. We 

will elaborate on these EH-CST and PG-CST technologies in this section since many 

CPVT systems are built based on their concepts. 

 

 

 

Figure I-59: Typical Components in a Power Generation Concentrated Solar 

Thermal (PG-CST) Power Plant [214] 
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I-3.4.3.1. Enhanced-heating concentrated solar thermal collectors. 

Coupling FPCs and ETCs with inexpensive non-imaging booster reflectors in 

order to increase the amount of solar radiation collected, as shown in Fig. I-60, is one 

of the most basic CST concepts. EH-CST collectors provide concentration levels 

between 1 and 10X and temperatures between 60 and 150℃. Often, no tracking or 

only regular adjustments are required which (unlike high-concentration tracking 

systems) allows EH-CST collectors to collect both direct and diffuse radiation. The 

fixed nature of EH-CST collectors makes them ideal for building integration [206, 

210]. The booster reflector could be of a flat, triangular, semi-circular, cylindrical, 

involute, corrugated, or CPC design. Numerous variations with respect to the 

geometry, location, inclination, area, and spacing of the booster reflectors coupled to a 

FPC [200, 207-212] or an ETC [202-206] are available in the literature. CPCs are 

another EH-CST variation. The geometry and optics of CPCs were discussed in 

Section I-3.3.3.2. CPCs use multiple internal reflections in order to widen their 

acceptance angle and minimize tracking requirements with numerous CPC design 

variations available in the literature [110]. CPCs are usually used for low-

concentration applications or more often as a secondary optic integrated within PG-

CST systems. Two-dimensional CPCs are used as secondary concentrators for line-

focus PG-CST systems while three-dimensional CPCs are used with point-focus PG-

CST systems in order to decrease optical losses and increase the concentration ratio of 

the system. The geometry of a CPC thermal receiver is a design variable that depends 

on the geometry of the CPC and its concentration ratio. Different CPC thermal 

receiver geometries are shown in Fig. I-61. Tracking requirements for CPCs are low, 

with periodical adjustments sufficient for most cases. Nevertheless, tracking becomes 

more demanding for higher concentration ratios as a result of the smaller acceptance 

angles [109]. 

I-3.4.3.2. Parabolic trough collectors. 

PTCs are a highly mature technology successfully utilized worldwide for 

medium- and large-scale power generation [180]. PTCs account for about 90% of the 

power generation CSE market. A typical PTC system consists of an optical 

concentrator, a tubular thermal receiver, a steam generation cycle, a tracking 

mechanism, and an optional thermal storage system. The line-focus optical  
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Figure I-60: Schematics of (a) a Flat Plate Collector Coupled with a Flat 

Reflector [200] and (b) an Evacuated Tube Collector Coupled with a CPC-Type 

Reflector [201] 

 

 

 

Figure I-61: Flat, Bifacial, Wedge, and Tube Compound Parabolic Concentrator 

Thermal Receiver Geometries [201] 
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concentrator (see Section I-3.3.2.2) is a reflective parabolic trough typically made 

from thick back-silvered low-iron glass. The parabolic trough concentrates solar 

radiation to the tubular thermal receiver that moves along with the trough such that it 

always remains at its focus. The tubular thermal receiver is often made of steel 

surrounded by a glass envelope with vacuum between the two layers and an ARC on 

the outer surface of the glass layer, as shown in Fig. I-62. This helps minimize heat 

and reflectance losses. Through the tubular thermal receiver runs the HTF, which is 

either synthetic oil or water, depending on whether the PTC system is based on a heat 

transfer fluid (HTF) [177] or a direct steam generation (DSG) [175] configuration. In 

the HTF-PTC configuration, the thermal receiver converts concentrated solar energy 

into synthetic oil (usually biphenyl diphenyl oxide) internal energy. The internal 

energy of the synthetic oil is then extracted using a heat exchanger to generate steam 

in a steam generation cycle, as shown in Fig. I-63a. In the DSG-PTC configuration, 

the need for an intermediate HTF is eliminated by replacing it with the direct 

conversion of water into steam through the tubular thermal receivers, as shown in Fig. 

I-63b. Thus, the difference between the two configurations is whether steam is 

generated indirectly or directly. HTF-PTCs are common and technologically-mature, 

which allows them to offer lower levelized electricity costs [178]. On the other hand, 

DSG-PTCs offer higher solar-to-electrical efficiencies [178] mainly due to 

elimination of the thermal losses associated with the HTF/water heat exchanging 

process. This results in higher operating temperatures, lower operational costs, 

simpler plant designs, and lower environmental and fire risks due to the elimination of 

synthetic oil. Nevertheless, DSG-PTCs are constrained by the design complications 

imposed by the high pressure of steam and the thermodynamic and control 

complications imposed by the presence of two-phase flow. The choice of synthetic 

oil, steam, molten salt, air, or other HTFs depends on the required application 

temperature and thermal storage (if any) technology utilized [176]. PTCs are usually 

set up in a central generation configuration where parallel parabolic troughs constitute 

a field connected to a central steam generation cycle. The steam generation cycle 

could be a superheat Rankine cycle, a reheat Rankine cycle, or an organic Rankine 

cycle with indirect two-tank molten salt being the most favorable thermal energy 

storage mechanism (if any). Finally, PTCs are usually mounted north-to-south on 
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steel or aluminum supports that allow for one-axis east-to-west tracking (see Section 

I-3.4.1) in order to keep incident radiation normal to the collector’s aperture. 

The efficiency drop in a PTC is due to optical losses, thermal losses, and 

incidence angle losses. The optical losses are imbedded in the optical efficiency (at 

perfect incidence), which is expressed as [184]: 

𝜂𝑜𝑝𝑡 = 𝜌𝑡𝜏𝑡𝛼𝑡𝛾𝑡𝐹𝑒        (I-75) 

Where the reflectance 𝜌𝑡 refers to the parabolic mirror, transmittance 𝜏𝑡 refers to the 

receiver’s glass envelope, and the absorptance 𝛼𝑡 refers to the absorber’s coating. The 

soiling factor 𝐹𝑒 accounts for the degradation of mirrors and the glass envelope while 

the intercept factor 𝛾𝑡 accounts for the fraction of the reflected that doesn’t reach the 

thermal receiver due to microscopic imperfections, assembly errors, tracking errors, 

etc. and its calculation could be performed using different strategies available in the 

literature [23, 184]. The thermal losses are due to conductive, convective, and 

radiative heat losses from the thermal receiver’s metal absorber tube to the ambient 

and its surrounding components. These thermal losses are combined in the overall 

thermal loss coefficient 𝑈𝐿 which is best found using experimental relations [214]. 𝑈𝐿 

increases with an increase in the receiver’s temperature. The incidence angle losses 

are accounted for using a biaxial incidence angle modifier 𝑘𝜃 which is also usually 

found experimentally [214]. As such, the thermal efficiency of a PTC, defined as the 

ratio between the useful thermal energy collected and the direct incident radiation on 

 

 

 

Figure I-62: Schematic of a Typical Parabolic Trough Concentrator Tubular 

Thermal Receiver [176] 
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Figure I-63: Cycle Diagrams for (a) a Heat Transfer Fluid Parabolic Trough 

Collector and (b) a Direct Steam Generation Parabolic Trough Collector [178] 
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the concentrator, could be expressed in terms of the receiver’s average temperature 

and overall thermal loss coefficient as: 

𝜂𝑡ℎ = 𝜂𝑜𝑝𝑡𝑘𝜃 − 𝑈𝐿
𝑇𝑎𝑣𝑔−𝑇𝑎𝑚𝑏

𝑋𝐼𝐵
       (I-76) 

With the first term on the right hand side representing optical and incidence angle 

losses while the second term represents thermal losses. Similar to the case of FPCs in 

Section I-3.2.3, we can replace the absorber’s average temperature 𝑇𝑎𝑣𝑔 with the HTF 

inlet temperature 𝑇𝑖 via extending the Hottel-Whillier-Bliss equation and finding the 

appropriate heat-removal factor 𝐹𝑅. 

I-3.4.3.3. Linear Fresnel reflectors. 

LFR systems are very similar to PTCs in terms of the thermal receiver, 

concentration shape, power capacity, and tracking requirements. However, a LFR 

system utilizes flat or semi-flat arrays of Fresnel mirrors with fixed thermal receivers. 

A LFR is favorable in terms of land requirements, structural complexity, weight, 

volume, and investment cost. This is due to the possibility of densely packing the 

near-ground mirrors such that many mirrors share the same fixed thermal receiver (as 

shown in Fig. I-64); inherent cost, weight, and volume advantages of Fresnel mirrors 

over conventional mirrors; lower wind loads due to the near-flat mirror shapes and 

near-ground configuration; fixed thermal receivers with no rotating joints; and lower 

operation and maintenance costs due to the fixed and lower number of thermal 

receivers and easier cleaning of flat mirrors. However, the lower optical efficiency of 

a LFR and the optical issues of Fresnel optics (see Sections I-3.3.3.1 and I-3.3.3.2) 

have focused more attention on PTC technologies. Nonetheless, the lower investment 

costs of a LFR in comparison to a PTC compensate for the lower optical efficiency 

[185, 197] making LFRs an economically-feasible technology. 

The main components of a LFR system are the Fresnel reflectors, cavity 

thermal receiver, steam generation cycle, solar tracker, and an optional secondary 

concentrator. With respect to the configuration of the Fresnel mirrors, two main 

configurations exist—conventional and compact. In the conventional LFR 

configuration, the Fresnel mirrors are mounted near-ground on one-axis trackers and 

reflect radiation to a fixed elevated linear receiver [194, 195], as shown in Fig. I-64a. 

The height of the thermal receiver is dependent on the number, width, and spacing 

between mirrors, which usually calls for an optimization procedure [199]. In the 
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compact LFR configuration, the availability of several linear receivers allows the 

mirrors to have varying inclinations and opposite directions at a certain point. Thus, 

the mirrors can be densely-packed without any beam blocking or shadowing from 

adjacent mirrors [192], as shown in Fig. I-64b. Additionally, having multiple 

receivers allows each receiver to have a lower height. As such, the densely-packed 

mirrors, reduced receiver heights, and near-ground mounting of the mirrors result in a 

more compact configuration with respect to both area and height, which eventually 

reflects on the total cost of the system [192]. Trapezoidal cavity receivers are the most 

common and most developed LFR thermal receivers. As shown in Fig. I-65, a 

trapezoidal cavity receiver typically consists of an array of absorber tubes enclosed in 

a cavity cover and surrounded by insulated sidewalls. Numerous other cavity receiver 

design variations are available in the literature in an effort to increase optical 

efficiency, collector intercept factor, and minimize radiation and convection losses 

using approaches such as different cavity geometries, selective coatings, evacuated 

cavities, and optimized absorber tubes geometries [187-191]. Much like PTCs, both 

DSG [114, 194, 195, 197] and HTF [185, 198] configurations exist for LFRs with the 

former being the more developed and established option [196]. Both the 

characteristics and plant designs for both LFR configurations are very similar to those 

of PTCs (Section I-3.4.3.2) with molten salt being a favorable HTF for the HTF 

configuration in order to achieve higher operating temperatures and higher net outputs 

[185, 198]. Secondary concentrators are often used in LFRs when the cavity receiver 

uses one absorber tube [114, 115]. The most common of which is CPC-based 

secondary concentrators [114, 115] such that radiation that misses the receiver due to 

optical errors could be redirected to the receiver. LFRs are usually mounted on north-

south polar axis tracking mechanisms with controllers based on predefined 

astronomical algorithms (see Section I-3.4.1) to achieve maximum efficiency [192]. 

Similar to PTCs, the thermal efficiency of a LFR could be found using Eq. I-76. 

I-3.4.3.4. Parabolic dish collectors. 

A PDC system (more accurately a paraboloidal dish collector) typically 

consists of four main components—an optical concentrator, a thermal receiver, an 

engine coupled with a generator, and a tracking mechanism, as shown in Fig. I-66a. 

The point-focus optical concentrator (see Section I-3.3.2.2) is either a single  



 
 

172 

 

 

Figure I-64: (a) Conventional Linear Fresnel Reflector Demonstration Project 

[115] and (b) a Schematic of a Compact Linear Fresnel Reflector Field with 

Multiple Receivers [192] 

 

 

paraboloid-of-revolution reflective surface or multiple reflectors arranged in the shape 

of a paraboloid, as shown in Fig. I-66b. The concentrator is usually fabricated from a 

durable material such as an aluminum or silver surface deposited on low-iron glass or 

plastic with approximately a 90-94% reflectivity. The thermal receiver, which is  
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Figure I-65: Schematic of a Typical Linear Fresnel Reflector Trapezoidal Cavity 

Thermal Receiver [186] 

 

 

located at the concentrator’s focal point, absorbs concentrated solar radiation and 

converts it to internal energy of the HTF. This solar-to-thermal reception and 

conversion process is most commonly achieved either using direct insolation Stirling 

engine heater tubes [131] or using an intermediate heat pipe with a HTF (e.g., 

sodium) that isothermally absorbs thermal energy at the receiver and isothermally 

releases it at the heater tubes [132]. The direct insolation mechanism maximizes the 

amount of solar energy absorbed while the intermediate heat pipe mechanism 

achieves a uniform temperature distribution on the heater tubes of multiple-cylinder 

Stirling engines as a result of the latent energy-based working mechanism of a heat 

pipe. An engine-generator is usually coupled to the receiver where the HTF internal 

energy is converted by the engine into mechanical energy and then into electrical 

energy by the generator. The most successful engine utilized in PDC systems is the 

Stirling engine where the HTF (e.g., hydrogen or helium) is compressed, heated, and 

then expanded. A Stirling engine absorbs and releases thermal energy externally with 

the HTF running in a closed circuit (where the cycle configuration depends on the 

engine design) and with thermal-to-electrical efficiencies around 40%, making it an 

ideal candidate for high-temperature CST systems. Nevertheless, open Brayton cycles 

with volumetric receivers have also been used. The tracking mechanism in a PDC is 

of two-axis accuracy since the incident radiation needs to stay normal to the aperture 

at all times for the concentrated radiation to fall on the receiver’s surface at the focus 

with the highest concentration ratio (see Section I-3.4.1). Azimuth-elevation tracking 
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is common for high power systems while polar tracking is common for smaller 

systems. A variation of PDC systems uses several units in a central generator 

configuration, much like PTCs, instead of the distributed generation configuration. A 

PDC is a highly efficient, modular, stand-alone system capable of reaching record 

solar-to-electrical efficiencies up to 30% [131] with intercept factor above 0.95. PDCs 

operate under geometrical concentration ratios up to 3,000X and temperatures around 

1500℃ with an inherent hybrid operation (fossil fuel and/or solar energy) capability. 

Moreover, PDCs achieve the highest power-per-land ratio among all solar 

technologies with, for instance, an acre of land sufficient to produce 250 kW of 

electricity using ten 25 kW PDCs [309]. This makes PDCs suitable for remote area 

power generation [134] and distributed generation [133] markets. Nevertheless, issues 

related to tracking accuracy, high investment costs, commercial availability of Stirling 

engines, and maintenance requirements are yet to be settled in PDC systems. 

Similar to a PTC, the thermal efficiency 𝜂𝑡ℎ of a PDC is defined as the ratio of 

useful energy collected to the direct solar power intercepted by the system and could 

be expressed using Eq. I-76 with the optical efficiency expressed as: 

𝜂𝑜𝑝𝑡 = 𝜌𝑡𝜏𝑡𝛼𝑡𝑆        (I-77) 

Where the reflectance 𝜌𝑡 refers to the parabolic reflector, transmittance 𝜏𝑡 refers to the 

receiver’s transparent coating (if any), absorptance 𝛼𝑡 refers to the absorber, and the 

shape factor 𝑆 accounts for the shadowed fraction of the collector’s aperture. The total 

PDC system efficiency could then be expressed as the product of the thermal, engine-

generator, and inverter efficiencies: 

𝜂𝑠𝑦𝑠 = 𝜂𝑡ℎ𝜂𝑒𝑛𝑔𝜂𝑖𝑛𝑣        (I-78) 

I-3.4.3.5. Heliostat field central receiver. 

In a HFCR system (also known as a solar power tower), a large field of 

mirrors (called the heliostats) tracks and reflects solar radiation to a central thermal 

receiver mounted on a tower where a power generation cycle is then used to convert 

this thermal energy into electricity, as shown in Fig. I-67. The unique configuration of 

a HFCR allows for very high concentration ratios and operating temperatures with 

high optical efficiencies. HFCR systems have a great potential for improvement due 

to their high thermal efficiencies, high capacity factors, and easy integration with 

thermal storage units and other generation technologies for hybrid operation. HFCR  
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Figure I-66: (a) Schematic of a Parabolic Dish Concentrator System [174] and 

(b) Parabolic Dish Concentrators with a Single Reflective Surface (Left) and 

Multiple Reflective Surfaces (Right) [174] 

 

 

systems are expected to achieve economy-of-scale benefits due to their high power 

outputs (several 100 MWs) which enable them to use conventional power generation 

cycles. Similar to LFRs, the height of the tower is dependent on the number and 

location of the heliostats deployed. A HFCR system consists of the heliostats, tower 

thermal receiver, power generation cycle, solar tracking mechanism, and an optional 

thermal storage system. The heliostats are the main component in a HFCR system 

representing 40% of the investment cost [214]. Each heliostat consists of a set of 

mirrors mounted on a frame with a solar tracker, as shown in Fig. I-68. The shape of 

the heliostat could be flat, circular, or canted with sizes ranging from 1 to 150 m2 per  
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Figure I-67: Basic Components in a Typical Heliostat Field Central Receiver 

System [213] 

 

 

 

Figure I-68: Basic Structure of a Heliostat [213] 

 

 

heliostat. Larger sizes mean fewer trackers and less units to maintain whilst smaller 

heliostats are easier to install and maintain, have lower wind loads, and can yield 

higher concentration ratios. Each heliostat tracks the sun individually such that it 

reflects direct radiation onto the thermal receiver. As such, the optical efficiency of a 

heliostat is its main figure-of-merit and is defined as the ratio of radiation sent to the 

receiver to the direct radiation incident on the heliostats’ surfaces. The optical 

efficiency drops are attributed to the imperfect reflectance 𝜌𝑡 of the heliostat mirror, 

incidence angle losses (cos 𝜃) since the heliostat is practically never normal to the 
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incident, atmospheric attenuation losses 𝑓𝑎𝑎 due to radiation scattering through the 

distance between the heliostat and receiver, shadowing of incident radiation 𝑓𝑠ℎ and 

blocking of reflected radiation 𝑓𝑏 by adjacent heliostats, and spillage losses (or 

intercept factor) 𝑓𝑠𝑝 as a result of reflected radiation that misses the thermal receiver. 

Hence, the optical efficiency of the heliostat field becomes: 

𝜂𝑜𝑝𝑡 = 𝜌𝑡𝑓𝑎𝑎𝑓𝑠ℎ𝑓𝑏𝑓𝑠𝑝 cos 𝜃       (I-79) 

Thus, optimizing the configuration of the heliostats is pivotal to maximize 

optical efficiency. This includes optimizing design variables such as the heliostats’ 

distribution, layout, number, radial and azimuthal spacing, and dimensions. The 

heliostats distribution could be north of the tower or surrounding the tower, as shown 

in Fig. I-69. This depends on the location’s latitude and is an important design 

variable in order to minimize incidence angle losses [214]. Finding an optimum 

heliostats field layout with respect to performance and cost is a complex task for 

which many computer codes are available in the literature [193] with a commonly-

adopted configuration being the radially staggered layout [215]. The well-known 

trade-off between shadowing and blockage losses on the one side and cosine, spillage, 

and atmospheric attenuation losses and area requirements on the other side is a main 

reason behind this complexity. Perfectly eliminating blocking losses is achieved when 

the line connecting the receiver’s center to the upper tangent of a heliostat’s swivel 

circle also reaches the lower tangent of the swivel circle of the neighboring heliostat. 

A layout with eliminated shadowing and blockage losses is usually very largely-

spaced and results in increased cosine, atmospheric attenuation, and spillage losses in 

addition to large area requirements. Moreover, finding the annual energy yield from a 

HFCR system with a large number of heliostats and a small sampling time is a 

difficult and computationally-expensive task. Finally, the aiming strategy of the 

heliostats is another design variable that adds to the complexity of the layout 

optimization problem. The aim point of the heliostats strongly affects the flux profile 

on the receiver. 
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Figure I-69: Schematics of a Heliostat Field Distribution Surrounding the Tower 

(Top) and North to the Tower (Bottom) [214] 

 

 

We will categorize the thermal receivers used in HFCRs into volumetric, 

tubular, falling film, and solid particle receivers. A volumetric receiver consists of a 

porous metallic (for medium temperatures) or ceramic (for high temperatures) 

structure installed in the volume of the receiver such that concentrated radiation is 

chiefly absorbed within the volume, as show in Fig. I-70a. The HTF is then heated 

both indirectly within the volume by forced convection and directly on the surface by 

radiation. This results in the temperature of both the porous structure and HTF to be 

higher at the outlet than at the inlet, which is known as the volumetric effect, as 
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shown in Fig. I-71. The HTF in volumetric receivers is usually air with numerous 

design variations available in the literature [216]. In a typical tubular receiver, the 

HTF passes through an array of metallic or ceramic coated tubes arranged to 

approximate a cylinder where it gets heated by the impinging concentrated radiation. 

In order to decrease convective heat losses from the receiver, the absorber could be 

placed within an insulated cavity, as shown in Fig. I-70b. The HTF in a tubular 

receiver is usually steam, molten salt, or liquid sodium. Numerous other tubular 

receiver design variations exist in the literature with respect to the HTF and receiver 

structure [219-221]. In falling film receivers, a HTF (usually molten salt) flows over 

an inclined surface forming a film while being either directly heated by the 

concentrated radiation or indirectly heated through another surface [218]. While 

directly heating the HTF decreases thermal resistance, the HTF becomes exposed to 

wind and contaminants from the environment. As such, either indirectly heating the 

HTF film by allowing it to flow at the backside of an absorber exposed to the 

concentrated radiation to avoid environment effects [225] or allowing the HTF film to 

flow within the internal walls of the absorber while directly heating it to reduce the 

environment effects [223, 224] are both common mitigation strategies, as shown in 

Fig. I-70c. Numerous other design variations and strategies such as using rotating 

receiver walls [223], doping molten salt in order to improve its optical properties 

[222], and optimizing the receiver’s tilt angle [223] are discussed in the literature. 

Similar to direct falling film receivers but instead of a HTF, a solid particle thermal 

receiver uses ceramic sand-like solid particles directly exposed to concentrated 

radiation within a cavity. The solid particles are then either stored or used to heat a 

HTF in a heat exchanger, as shown in Fig. I-70d. Using solid particles instead of a 

HTF enables higher outlet temperatures and easier thermal storage. Yet, much 

research and demonstration projects are needed to both validate the technology and 

resolve many of its issues, such as the low thermal efficiency, inefficient solid 

particle-to-fluid heat exchangers, inefficient particles conveyance mechanisms, and 

low particles residence time. Table I-7 summarizes the main characteristics, 

advantages, and drawbacks of each HFCR thermal receiver type. 



 
 

180 

 

Table I-7: Comparison between the Different HFCR Thermal Receiver Types 

Receiver Type 
Outlet 

Temperature (℃) 

Thermal 

Efficiency 

Heat Transfer 

Fluid 
Advantages Drawbacks 

Volumetric 800 - 1,500 50 - 60% Air 

 High outlet temperatures 

 Simplicity and flexibility 

 Available heat transfer fluid 

 Flow instability 

 Low thermal efficiencies 

 Material degradation and 

structural damage 

 High radiative heat losses 

Tubular 500 – 800 80 - 90% 

Water/steam 

Molten nitrate salt 

Liquid sodium 

 High thermal efficiencies 

 Common and mature 

 Low outlet temperatures 

 Material degradation and 

structural damage 

 Tubes obstruction 

Falling Film 600 - 900 80 - 90% Molten nitrate salt 

 Reduced operating pressure 

 High thermal efficiency 

 Relatively higher outlet 

temperatures 

 Reduced thermal resistance 

 Exposure to wind and 

contamination from the 

environment 

 Film stability issues 

Solid Particle 800 - 1,000 35 - 50%13 Solid particles 

 High outlet temperatures 

 Easy thermal storage 

 Avoidance of high thermal 

stresses issues 

 Immature technology 

 Low thermal efficiencies 

 Low particles residence time 

 Inefficient solid particles 

conveyance mechanisms 

 Inefficient particles-to-fluid 

heat exchangers 

                                                      
13 Based on Ref. [226] 
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Figure I-70: HFCR Thermal Receiver Types Including (a) a Ceramic Volumetric 

Receiver [217], (b) External Tubular (Left) and Cavity Tubular (Right) 

Receivers [218], (c) Falling Film Receivers of the Direct External (Left) [222], 

Direct Internal (Middle) [223], and Indirect (Right) [218] Types, and (d) Typical 

Complete Solid Particle Thermal Receiver System [218] 

 

 

 

Figure I-71: Working Mechanism and the Volumetric Effect in a Volumetric 

Thermal Receiver [213] 
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A receiver’s efficiency, defined as the useful thermal energy collected to the 

concentrated radiation intercepted by the receiver, could be expressed as [214]:  

𝜂𝑟𝑒𝑐 = 𝛼𝑡
𝑎𝜏𝑡
𝑤 + 𝛼𝑡

𝑎휀𝑡
𝑤 𝜎𝑇𝑤

4

𝐼𝑐𝑜𝑛
− 휀𝑡

𝑎(1 − 𝜌𝑡
𝑤)

𝜎(𝑇𝑎𝑣𝑔
𝑎 )

4

𝐼𝑐𝑜𝑛
− 𝑈𝐿

𝑇𝑎𝑣𝑔
𝑎 −𝑇𝑎𝑚𝑏

𝐼𝑐𝑜𝑛
  (I-80) 

With superscript a indicating the absorber and w indicating the glass window 

surrounding the absorber (if any). In Eq. I-80, losses due to radiation and convection 

heat transfer and the absorber’s coating absorptance are accounted for. HFCRs utilize 

a variety of power generation cycles to convert collected thermal energy intro useful 

electrical energy. Those include Brayton [227], Rankine [228], and combined 

Brayton-Rankine cycles [229] in which the HFCR replaces or assists in the heat 

addition process. Much like PTCs and LFRs, HFCRs could be based on a DSG or a 

HTF configuration. The HTF (usually molten nitrate salt) provides higher operating 

temperatures and direct thermal energy storage. In a HFCR, each heliostat tracks the 

sun in two axes often using a worm gear drive mechanism [214] in order to minimize 

incidence angle losses. This is achieved when the normal to the heliostat surface 

bisects the angle formed by the sun, heliostat, and receiver tower. Both electro-optical 

sensors and astronomical algorithms tracking mechanisms are used (see Section I-

3.4.1) to track the sun either in azimuth-elevation or spinning-elevation axes. Finally, 

the thermal efficiency of a HFCR system could be expressed as the product of 𝜂𝑜𝑝𝑡 

and 𝜂𝑟𝑒𝑐 from Eqs. I-79 and I-80 above, respectively. 

I-3.4.3.6. Outlook on power-generation concentrated solar thermal systems. 

It is important to note that integrating PG-CST technologies with auxiliary 

fuel and/or thermal energy storage systems is a well-established strategy to mitigate 

the intermittence of solar energy and provide a stable supply of power year-round 

[181], as illustrated in Fig. I-72. In 2011, 98.0% was the share of Spain and the USA 

in the globally installed and operational PG-CST systems [181]. 96.3% of the 

installed and operational PG-CST systems globally in the same year were PTC 

systems [181]. PG-CST technologies are expected to rapidly expand as costs 

progressively fall, performance improves, and the technology becomes more mature. 

This is especially true for countries with high normal direct radiation (see Fig. I-15). 

By 2050, power generated from PG-CST technologies is expected to constitute 11% 

of global electricity production [179]. Fig. I-73 shows the production growth in PG-

CST technologies by regions until 2050. Nevertheless, the two most prominent 



 
 

183 

 

problems currently hindering the penetration of PG-CST technologies into the power 

generation market are the weathering and soling effects on the precision of the 

tracking system and the optical quality of the concentrator elements in addition to the 

high investment cost. 

 

 

 

Figure I-72: Possible Hourly Power Supply from a Hybrid Power Generation 

Concentrated Solar Thermal System when Integrated with a Backup System 

(BS) and a Thermal Energy Storage (TES) Unit [181] 

 

 

 

Figure I-73: Production Growth of Power Generation Concentrated Solar 

Thermal Technologies [179] 
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Table I-8 compares the different characteristics of different non-concentrated 

and concentrated solar thermal collectors covered in this section and Section I-3.2. 

I-3.5. Optional Components 

 In addition to the basic PV cells, solar thermal components, and solar 

concentrator optics, additional components could be added to the CPVT design in an 

effort to improve performance. Those include (but are not limited to) beam splitters 

and filters [93], nano-fluids [94], and thermoelectrics [95]. Integration with novel 

components to efficiently utilize solar radiation and maximize electrical and/or 

thermal efficiencies in a CPVT is a broad field in which much room for innovation is 

available, as will be shown in Part II of this study. 
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Table I-8: Main Concentrating and Non-Concentrating Solar Thermal Collector Technologies 

Technology 
Typical 

Purpose 

 

Concentration 

Ratio 

Typical 

Operating 

Temperature 

(℃) 

Tracking 

Requirements 

Land 

Requirements 

Average 

Efficiency14 

C
a
rn

o
t 

E
ff

ic
ie

n
cy

 

Technological 

Maturity 

Flat Plat 

Collector 

(FPC) 

Heating  1 35 - 65 None L 45 - 60% - H 

Evacuated 

Tube Collector 

(ETC) 

Heating  1 50 - 100 None L 30 - 50% - H 

FPC Coupled 

with Booster 

Reflectors 

Enhanced 

Heating 
 1 – 3 40 - 80 

Regular 

adjustment 
L 30 - 50% - H 

ETC Coupled 

with Booster 

Reflectors 

Enhanced 

Heating 
 1 – 3 70 - 120 

Regular 

adjustment 
L 40 - 50% - H 

Compound 

Parabolic 

Concentrator 

(CPC) 

Enhanced 

Heating 
 1-5 50 - 120 

Regular 

adjustment 
L 30 - 40% - H 

Parabolic 

Trough 

Collector 

(PTC) 

Power 

Generation 
 40 – 80 350 - 450 One axis H 14 - 16% 56% H 

                                                      
14 Solar-to-thermal (for heating types) or solar-to-electrical (for power generation types) system efficiencies 



 
 

186 

 

Linear Fresnel 

Reflector 

(LFR) 

Power 

Generation 
 20 – 50 200 - 350 One axis M 8 - 10% 56% M 

Parabolic Dish 

Collector 

(PDC) 

Power 

Generation 
 800 - 5,000 500 - 1,200 Two axis L 20 - 30% 80% L 

Heliostat Field 

Central 

Receiver 

(HFCR) 

Power 

Generation 
 500 – 1,200 500 - 1,000 Two axis M 12 - 18% 73% M 
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Chapter I-4. Summary of Part I 

In this Part I of the two parts covering CPVT technology of this study, a 

thorough coverage of the fundamentals and constituent technologies of a CPVT was 

presented. The concept of a CPVT and how it compares with a CPV and a PVT was 

introduced. The distinguishing advantages and key challenges facing the technology 

were also introduced. After that, we presented the most important CPVT design 

considerations and variables that need to be accounted for, how they are interrelated, 

and how they affect a CPVT’s performance. The history of pioneering CPVT studies 

up till 1985 and the definition of what constitutes a CPVT solar collector were also 

covered. A CPVT is a hybrid of several fairly mature constituent solar technologies 

and components. Thus, a gradually-progressive introduction to the basics and 

advances in these technologies was presented. This includes the physics and 

variations of solar photovoltaics, solar thermal theory and types, solar concentrator 

optics properties and classifications, and concentrated solar energy (with respect to 

both photovoltaic and solar thermal receivers) systems. Part II of this study will be 

highly dependent on the basics and discussions established in Part I. Part II will be 

dedicated to CPVTs’ studies and variations in the literature, the basics of a CPVT’s 

performance assessment, applications and niche markets, and the prospects and 

outlook for the technology. Concluding remarks and future research directions based 

on the findings from both Parts I and II of this study will be presented at the end of 

Part II. 
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Chapter II-1. Introduction to Part II 

 Several review articles on PVT technology [2-10, 230-231, 297-300] and CPV 

technology [11-17] already exist in the literature. One review article on low-

concentration CPVTs [232] is found in the literature. However, the article’s main 

focus is primarily on discussing and reviewing CPVs, PVTs, cooling of PVs, effect of 

non-uniform illumination on PVs, and beam splitting systems with few CPVT 

systems briefly reviewed. Another review article [233] discusses standards for 

evaluating actively-cooled CPVs and CPVTs and proposes modification to these 

standards to accommodate the hybrid integration of the electrical and thermal 

components in a CPVT. As such, no review articles solely dedicated to discussing the 

basics and advances in CPVTs exist in the literature to the extent of the author’s 

knowledge. And as a result of the increased interest in the research, development, and 

deployment of CPVT systems during the past 5-10 years, the number of CPVT 

publications noticeably increased. Therefore, this study (in its first two parts) will 

attempt to thoroughly review CPVT technology as a contribution to the ongoing 

efforts to fundamentally understand, design, improve, characterize, build, test, and 

demonstrate CPVT solar collector systems. 

In Part I of this study, we already covered the concept, design considerations, 

characteristics, and history of CPVTs. This was followed by breaking a CPVT down 

into its constituent technologies with a concise, gradually-progressive discussion of 

each component. In Part II of this study, an exhaustive coverage of all CPVT studies 

in the literature is presented in Chapter II-2 based on the foundation provided in Part 

I. This is followed by an overview of a CPVT’s performance indices and modeling 

basics in Chapter II-3. Finally, the commercial maturity, future outlook, and research 

directions for CPVTs based on data from early works up till recent state-of-the-art 

advances will be covered in Chapters II-4 and II-5. 
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Chapter II-2. Comprehensive Review of CPVT Studies in the Literature 

In this chapter, a thorough investigation of experimental and theoretical CPVT 

studies in the literature will be presented. We will categorize CPVT studies available 

in the literature into CPVT-focused, system integration-focused, and component 

improvement-focused. CPVT-focused studies in the literature have diverse scopes that 

range from concentrator design and optical characterization to electrical and thermal 

modeling and simulation to performance assessment and testing to complete system 

optimization. We will classify CPVT-focused studies according to their concentration 

shape and level into linear-focus high-concentration, point-focus high-concentration, 

and low-concentration (with high-concentration systems being above 10X while low-

concentration system ranging between >1 and 10X usually using simple booster 

reflectors) and investigate both theoretical and experimental studies conducted by 

different groups and researchers. Sections II-2.1 through II-2.4 cover CPVT-focused 

studies reported in the literature. Section II-2.5.1 will be dedicated to system-level 

studies that readily incorporate a CPVT as one of its components while Section II-

2.5.2 covers studies that primarily focus on improving one of the CPVT’s 

components. The discussion details are largely based on the foundation provided in 

Part I of this study. It is important to note that while the author of this study spared no 

effort to cover all CPVT systems reported in the (written in English) literature, I do 

apologize in case I missed any published works. Fig. II-1 illustrates the breakdown 

and categorization of CPVT studies covered in this study. 

II-2.1. High-Concentration Linear-Focus CPVTs 

 In this section, we will cover high-concentration CPVT systems with a linear 

focus. This includes CPVTs based on LFRs, PTCs, and linear Fresnel lenses. 

II-2.1.1. Linear Fresnel reflector CPVTs. 

The group at the Center for Sustainable Energy Systems of Australian National 

University (ANU) in collaboration with Chromasun Inc. [17, 23, 24] have been 

progressively developing a CPVT concept, called the micro-concentrator (MCT), 

based on LFRs specifically designed for urban building integration purposes, as 

shown in Fig. II-2a. As such, the MCT design is low-profile, lightweight (30 kg-m-2), 

aesthetically-appealing, and compact (3.25 m long, 1.23 m wide, 0.314 m deep, and 

3.5 m2 aperture). Theoretical performance calculations expected  
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Figure II-1: Breakdown of CPVT Studies Covered in Manuscript 

 

 

an MCT unit to have a total conversion efficiency of 75% with 2 kW and 0.5 kW of 

thermal and electrical outputs, respectively [17]. The outlet temperature from the 

MCT theoretically ranges from 60 to 220℃, making it possible to utilize this thermal 

energy into applications ranging from DHW and space heating to space cooling and 

process heat [17]. A unique feature of the MCT is its enclosure, as shown in Fig. II-

2a. While the enclosure makes the MCT aesthetically-appealing for building 

integration purposes, it also isolates the MCT’s internal components from 

environmental loads and soiling and fouling effects due to dust, rain, wind, snow, hail, 

etc. This translates into a longer lifetime, fewer failures, less maintenance costs, 

minimum optical misalignments, and less tracking errors. The enclosure also 

eliminates the need for internal support structures, which reflects on the weight, 

volume, and cost of the MCT. Instead of expensive specialized MJPV cells, the MCT 

uses commercially-available monocrystalline PV cells modified in-house for 

operation under elevated concentration ratios to an electric efficiency of 19.6% 

(laboratory) under 20X [17]. The PV cells are backside-mounted using a substrate 

technique that replaces internal wiring with a flip chip ball grid array surface 

mounting technique adapted from the electronics packaging industry [22]. This 

guarantees high reliability for the MCT, reduces shading losses due to the elimination 

of front metal contacts, reduces temperature non-uniformities, and facilitates the 
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integration of a heat extraction unit to the mounting substrate. The PV cells are 

connected in-series forming long arrays capable of achieving high voltages with two 

arrays per MCT unit. Each array has 300 cells divided into 10 modules. The two 

arrays are then connected in-series or in-parallel. In combination with secondary 

winglet reflectors, the MCT utilizes two very lightweight LFR arrays per MCT unit 

(an LFR array for each PVT array) fabricated from silver-coated aluminum. The 

LFRs have a 3.5 m2 aperture per MCT unit with ten 95%-reflectivity Fresnel mirrors 

per array [23]. By optimizing the LFRs differential widths and foci according to the 

location from both the receiver and the secondary reflectors, the resulting 

concentration profile across each cell is smoothened. As such, illumination non-

uniformities and chromatic aberration are minimized and both cell and array 

efficiencies are improved as a result of the absence of hotspots. The LFRs are 

mounted on ±70° one-axis trackers made from commercially-available components 

and using an electro-optical sensors tracking mechanism [25]. The PV arrays are 

soldered to a thermal substrate which is bonded to an aluminum heat sink extrusion, 

as shown in Fig. II-2b. Water then circulates over the heat sink where it extracts 

thermal energy while cooling the PVs. The MCT group has carefully and deliberately 

designed their system such that it utilizes already-available commercial components 

from the market and established industrial processes. As a result, the MCT system is 

expected to have a levelized cost of electricity (LCOE) of 6 ¢-kWh-1 (without 

considering thermal output but taking into account the thermal components in the 

analysis) [17].  Prototypes of the MCT were recently field-tested on the rooftop of a 

building at ANU campus. The initial instantaneous and full day results showed [23]: 

 An average effective concentration ratio of 10.6X. 

 For the full day test: a 𝑑𝑉𝑜𝑐 𝑑𝑇⁄  of -1.8 mV-℃-1 per cell and a 𝑑𝜂 𝑑𝑇⁄  of -

0.27%-℃-1. 

 For the instantaneous test: an average electrical output of 280 W, an average 

thermal output of 2400 W, and a fluid outlet temperature of 42℃ under an 

effective direct illumination of 994 W-m-2 were obtained. 

 For the full day test: an average electrical efficiency of 8% and an average 

thermal efficiency of 50% were obtained. 
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Figure II-2: The MCT CPVT System (a) Prototype Units [23] and (b) Enclosure 

Schematic with PVT Receiver Details [23] 

 

 

A preliminary power loss analysis conducted discussed the different optical, 

photovoltaic, and thermal sources that contributed to the performance losses and how 

to mitigate some of them to improve performance [23]. Chatterjee et al. [73] 

developed a testing setup for the MCT in India and then economically, thermally, and 

electrically characterized its performance. Significant efficiency fluctuations were 

observed due to the sharp variations in global radiation under cloudy weathers. 

 Hu et al. [38] developed an optical model for a pre-illumination spectral 

decomposition heat extraction CPVT concept that employs a spectral beam splitter 

and flat linear Fresnel mirrors. The beam splitter receives concentrated radiation and 

transmits the PV-useful portion of the spectrum to the PV receiver while reflecting the 

remaining radiation to the thermal receiver, as shown in Fig. II-3. This allows the 

attainment of high output temperatures without sacrificing electrical efficiency. Flat 

Fresnel reflectors with glass mirrors were used due to the high flux uniformity they 

produce. The widths and slopes of the LFRs vary according to location such that the 

reflected radiation is uniform. In their work, the authors developed a beam splitter 

design such that it’s optimized for the spectral response of mono-crystalline silicon 

PV cells. The beam splitter’s spectrally-selective Nb2O3/SiO2 coating was optimized 
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using needle optimization technique. The beam splitter reflects 30% of radiation to 

the thermal receiver. Theoretical results for a unit length of concentrator and receivers 

under a concentration ratio of 28.4X show an electrical efficiency of 11.99%, an 

electric output of 301.3 W, and a thermal output of 755.7 W. 

 

 

 

Figure II-3: The LFR-Based Beam Splitter System Configuration Allowing for 

Pre-Illumination PV Heat Extraction [38] 

 

 

Rosell et al. [52] developed and validated a 1D dynamic model for the 

evaluation of a LFR-based CPVT prototype with a water storage tank and an 

electromechanical two-axis tracking mechanism based on predefined astronomical 

algorithms with two linear actuators. The CPVT consists of 18 varying widths Fresnel 

mirrors with an aperture of 4.86 m2 that focus radiation on a 2.60 m long and 0.10 m 

wide focus band with an 87% packing factor and a 13.6X geometric concentration 

ratio. The design’s receiver consists of a glass cover with high-performance silicon 

PV cells below it. The PV cells are attached using an adhesive to a rectangular water 

channel with an insulation layer surrounding the receiver. Experimental results were 

focused on thermal performance and showed excellent agreement between modeled 
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and experimental results, an outlet water temperature of about 58℃ at the end of the 

testing period, and a thermal efficiency of 65.8% for a flow rate of 75 L-m-2. 

Sharan et al. [72] theoretically modeled (1D) and evaluated the performance of 

a LFR-based CPVT system in one of the earliest CPVT studies. The investigated 

CPVT design incorporates a rectangular channel receiver with PV cells attached to its 

sides using an adhesive. A HTF then flows through the channel. The rectangular 

receiver uses a metallic layer on its top and bottom sides and a glass cover on its right 

and left sides. The authors studied the effects the LFR focal length, LFR aperture, 

concentration ratio, HTF mass flow rate, and absorber size have on thermal and 

electrical performance. Modeling results for a concentration ratio of 6.4X and a mass 

flow rate of 0.02 kg-sec-1 show at the end of the receiver’s length an electrical output 

of about 60 W, a thermal output of about 600 W, a HTF outlet temperature of about 

32℃, and a cell temperature of about 34.5℃. In [66], some of the authors 

experimentally investigated the performance of the proposed system with PV cells 

attached to only the bottom of the rectangular receiver and using water as a HTF. The 

LFRs had a total aperture of 1 m2 and were oriented north-south with east-west 

manual tracking. 42 PV cells were series-connected under a geometric concentration 

ratio of 5X. Results show peak electrical output of about 4.2 W, peak thermal output 

of about 125 W, peak electrical efficiency of about 8.5%, and a HTF outlet 

temperature of about 27℃. The authors concluded that thermal and electrical outputs 

as well as electrical efficiency improve with the increase of the HTF’s mass flow rate 

up to a certain value where the increase of mass flow rate produces negligible 

improvement. 

In one of the earliest CPVT studies, Schwinkendorf [130] conducted a 

lifecycle assessment for a two-axis LFR-based CPVT system (with back-up) for five 

commercial and six industrial applications in 1983. The author modified the solar 

code SOLCEL-III to find the lifecycle cost as a function of system size for the eleven 

application sites. The industrial applications were a Laundromat, fiber finishing, milk, 

bread packaging, meat packaging, and cement factories. The commercial applications 

were two schools, two hospitals, and a public administration. The application sites 

were spread across the US. The author also compared the CPVT system to a CPV 

system and a CST system. The author selected the LFR concentrator after comparing 

it to a PTC and a spot Fresnel lens with respect to efficiency, cost, and land 
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requirements. The CPVT system included no thermal storage, included back-up 

energy from fossil fuel heating and the grid, and assumed that excess electricity is 

sold to the grid at 75% of the grid’s cost. Similar to the work of Rios et al. [129] (see 

Section II-2.1.2), the author defined the lifecycle costs ratio per annum as the ratio 

between the proposed system’s lifecycle costs (including back-up) and the 

conventional alternatives’ (grid and natural gas) lifecycle costs. An installation cost of 

$1 per We, 15% system efficiency, and 25% solar tax credit were assumed. Hourly 

simulation results for the variation of the lifecycle cost ratio per annum with the 

CPVT’s area show that the CPVT is most suitable for sectors where low temperature 

heat is required. This includes the cement and meat packaging factories when no 

energy recovery is used within these factories (which achieve a minimum lifecycle 

cost ratio per annum of about 0.800). The Laundromat, one school, and one hospital 

also showed a lifecycle cost ratio per annum ranging from 0.925 to 1.00. Comparison 

results with the CPV and CST systems show that the CPV is not economically-

feasible in any of the cases while the CST has a lifecycle cost ratio per annum that is 

lower than the CPVT system in some cases. Additionally, the author also integrated a 

thermal storage tank to the meat packaging factory system as well as one of the 

schools and one of the hospitals. Results show that the thermal storage tank 

significantly improves the lifecycle cost ratio per annum for the meat packaging 

factory and the hospital. While for the school, its cost is not justified due to the 

school’s low and intermittent thermal load. Finally, the authors also studied the effect 

of varying the ratio of the annual electrical-to-thermal load requirements for the meat 

packaging factory. Results show that the optimum field size remains constant while 

the lifecycle cost ratio per annum increases regardless of the electrical load demand as 

long as the thermal load is fixed. This is because higher electrical loads translate into 

more electricity import from the grid for the same field size. And at the same time, 

increasing the field’s size without a corresponding increase in the thermal load would 

result in higher parasitic loads due to the excess thermal energy that would need to be 

dissipated using the cooling towers. 

Crisostomo et al. [158] coupled a spectral beam splitter with compact LFRs in 

an attempt to settle the trade-off between high electrical efficiencies and high HTF 

outlet temperatures via a pre-illumination PV heat extraction concept. The proposed 

system consists of two sets of LFRs with ten variable-curvature mirrors per set 
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capable of tracking the sun in one-axis. Above each set of LFRs, a 16 mm diameter 

U-shaped tubular receiver equipped with secondary reflectors is positioned. A V-

shaped multi-layered dichroic film located near the LFR’s linear focal axis functions 

as a spectral beam splitter. The dichroic film reflects PV-suitable radiation bands to 

two PV side receivers while transmitting the remaining solar radiation to the thermal 

receiver. The PV side receivers are further cooled using an appropriate passive or 

active method. However, the authors did not include this feature nor the secondary 

reflectors in their current analysis. The HTF used is pressurized water. The design is 

enclosed within a 3.2 × 1.2 m glass enclosure for minimum convection losses and 

protection against weathering effects. The authors followed a numerical optimization 

technique in order to find the optimum beam splitting bands and properties and then 

optically modeled their model and simulated its performance using ray-tracing 

software. The beam splitting optimization strategy aims to match the spectral response 

of a PV receiver with the solar spectrum bands reflected by the beam splitter upon it. 

The thermal conversion function of the thermal receiver is not spectrally-sensitive. 

Thus, the remainder non-PV-suitable radiation is directed towards it. To determine the 

cutoff wavelengths that would yield optimum performance, the authors numerically 

optimized the electrical and thermal outputs while taking into account their grade 

difference under 15X and using different PV materials—Si, GaAs, and GaInP/GaAs. 

Optimization results show that the optimum PV conversion bands for Si, GaAs, and 

GaInP/GaAs cells are 713-1067, 507-878, and 381-828 nm, respectively. Results also 

show that the proposed design offers 20-51% greater equivalent energy (with grade 

difference between electrical and thermal accounted for) outputs compared to 

conventional PV panels. The GaInP/GaAs was shown to generate approximately 

twice the energy outputs obtained from Si and GaAs cells. Optical modeling and ray-

trace simulation after choosing a Si receiver (due to the wide availability and lower 

cost of Si cells) show that cosine and shading losses result in a reduction of the 

effective concentration ratio with increases in the transverse incidence angles. It was 

also found that that proposed design’s optical efficiency ranges from 65-71% for 

incidence angles ranging from 0-80°. Irrespective of the incidence angle, the beam 

splitter delivers 52% of the utilized radiation to the PV receivers. 
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II-2.1.2. Parabolic and cylindrical trough collector CPVTs. 

A group at the Center for Sustainable Energy Systems of Australian National 

University (ANU) [26, 27] have also developed and deployed a parabolic trough-

based CPVT system called the Combined Heat and Power Solar (CHAPS) on the roof 

of a residential building at the ANU campus. The system, shown in Fig. II-4, employs 

eight 37X operational 297 m2 total aperture PTCs, arrays of PV cells mounted on 

aluminum extrusion receivers, hot water storage tanks, natural gas-fired back-up 

boosters, and an inverter to provide, electricity, under-floor space heating, and DHW 

for residents [27]. Each PTC is 24 m long, consists of 17 mirror panels manufactured 

by laminating mirrored glass to galvanized steel, has a reflectance of 92%, and is 

mounted on a ±90° tracker. Much like the MCT system (see Section II-2.1.1), the 

CHAPS system utilizes low series-resistance monocrystalline PV cells modified in-

house for operation under elevated concentration ratios with a laboratory efficiency of 

17.8% under 65℃. The PV cells are then connected in arrays in-series (with bypass 

diodes added) and bonded using a thermally-conductive, electrically-insulating tape to 

an aluminum extrusion receiver with a passage for the HTF [26], shown in Fig. II-4. 

The HTF is water with anti-freeze and anti-corrosion additives [26]. Outdoor 

prototype testing of the CHAPS unit revealed that [26]: 

 Under 1000 W-m-2 direct radiation, HTF temperature of 65℃, and ambient 

temperature of 25℃ the thermal efficiency is 58% and the electrical efficiency 

is 11%. 

 Significant variations in the longitudinal illumination flux profile exist as a 

result of mirror gaps, mirror slope errors, and supports shading with localized 

peaks exceeding 100 suns. 

 A 𝑑𝑉𝑜𝑐 𝑑𝑇⁄  of -1.8 mV-℃-1 per cell and a 𝑑𝜂 𝑑𝑇⁄  of -0.35%-℃-1. 

In one of the earliest CPVT studies, Gibart [19] and Buffet [21] under a 

contract with Société Européenne de Propulsion (SEP) designed and tested a CPVT 

prototype based on PTCs in France with the purpose of assessing the technical 

feasibility and economic potential of the system. The design used cylindro-parabolic 

thin aluminum foil mirrors mounted on a frame and rotated together to track the sun 

in one-axis using photovoltaic sensors with a maximum 15′ error. The receiver 

consisted of an array of series-connected PV cells mounted to a metallic tube with a 

polygonal cross-section using an adhesive. Water flows inside the tube and a 
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polyurethane insulation surrounds the receiver from the sides and top. Each receiver 

had two PTCs focusing radiation to it to achieve uniform distribution to within 4% 

with a theoretical interception factor of 0.95 for 40X and 0.88 when tracking errors 

are taken into account. Six configurations with variable concentration ratios (10X, 

20X, and 40X), PV cell types, and illumination homogeneities were studied [19]. For 

20X, the electrical efficiency was around 8% and dropped to 6-7% for 10X. While for 

the thermal efficiency, values ranged between 45 and 70% for 20X and a perfect 

insulation. Results showed that the peak electrical efficiency is 71% of the peak 

electrical efficiency of a conventional flat PV cell. Results also showed that the 

thermal efficiency is higher than that of a conventional FPC but lower than a 

conventional PTC. Several weather, experimental, and instrumentation difficulties 

prevented obtaining results for all configurations. Economic evaluation expected the 

system to have a simple payback time of 10.5 to 12.8 yr for a production rate of 500 

units-yr-1 [21]. 

 

 

 

Figure II-4: The CHAPS System Configuration with PVT Receiver Details [26, 

28] 
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Calise et al. at the University of Naples Federico II, Italy, conceptually 

designed and simulated a PTC-based CPVT system based on a zero-dimensional 

energy balance model [31] and conducted an energy and exergy analysis on the same 

system using a one-dimensional finite volume model [32]. The proposed CPVT uses a 

linear triangular receiver with a fluid channel running through it. The fluid channel is 

embedded within a metallic substrate that connects it to the three surfaces of the 

receiver. The top surface of the receiver is a thermal absorber while the two surfaces 

facing the PTC have InGaP/InGaAs/Ge MJPV cells mounted to them. Simulation and 

parametric study results illustrated the variation of the electrical efficiency and output, 

thermal efficiency and output, and HTF outlet temperature with a variety of design 

variables, including: CPVT axial length, HTF channel diameter, side length of the 

triangular receiver, concentrator width, and thermal resistance of the top receiver 

surface. The electrical efficiency of the design generally ranged between 20 and 25% 

while the thermal efficiency ranged between 50 and 60%, depending on the fluid 

outlet temperature and the selected system design variables. For a CPVT axial length 

of 16 m, the electrical efficiency is about 21.6%, the thermal efficiency is about 60%, 

the electrical output is about 4216 W, the thermal output is about 9279 W, and the 

HTF outlet temperature is about 84℃. The researchers concluded that having an 

insulated top surface is not favorable energy-wise for their design. 

Jiang et al. [36] proposed an innovative CPVT system that integrates parabolic 

troughs, spectral beam splitters, and evacuated tube collectors. The authors developed 

a non-dimensional optical model and developed a ray tracing algorithm to analyze 

spatial and spectral properties of the configuration. The local flux distribution on 

different components, the optimum beam splitter focal length, and the effect of 

alignment and tracking errors have all been covered. The PTCs are coated with silver 

or aluminum and use a two-axis tracker. The spectral beam splitter, located at the 

focal line of the collector, transmits photons with energy less than the bandgap energy 

to the ETC receiver while reflecting photons with energy higher than the bandgap 

energy to the PV receiver. The PV receiver is located beneath the beam splitter and is 

attached to a heat sink. Utilizing this pre-illumination PV heat extraction method, the 

electrical efficiency is improved as a result of the decreased non-absorption losses and 

we are able to obtain relatively high outlet temperatures from the ETC. Simulation 
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results show that the heat load on the PV cells is reduced by 20.7%, the overall optical 

efficiency is 76.4%, and the HTF outlet temperature could range between 250 and 

300℃. 

The research group at Yunnan Normal University in China has been working 

on parabolic trough CPVTs (named TCPV/T) with various configurations since 2005 

[45-48]. Two TCPV/T systems have been constructed, tested, and analyzed. The two 

systems have apertures of 2 m2 [48] and 10 m2 [45, 46], respectively, as shown in Fig. 

II-5. Both systems utilize circulating water as the HTF, 0.69-reflectivity aluminum-

alloy mirrors, one-axis north-south tracking, and a water storage tank with a pump. 

The receiver consists of an array of cells mounted using a thermally-conductive tape 

on an insulated cavity thermal receiver that has a HTF duct passing through it. The 

researchers experimented and compared 10 monocrystalline silicon, 10 

polycrystalline silicon, 16 super silicon, and 40 GaAs PV cells connected in-series in 

the 2 m2 TCPV/T system [47]. They also experimented and compared 384 silicon 

cells customized for operation under 20 suns and 160 GaAs cells in the 10 m2 

TCPV/T system [47]. Testing results under a direct radiation between 800 and 850 W-

m-2, ambient temperature between 18.1 and 22.5℃, and water flow rate between 39.5 

and 41.5 L-h-1 for the 2 m2 TCPV/T configurations reveal [47]: 

 For the monocrystalline cells configuration: the outlet temperature varies 

between 40 and 49℃, the thermal efficiency varies between 30 and 47%, the 

electric output varies between 7.9 and 8.7 W, and the electrical efficiency 

varies between 0.53 and 0.63%. 

 For the polycrystalline cells configuration: the outlet temperature varies 

between 39 and 48℃, the thermal efficiency varies between 42 and 48%, the 

electric output varies between 7.6 and 8.4 W, and the electrical efficiency 

varies between 0.44 and 0.59%. 

 For the super cells configuration: the outlet temperature varies between 39 and 

47℃, the thermal efficiency varies between 36 and 46%, the electric output 

varies between 37.5 and 40.5 W, and the electrical efficiency varies between 

2.5 and 3%. 

 For the GaAs cells configuration: the outlet temperature varies between 35 and 

43℃, the thermal efficiency varies between 28 and 43%, the electric output 
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varies between 90 and 112 W, and the electrical efficiency varies between 

6.67 and 7.31%. 

 

 

 

Figure II-5: (a) The 2 m2 and (b) the 10 m2 TCPV/T Systems [47] 

 

 

Testing results for the 10 m2 TCPV/T [47] reveal instantaneous electric and thermal 

efficiencies of 7.51% and 42.41% for the customized silicon configuration and 9.88% 

and 49.84% for the GaAs configuration, respectively. The authors concluded that the 

GaAs cells offer the best electrical performance due to their low series resistance 

under concentrated radiation, the crystalline silicon cells offer the best thermal 

performance since their widths are close to the focal line’s width, and the system’s 

cost is roughly $2.37-We
-1. In [48], the researchers developed and validated a 1D 

steady model for the evaluation of the electric and thermal performance of their 

TCPV/T systems with a discrepancy of less than 5% between model and experimental 

results. The researchers then conducted parametric studies using their validated model 

to identify the effect of mirror reflectivity, focal line width, thermal absorptivity of 

receiver, and direct solar radiation on both energetic and exergetic performance 

indices. In [46], the researchers conducted additional theoretical and experimental 

investigations to assess the effect of series resistance, cell temperature, and irradiation 

intensity on the electric performance of the four aforementioned cell types. They 

concluded that each cell had its own optimum concentration ratio and that under 

concentrated conditions the GaAs cell had the best performance while the 

polycrystalline silicon cell had the poorest performance. In [45], the researchers 

conducted additional tests on their two TCPV/T systems using the super silicon, 
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GaAs, and customized silicon arrays where they found that the electricity cost using 

the low-efficiency cells is much lower compared to the high-efficiency GaAs cells. 

They also attempted to improve the performance of their systems by optimizing its 

optical characteristics. This was successfully achieved by increasing the mirrors 

reflectivity which resulted in noticeable performance improvements. 

Hamdy et al. theoretically modeled [69] and experimentally-tested [70] one of 

the earliest CPVT concepts based on pre-illumination PV heat extraction using beam 

splitters. In [69], the authors developed an empirical model for the performance 

evaluation of silicon PV cells under concentrated illumination taking into account 

spectral response, concentration ratio, and cell temperature and applied it to CPV and 

CPVT systems using developed TRNSYS components. The CPVT design on which 

the developed model and TRNSYS component were applied is parabolic-based with a 

concentration ratio of 50X and an aperture area of 6 m2. The beam splitter is a minus 

filter that reflects the most PV-useful band (in the middle of the solar spectrum) of the 

solar spectrum to the PV receiver while transmitting the remaining bands (to the left 

and right of the PV-useful band) to the thermal receiver. The PV receiver consists of 

an array of silicon cells while the thermal receiver uses caloria as the HTF with a 

mass flow rate of 50 kg-h-1. Simulation results show an hourly electric efficiency 

ranging between 20 and 25%, an average cell temperature of roughly 60℃, a daily 

electrical output of 12.4 MJ, and a daily thermal output of 51.4 MJ. In [70], the 

authors experimentally tested the electric performance of silicon cells and HTF outlet 

temperatures using three liquid-absorption optical filters (Brayco, Valvoline, and 

Cobalt) on a laboratory setup that approximates a CPVT system under 1, 2, and 3 

suns. Results indicate that the Cobalt filter results in the best electrical performance 

while the Valvoline filter results in the best thermal performance. In [161], the authors 

performed a comparison analysis between CPVTs with pre-illumination PV heat 

extraction using interference filters and liquid absorption filters. Results showed that 

using an optical minus filter produces the best performance compared to other 

interference and absorption filters. 

Ahmad et al. [127] optically designed, optimized, and simulated two 

innovative pre-illumination heat extraction CPVT configurations. The first design is a 

glazed mirror-based system with a two-axis pedestal tracker. The second design is an 

unglazed beam-down system with a two-axis carousel tracker. Both designs utilize a 
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secondary spectral decomposition optical element and a heat sink at the back of the 

PV receiver. The first system, shown in Fig. II-6a, consists of a 92% reflective, off-

axis parabolic mirror (optimized aperture of 300 mm by 250 mm) and a spectral 

decomposition optical element. The parabolic mirror concentrates radiation onto the 

spectral decomposition element which transmits the PV-suitable band of solar 

radiation (taken from 400 to 1100 nm with a transmittance of 90%) to a silicon PV 

receiver attached above it with a concentration ratio of 100X while reflecting the 

remaining radiation to a tubular thermal receiver located below it. The spectral 

decomposition element is hypothetical band-pass filter coated to an optimized 2D 

glass parabolic surface. This spectral decomposition element spreads concentrated 

radiation over the thermal receiver such that the concentration ratio is 5.3X and the 

illumination is homogenous. Ray-tracing simulation results show:  

 For the PV receiver: The optical efficiency is 39.7% (with respect to the full 

solar spectrum), the average flux concentration ratio is 39.7X with an average 

deviation factor of 1.58, the highest localized flux concentration ratio is 

202.7X, and the acceptance angle is ±1.4°. 

 For the thermal receiver: The optical efficiency is 53.5%, the average flux 

concentration ratio is 2.8X with an average deviation factor of 0.87, the 

highest localized flux concentration ratio is 10.9X, and the acceptance angle is 

±0.5°. 

 For the entire system: The optical efficiency is 93.2% (with ignoring 

volumetric absorption inside the spectral decomposition element), the 

electrical efficiency is about 7.94% for 20% PV conversion efficiency, and the 

thermal efficiency is about 37.45% for a 70% heat transfer efficiency. 

The second system, shown in Fig. II-6b, consists of six 92% reflectivity 

parabolic mirrors (with an aperture of 1000 mm by 1000 mm), a spectral 

decomposition element, and a hollow 3X CPC as a secondary concentrator. The 

spectral decomposition optical element is a 2D linear Fresnel filter composed of 

multiple flat blades with different inclination angles coated with a thin-film band-pass 

filter. This spectral decomposition element transmits the PV-suitable band of solar 

radiation (taken from 430 to 700 nm with a transmittance of 70%) to a silicon PV 

receiver located at a certain height above it with a concentration ratio of 13.5X while 
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Figure II-6: The (a) Mirror-Based and (b) Beam-Down Parabolic CPVT Design 

Configurations [127] 

 

 

reflecting the remaining radiation to a tubular thermal receiver located at the bottom 

of the CPC with a concentration ratio of 96.3X. Ray-tracing simulation results show: 

 For the PV receiver: The optical efficiency is 29%, the average flux 

concentration ratio is 3.9X with an average deviation factor of 0.67, the 

highest localized flux concentration ratio is 8.5X, and the acceptance angle is 

±1.5°. 

 For the thermal receiver: The optical efficiency is 56%, the average flux 

concentration ratio is 53.9X with an average deviation factor of 1.6, the 

highest localized flux concentration ratio is 302.5X, and the acceptance angle 

is ±0.5°. 

 For the entire system: The optical efficiency is 85%, the electrical efficiency is 

about 5.8% for 20% PV conversion efficiency, and the thermal efficiency is 

about 39.2% for a 70% heat transfer efficiency. 

The authors concluded that the first design is superior optically and energy-wise while 

the second design allows for a simpler spectral decomposition element fabrication. 

 Rios et al. [129] performed a thermoeconomic comparison between a PTC-

based liquid HTF CPVT system with an auxiliary water heater, a side-by-side PV and 

PTC system with an auxiliary water heater, and a PV system with fossil-based heating 

for two different applications in one of the pioneering CPVT studies in 1981. The 

authors first identified the energy demand profile for a hospital and a meat packaging 

factory as the study’s applications. The meat packaging factory has power and process 
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heat (in the form of hot water at 32-92℃) energy demands while the hospital has 

power, DHW, and space cooling/heating energy demands. After that, the authors 

thermoeconomically modeled the three proposed systems. Simulation was performed 

using PVSOLSYS using typical meteorological data for an entire year in three 

locations: Albuquerque, Omaha, and Nashville. A water thermal storage tank, an 

absorption chiller supplemented by a vapor compression cycle (VCC) or an 

independent VCC (for the hospital’s air conditioning load), an inverter, and cooling 

towers were all integrated into the CPVT system. The liquid HTF is directed to the 

cooling towers when the storage tank’s temperature exceeds 103℃ and is returned to 

the storage tank when it falls below 96℃, in order to maintain the PV cells at a 

reasonable temperature. The CPVT used one-axis N-S tracking, a 50% water 50% 

ethylene glycol HTF, an aperture of 12 m2 per PTC row, and 80% optically efficient 

PTCs. The CPVT’s thermal receiver consists of square aluminum tubes with top 

insulation. The authors used a life cycle costs ratio analysis for a system lifetime of 20 

years to compare the economic profitability of the proposed systems. The lifecycle 

costs ratio is between the proposed system’s lifecycle costs (including back-up) and 

conventional alternatives’ (grid and natural gas) lifecycle costs. The authors used a 

discount rate of 20%, an interest rate of 12%, a down payment of 20%, a loan period 

of 10 years, and a salvage value of zero. Main simulation results are: 

 Meat packaging factory at Albuquerque: For an array size of 2400 m2, the 

CPVT system has a solar fraction of about 20%; the lifecycle costs ratio per 

annum is at a minimum of 0.8 for a CPVT collector price of $1 per We and 

4800 m2 array size and is about 0.96 for a CPVT collector price of $2 per We 

and 2400 m2 array size; the breakeven cost with conventional energy (grid and 

natural gas) alternatives is $2.60 per We; and the lifecycle cost ratio per annum 

is at a minimum of 0.94 for the PV system with fossil-based heating for a 

collector cost of $1 per We and is at a minimum of 0.91 for the side-by-side 

system for a collector cost of $1 per We. 

 Meat packaging factory at Omaha: The lifecycle costs ratio per annum is at a 

minimum of 0.97 (i.e., marginally cost-effective) for a CPVT collector price 

of $1 per We and 2400 m2 array size; 0.99 for the PV system with fossil-based 

heating for a collector cost of $1 per We; and is not cost-effective for the side-

by-side system for a collector cost of $1 per We. 



 
 

206 

 

 Meat packaging factory at Nashville: The lifecycle costs ratio per annum is 

about 1.00 (i.e., economically unjustified) for both the CPVT and PV system 

with fossil-based heating up to an array size of 2000 m2 while it’s not cost-

effective for the side-by-side system for a collector cost of $1 per We. 

 Hospital at Albuquerque: The lifecycle costs ratio per annum is lower using 

the VCC up to a CPVT array size of 3600 m2 and is lower using the absorption 

chiller for array sizes above that. Also, the minimum lifecycle costs ratio per 

annum is 0.74 for a CPVT collector price of $1 per We and 5800 m2 array size, 

about 0.9 for a CPVT collector price of $2 per We, and about 0.98 for a CPVT 

collector price of $3 per We. The breakeven cost with conventional energy 

(grid and natural gas) alternatives is $3.50 per We. The CPVT system is more 

cost-effective than the PV system with fossil-based heating for collector costs 

of $1 and $2 per We and is more cost-effective than the side-by-side system 

for a collector cost of $1 per We. 

Bernardo et al. [92] designed, built, modeled, and simulated the performance 

of a PTC-based CPVT system and compared it to a side-by-side system consisting of 

PV modules and FPCs. A standardized testing and characterization procedure was 

proposed and implemented by the authors on their developed system. The CPVT’s 

linear receiver is made of aluminum and is triangular in shape with PV cells mounted 

on both of its sides (but not the top) and water flowing through it. A string of 32 

series-connected monocrystalline silicon cells was laminated to each side of the 

triangular receiver. The two strings could then be connected either in-series or in-

parallel. The PTC is made from a silver-coated plastic film laminated on a steel sheet 

and has a glass cover mounted on its aperture area. The reflectance of the parabolic 

reflector is 90% and the transmittance of the glass cover is 90% as well. The system 

uses one-axis east-west tracking (with periodic tilt angle adjustment), has a geometric 

concentration ratio of 7.8X, and utilizes an aperture area of about 4.6 m2. Simulation 

results show an electrical beam efficiency and a peak output of 6.4% and 61 W-m-2, 

respectively, and a thermal beam efficiency and a peak output of 45% and 435 W-m-2, 

respectively. The authors conducted a number of parametric studies to investigate the 

effects of HTF outlet temperature, incidence angle, geographical location, and 

tracking configuration on thermal and electrical yield and performance. It was found 

that a fixed solar system receives 20-40% more useful solar radiation than the system 
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at hand. It was also found that the side-by-side solar system produced significantly 

higher annual electrical and thermal outputs. Thus, the authors concluded that the 

CPVT system at hand cannot compete with alternative solar solutions due to its poor 

performance. The poor performance of the system developed by the authors could be 

largely attributed to a number of factors, including: non-optimized tracking 

configuration, low optical efficiency due to poor optical surfaces properties, low 

performance of silicon cells under concentrated irradiance, current matching losses 

due to non-uniform illumination and not utilizing bypass diodes, and inefficient PV 

heat extraction method. Nevertheless, the authors found that a CPVT produces 3.6-4.4 

times more electric yield than a PV module with the same cells area. 

Sonneveld et al. performed a feasibility study [140] and analyzed the 

performance of a built CPVT system [141] with circular trough collectors integrated 

in a greenhouse. The greenhouse has an asymmetrical cover with the south-facing 

side including the circular trough collectors while the north-facing cover being flat 

with a 60° inclination. The circular trough collectors are coated with a spectrally-

selective coating that reflects near-infrared radiation (about 40% of the incident) 

which is not required for crops growth while transmitting photosynthetically-active 

radiation. A circular trough geometry provides a more accurate reflection than a 

parabolic one with the variation of the sun’s position. The circular trough collectors 

are made from toughened glass mounted on curved glass rods with a geometric 

concentration ratio of 30X and an effective concentration ratio of 13.9X since only 

near-infrared radiation is reflected. A receiver with four silicon PV modules is 

positioned at the focal line of the circular troughs with water flowing through three 

rectangular aluminum ducts attached to the back of the PV modules using an epoxy 

adhesive. The two modules at both ends could be switched off during low radiation 

exposure in order to reduce current mismatch losses. A buffer tank is also used for the 

water cooling. The excess solar thermal energy collected in summer could be 

seasonally-stored for heating in winter. Two linear electrical actuators are used to 

track the focal line of the circular troughs. Parallel-connected diodes connected to 

each cell had to be added due to shadow stripes formed by the bars used for mounting 

the reflectors. Thermal and electrical performance measurements show peak electrical 

and thermal outputs of 30 and 120 W-m-2. The annual electrical and thermal outputs 

are 20 and 161 kWh-m-2. The peak electrical and thermal efficiencies are found to be 
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15.8% and 65%, respectively, with respect to the portion of radiation reflected. It was 

concluded that improving the optical properties of the spectrally-selective coating and 

obtaining a more uniform concentrated radiation distribution could lead to noticeable 

performance improvements. 

Cellura et al. [78] conducted a lifecycle assessment (LCA) on a roof-mounted 

PTC-based CPVT installed in Italy in order to assess its energy and environmental 

benefits and drawbacks. The CPVT system consists of five interconnected parabolic 

concentrators with a total aperture of 10 m2. The parabolic mirrors are made of 

multiple layers of polyethylene covered by a pure silver film and are mounted on 

aluminum frames. The parabolic trough is covered with a glass glazing. Two parallel 

steel pipes are located at the focal line of the concentrator with water flowing through 

them and 150 silicon PV cells covering their concentrator-facing side. Additionally, a 

water tank and a heat recover unit are employed. The LCA analysis included the raw 

materials and energy supply, manufacturing, end of life, and transportation phases. 

Maintenance, recycling, and tracker parasitic load were not accounted for. Inventory 

data were collected from the CPVT’s manufacturer, international databases, and 

estimations. Several performance indices were calculated, including: 

 A total primary energy consumption of 25.6 GJ (85% of which in the 

production phase) and annual energy savings of 36 GJ-yr-1. 

 A total CO2-equivalent generation of 2.281 kg and an annual CO2-equivalent 

avoidance rate of 2,126 kg-yr-1. 

 An energy payback period of 0.7 years and a greenhouse gas payback period 

of 1 year. 

It was also estimated that the system’s annual thermal and electrical outputs are 5,466 

kWh and 1,366 kWh, respectively. The LCA revealed the significant energy and 

environmental advantages of a CPVT system. 

Quaia et al. [79] performed a technoeconomic analysis on a PTC-based CPVT 

but with two-axis tracking for electricity and DHW. This unique combination of a 

linear concentrator and receiver with two-axis tracking enables the operation under a 

high concentration ratio of 144X. The PTC consists of 10 parabolic mirrors with a 

total aperture of 19.36 m2. The receiver is a bar with two rows of triple-junction PV 

cells on an Al2O3 substrate that provides mechanical support, electrical insulation, and 

thermal conductivity. Glycol solution is used as the HTF for the hydraulic circuit that 
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extracts thermal energy from the CPVT and then either utilizes this energy via a heat 

exchanger or dissipates it using a liquid cooler during stand-alone operation or for 

safety considerations when there is no DHW demand. Ten parallel-connected strings 

comprise the receiver with 110 series-connected cells per string. The tracking system 

relies on electro-optical sensors that provide a high accuracy of 0.01°. When there is 

insufficient illumination or an excessive angle between the sun and electro-optical 

sensor, a predefined astronomical algorithm takes over. The system’s compact and 

modular design enables both roof- and ground-mounting options. The system is 

capable of producing 3.4 kW of electricity, 10 kW of thermal power, and a maximum 

outlet temperature of 95℃. The system’s electrical and thermal efficiencies are 18% 

and 56%, respectively, when direct beam radiation is taken as input. The authors 

compared the proposed system’s performance with solar PV (thin film, standard 

crystalline silicon, high-efficiency crystalline silicon, and crystalline silicon with 

tracking) and solar thermal (standard solar thermal and high-efficiency solar thermal) 

technologies all installed over an area of 3,700 m2 in Sicily, Italy. The 

technoeconomic comparison results show that the electric energy cost for the CPVT is 

8.3 c€-kWh-1 as compared to 13.4 c€-kWh-1 for the nearest solar PV competitor (high-

efficiency crystalline silicon) while the thermal energy cost for the CPVT is 5.4 c€-

kWh-1 as compared to 5.8 c€-kWh-1 for the nearest solar thermal competitor (high-

efficiency solar thermal). The levelized energy (both electrical and thermal) cost for 

the proposed CPVT system is 8.7 c€-kWh-1. It was stressed that coupling the CPVT 

system with an appropriate thermal energy utilization application is pivotal for the 

system’s economic feasibility. 

Rafinejad [63] reported on the design, operational experience, and 

performance of a 35 kW electrical and 200 kW thermal (rated at 1000 W-m-2 

illumination and 50℃ cell temperature) operational PTC-based CPVT system 

integrated by Acurex Corporation into a hospital in Hawaii. The CPVT is meant to 

provide electricity and DHW for the hospital’s usage. The CPVT system consists of 

PTCs with an aperture of 1.83 m by 3.05 m each and a total field area of 445 m2 for 

80 units. Each PTC consists of a torque tube with rib structures on which thin 

aluminum sheets are flexed into a parabolic shape. The aluminum sheets are held in 

that profile using edge retainer clamps placed at the outer edges of the trough. 

Reflective aluminized Mylar films are laminated to the aluminum troughs achieving a 
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geometric concentration ratio of 35X. The parabolic troughs linearly concentrate 

radiation onto a tubular receiver equipped with PV cells. The PTCs use one-axis 

north-south tracking with a common drive for every eight troughs. The drive relies on 

electro-optical sensors and consists of an electric motor coupled to a double-reduction 

gearbox. The CPVT’s receiver, shown in Fig. II-7, is a hollow aluminum passage with 

18 PV modules (six cells per module) attached to it. Water flows through the 

aluminum passage. Each side of the extrusion has nine modules, as shown in Fig. II-7. 

The PV cells are bonded to a glass superstrate using polyvinyl butyral (PVB). The 

modules float on thermal grease between them and the aluminum passage and are 

fixed using spring-loaded clips. The aluminum passage is coated with thin Teflon tape 

at the cells’ locations in order to provide electrical insulation. A 12,000 L insulated 

water storage tank stores thermal energy used to provide DHW using a heat 

exchanger. Excess thermal energy in case of low thermal demand is dissipated via 

convective coolers. A power conditioning unit (PCU) performs MPP tracking in 

addition to DC-to-AC power conversion and regulation in order to be compatible with 

the grid. The PCU consists of a 12-step inverter, a MPPT, and a control 

microprocessor. No batteries are used since the generated electricity is fed into the 

hospital’s distribution bus in parallel with the utility service after being conditioned. 

The CPVT system’s operation is fully automated and uses a data acquisition system to 

monitor and log the different system performance parameters. The authors reported on 

two major issues during field operation of the CPVT system. The first issue was the 

degradation of the PV modules manifested as bubbling and browning of the PVB 

encapsulant in addition to the introduction of moisture within the encapsulation 

envelope. This was the result of the PV cells’ overheating. This issue was resolved by 

increasing the amount of thermal grease in order to improve heat transfer between the 

PV cells and the aluminum passage and protect the unit from the effects of thermal 

cycling. The second issue was the inability of the PCU to efficiently operate in a grid-

parallel fashion. This issue was resolved by modifying the PCU in order to account 

for voltage fluctuations in the local electric grid. Additionally, very poor weather 

conditions (worst in 50 years at the time) resulted in the system’s underperformance 

and extended downtime. However, after the weather getting back to normal and after 

resolving the two aforementioned issues, the CPVT system achieved steady-state and 

reliable operation at 70% of its predicted performance after 1.5 years of operation. 

http://jjmie.hu.edu.jo/files/v6n2/JJMIE-45-11.pdf
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Monthly performance results show electrical outputs ranging from 99 to 768 kWh per 

month and thermal outputs ranging from 914 to 7093 kWh per month. The rated 

electrical and thermal efficiencies of the receiver under 1000 W-m-2 illumination and 

50℃ cell temperature are 8.2% and 40%, respectively. 

 

 

 

Figure II-7: Cross-Sectional View of the Operational PTC-Based CPVT System’s 

Receiver [63] 

 

 

II-2.1.3. Linear Fresnel lens CPVTs. 

Kong et al. [37] theoretically and experimentally investigated a stationary 

CPVT design based on line-focus Fresnel lenses supplemented with two secondary 

flat booster mirrors under different weather conditions (e.g., ambient temperature, 

wind speed, irradiance, etc.), as shown in Fig. II-8. The receiver consists of 18 series-

connected monocrystalline silicon cells attached to an insulated aluminum plate using 

silica gel with water flowing through the plate’s cavity. The concentrator’s aperture is 

0.24 m2 and the receiver aperture is 0.042 m2. Test results showed an average 

electrical efficiency of 9.83%, average thermal efficiency of 55.9%, average electrical 

power output of 11.34 W, and an average thermal output of 72.72 W. Results also 
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showed that irradiance is the weather condition that has the most effect on 

performance. 

 

 

 

Figure II-8: CPVT Design Based on Fresnel Lenses with Two Booster Mirrors 

[37] 

 

 

Kerzmann and Schaefer [62] developed a 1D simulation model for a linear 

Fresnel lenses-based CPVT system with GaInP/GaAs/Ge PV cells. The MJPVs are 

welded to a channel where the HTF flows. The channel in insulated from the sides 

and bottom. The HTF’s harvested thermal energy is then stored in a thermal storage 

tank for residential heating purposes. The authors’ design includes five 5 m long 

CPVT modules installed on a two-axis tracker with a total of 6.2 kW electricity output 

under standard conditions. The used Fresnel lenses have a concentration ratio of 80X. 

Simulation results show that the MJPVs have an average efficiency of 34.75%. For a 

six people household, the CPVT would meet 55.9% and 49% of the house’s 

electricity and DHW demands. Results also show that the proposed CPVT has an 

annual useful thermal energy output of 5089 kWh and an annual electric energy 

output of 14215 kWh. These annual outputs are equivalent to saving about $1623 and 

10.35 CO2 tons per year. In another study [136], the authors optimized the flow rate 
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for their system such that electrical and thermal efficiencies are maximized while 

pumping parasitic loads are minimized. Results show that a flow rate of 4 gal-min-1 is 

the optimum. 

Xu et al. [50] developed a thermal and electrical model for the characterization 

of a linear Fresnel lens-based CPVT system as well as a thermomechanical finite 

element fatigue model for assessing the stress field in a PV cell and the fatigue 

durability of the solder. The proposed CPVT system utilizes Fresnel lenses to achieve 

a concentration ratio of 20X with an optical efficiency of 65%. The concentrated 

radiation falls on a receiver comprised of an array of 18 series-connected GaAs/Ge 

cells attached using thin-film thermal clad to a channel through which water flows. A 

thermal stress and fatigue life prediction model was developed using COMSOL in 

order to evaluate the effect of thermal cycling on the solder layer. The authors 

investigated the effects of cell temperature, concentrated radiation, and HTF inlet 

velocity on the electrical and thermal performance of the system. Thermal and 

electrical modeling results show that at a HTF inlet velocity of 0.01 m-sec-1, the 

electrical efficiency is 15.6%, thermal efficiency is 72.2%, water outlet temperature is 

56.2℃, and maximum cell temperature is 72.4℃. Fatigue life prediction modeling 

results show that for flow inlet velocities of 0.01 and 0.03 m-sec-1 the cyclic lifetimes 

are 1215 and 6465 h, respectively. This indicates that obtaining a higher HTF outlet 

temperature comes at the expense of durability of the CPVT. The authors then 

proceed to conclude that for a 25-75℃ thermal cycle, the solder thickness has to be 

increased to meet a targeted lifetime of 20 yr. However, the solder thickness of the 18 

PV cells in the PV array can vary since a noticeable temperature gradient exists 

between the first and last cells. As such, the solder thickness can be gradually 

increased from first to last cells in accordance with the corresponding increasing cell 

temperatures from first to last cells. 

O’Neill [131] reported the development, deployment, and operation of a linear 

Fresnel lens-based CPVT system that meets the electrical and thermal loads of the 

Dallas-Fort Worth (DFW) airport in Texas, USA. The CPVT system was designed in 

1978, hardware was developed in 1980, and the system deployed in 1982. The author 

reports on the performance of the system for three years at the DFW airport in this 

study. The 245 m2 roof-mounted system produces a peak of 27 kW electrical energy 

and 120 kW thermal energy. The system consists of 110 modules, uses one-axis 



 
 

214 

 

tracking with weekly N-S tilting, a 93% efficiency inverter, gird back-up, and a 

MPPT. The electric output is mainly used for lighting while the thermal output is used 

for DHW purposes to a nearby hotel using a counter-flow shell-and-tube heat 

exchanger. The curved linear Fresnel lens concentrator has a 25X geometric 

concentration ratio and was optimized and patented in-house. Each lens has an 

aperture of 91 by 244 cm with 53 series-connected, glass-covered silicon cells below 

it. The PV cells are attached to a copper fin/tube receiver using an alumina-loaded 

silicon adhesive. The receiver is insulated using isocyanurate. The HTF used is a 

glycol/water solution with an outlet temperature of 57℃. The entire CPVT module is 

supported and enclosed within a steel housing. The schematic of the CPVT module is 

shown in Fig. II-9. Minute-by-minute field performance data was recorded for 37 

months of continuous operation. Over this 37 months period, the average electrical 

and thermal efficiencies were 7.7% and 39.2%, respectively, while the average DC 

electrical and thermal outputs per month were 2550 and 12950 kWh. The author also 

reported the development of a simulation model for the CPVT system with an 

excellent agreement with measured field results. As for the system’s durability and 

reliability, the system’s performance remained at 90-95% of an individual module’s 

performance after three years of operation without any module or cell replacements. 

There was no performance degradation and the small 5-10% efficiency difference 

between module and system were due to inherent mismatch, wiring, and piping losses 

present on the system level but not on an individual module’s level. 

Chemisana et al. [91] developed a CPVT system based on a dome-shaped 

linear Fresnel lens combined with a CPC secondary concentrator for façade building 

integration purposes. The CPVT is meant to provide both electricity and DHW. The 

CPVT’s primary and secondary concentrator optics were carefully developed and 

extensively described in another study by some of the authors [139] where the 

combination of a 5X domed linear Fresnel lens and a 2X CPC was made in order to 

achieve a uniform concentrated radiation on the receiver and find a compact design 

suitable for building integration. Ray tracing simulation and 3D characterization were 

performed, revealing that the optical elements achieve an optical efficiency of 85% 

[139]. Unlike most other CPVT designs, the Fresnel lens in this design is fixed while 

the receiver tracks the focal line. The receiver consists of a crystalline silicon module  
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Figure II-9: Schematic of a Module of the Linear Fresnel Lens-Based CPVT used 

at the DFW Airport [131] 

 

 

with 26 series-connected cells adhered using a high-performance thermal tape to an 

insulated rectangular aluminum channel through which water flows. The rectangular 

aluminum channel was designed such that it is commercially-available in order to 

maintain a cost-effective design. The PV cells have an EVA film applied to them in 

addition to low-iron glass glazing. Semi-empirical electrical modeling of the PV cells 

using multi-linear regression was validated against experimental results with excellent 

agreement. A numerical computation fluid dynamics (CFD) simulation was conducted 

to study the thermal behavior of the system with excellent agreement against 

experimental results as well. Performance of the proposed CPVT was evaluated using 

1D energy balance utilizing the developed electrical and thermal models. The authors 

concluded that a Reynolds number between 200 and 250 gives satisfactory results 

with a HTF temperature rise of 6℃ and a cell temperature of 55℃. 

Xu et al. [121] proposed and analyzed an innovative CPVT design that 

includes TEGs for augmented electricity generation in addition to post-illumination 

heat extraction. The proposed design is based on a Fresnel lens that concentrates solar 

radiation by a factor of 20X on a PV receiver that consists of a string of series-
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connected GaAS/Ge cells. The PV receiver is attached using thin-film thermal 

cladding to a Bi2Te3 TEG module that consists of 6 rows with 50 cells per row. The 

TEG module is attached to a heat sink with water cooling channels in order to create a 

noticeable temperature difference between the TEG’s sides. The TEG module was 

modeled using a coupled-field model that takes into account Joule heating in addition 

to Seebeck, Peltier, and Thomson effects. The TEG module was validated against 

experimental data showing better agreement compared to a thermal-only model. The 

authors developed a 3D multi-physics computational simulation model of the 

proposed system using COMSOL. Thermal and electrical evaluation results at an inlet 

HTF velocity of 0.05 m-sec-1 show an electrical efficiency of about 18% and a 

thermal efficiency of about 77%. The authors also conducted parametric studies to 

investigate the effects of the HTF inlet velocity, TEG material figure-of-merit, and 

TEG layer thickness. A thicker TEG layer results in higher thermal resistance 

between the PV and TEG. This reduces the PV efficiency due to the higher cell 

temperatures but at the same time increases the TEG efficiency due to the larger 

temperature difference. However, the improvement in TEG efficiency surpasses the 

drop in PV efficiency yielding an overall electrical efficiency increase with TEG 

thickness. It was concluded that compared to a CPVT system without a TEG, the 

proposed system has comparable thermal efficiency, an 8% higher electrical 

efficiency, and a more uniform PV temperature distribution. However, the operating 

temperature of the PV cells in the proposed system is higher compared to a CPVT 

system without a TEG. This results in higher thermal stresses and a drop in the 

durability and reliability of the system. The result is a trade-off between electrical 

efficiency and operational lifetime. 

In 1987, Soule [122] patented an innovative CPVT design with an early 

implementation of pre-illumination heat extraction using an inclined hot mirror and 

PV and ETC receivers. The system consists of a linear Fresnel lens that concentrates 

solar radiation with a factor of 40X and using north-polar two-axis tracking onto a 

cylindrical plano-concave lens with a total optical transmittance of 96% for the entire 

optical system. A hot mirror inclined at 45° then receives the concentrated solar 

radiation and transmits the monocrystalline silicon-suitable band of the short 

wavelengths radiation to the PV receiver fixed below it while reflecting long 

wavelengths and a selected band of the short wavelength radiation (i.e., bands of the 
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solar spectrum that are not efficiently utilized by monocrystalline silicon) to an ETC 

thermal receiver fixed beside it. The selective hot mirror consists of a thin film (e.g., 

tin doped In2O3) applied to a glass substrate such that its spectral reflectance and 

transmittance match the spectral response of the PV receiver. The PV receiver 

consists of an array of series-connected monocrystalline silicon cells attached to a 

copper substrate embedded with water cooling channels. The PV receiver is 

surrounded by a polyisocyanurate foamed-in-tube insulation and is equipped with 

secondary wing reflectors at its aperture for improved image resolution. The thermal 

receiver consists of an ETC with an inner silver coating, a black chrome-coated 

absorber tube, and silicon oil as a HTF and is also equipped with secondary wing 

reflectors at its aperture for improved image resolution. This way, high-temperature 

thermal output is obtained from the ETC, low-temperature thermal output is obtained 

from the PV receiver’s water cooling, and the PV cells operate at lower temperatures 

resulting in a higher efficiency and a longer lifetime. The output temperatures of 

water range between 50 and 70℃ while the output temperatures of silicon oil range 

between 150 and 250℃. 

Yazawa and Shakouri [124] developed a CPVT system for the cogeneration of 

electricity and DHW and evaluated its performance under different operation 

conditions and using different components. The proposed CPVT consists of a 

polycarbonate linear Fresnel lens and GaInP/GaAs/Ge cells attached to a copper heat 

sink with water flowing through parallel circular micro-channels embedded within it. 

The variation of efficiency, output, fluid dynamics, and pumping power were all 

studied as the concentration ratio changes. The authors conducted a thermoeconomic 

optimization in order to find the optimum concentration ratio for the proposed system. 

Optimization results show that 600X yields peak performance while 300X results in 

the minimum cost of approximately 0.1 $-W-1 under the assumption of extremely high 

production levels. For the concentration ratio of 600X, thermal and electrical outputs 

are approximately 600 and 250 W, respectively, while thermal and electrical 

efficiencies are approximately 62% and 27%, respectively. The authors also compared 

the proposed system with systems utilizing conventional silicon, copper indium 

gallium selenide (CIGS) thin film cells, and TEGs. It was concluded that above 100X, 

the cell material cost difference diminishes since the optics cost become dominant. 
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Similar to their greenhouse with circular troughs design [141], Sonneveld et 

al. [88] proposed a unique application for a linear Fresnel lens CPVT system for 

lighting and temperature control in an ornamental greenhouse in addition to combined 

heating and power (CHP) generation. The linear Fresnel lenses occupy the top cover 

of the greenhouse such that beam radiation is collected while diffuse radiation is 

allowed to enter into the greenhouse cultivation system. Beam radiation during 

summer is harmful for ornamentals production. Thus, preventing beam radiation from 

entering into the greenhouse significantly reduces the required cooling load during 

summer and reduces the use of screens or lime coating to block radiation while 

simultaneously generating electricity and thermal energy. The generated thermal 

energy can then be stored for winter heating. The greenhouse has a symmetric 

geometry, a 30° inclined cover, and is equipped with steel beams and stability 

bracings. Twelve linear Fresnel lenses made from PMMA were used with a geometric 

concentration ratio of 25X and a total aperture of 6 by 6 m. The lenses were protected 

against weathering and soiling effects by double-glass panels. The linear PVT 

receiver is equipped with a predefined astronomical algorithm type tracker that 

consumes less than 1% of the generated electrical energy while the linear Fresnel 

lenses are stationary. The receivers are mounted and suspended using thin steel cables 

and are adjusted vertically and horizontally using two rotating steel shafts driven by 

two motors. Monocrystalline silicon cells with parallel-connected silicon diodes for 

protection against shading-induced current mismatch were used for the receiver. 

Water flows below the PV cells to extract thermal energy. A maximum incoming 

radiation reduction of 77% is possible using the proposed design accompanied by a 

greenhouse temperature rise reduction by a factor of four (e.g., from an increase of 

40℃ in a conventional greenhouse to an increase of only 10℃ using the proposed 

system) for a non-ventilated greenhouse. The incident radiation allowed into the 

greenhouse can be controlled by simply positioning the receiver out of focus. 

Performance evaluation results reveal peak electrical output and efficiency of 38 W-

m-2 and 5.1%, respectively, with solar radiation falling on the aperture as input. 

Similarly, the peak thermal output, thermal efficiency, and HTF outlet temperature are 

170 W-m-2, 26%, and 25.8℃, respectively, with solar radiation falling on the aperture 

as input and for a HTF mass flow rate of 18.6 k-sec-1. The annual yield of the 

proposed system is 29 kWh-m-2 of electrical energy and 518 MJ-m-2 of thermal 
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energy. The authors concluded that a major source of losses is optical losses from the 

Fresnel lenses and their double-glass enclosure. As such, using PMMA Fresnel lenses 

laminated between a double-glass panel with ARC could increase the annual electrical 

yield to 51 kWh-m-2 and the annual thermal yield to 910 MJ-m-2. While if triple-

junction PV cells are used, the annual electrical yield could exceed 100 kWh-m-2. 

Another improvement potential is to use Schottky bypass diodes connected in-parallel 

with the PV cells in order to reduce the current mismatch due to shading by stripes of 

the glass bars. 

In another early study in 1984, Hachem [154] developed a simulation model 

for a CPVT with a multistage linear Fresnel lens and V-trough concentrator. The 

system consists of a linear Fresnel lens with 29 prisms mounted on top of a glass V-

trough reflector and a receiver with series-connected silicon PV cells optimized for 

moderate concentration ratios. The PV cells are mounted on top of tubes using a thin 

thermal coating while a HTF flows. The V-trough functions as a secondary 

concentrator that increases concentration ratio as well as making the concentrated 

illumination profile more uniform. The system was operated under two tracking 

modes. The first uses periodical tilt adjustments while the second uses diurnal 

tracking. A prototype of the multistage concentrator has been fabricated and tested. 

Using daily adjustment, results show a maximum optical efficiency of 80% and a 

yearly optical efficiency of 50%. Comparing different tracking schemes revealed that 

using diurnal adjustment of the concentrator results in significant yearly optical 

efficiency improvements. As the number of daily adjustments increases, so does the 

optical efficiency and effective concentration ratio. Using continuous tracking gives 

the maximum optical performance. Thermal and electrical simulation results for 

CPVT operation mode using one-axis tracking with no temperature difference 

between the ambient and HTF inlet temperature and under a geometric concentration 

ratio of 17.5X (2 cm wide cells) show electrical ant thermal efficiencies of about 11% 

and 55%, respectively. A comparison analysis between a black-coated FPC, selective-

coated FPC with absorption chiller, gird-independent PV cells, gird-connected PV 

cells, and the gird-connected CPVT for meetings the CCHP demand of a typical 

residential application has also been conducted. Comparison results show that the 

CPVT generates more thermal energy per m2 than all systems and more electrical 

energy per m2 than the grid-independent PV system. Furthermore, using significantly 
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smaller area requirements, the CPVT has higher/comparable CCHP solar fractions 

with respect to the alternative systems. A simple LCA showed that the CPVT system 

has a payback period of 16 years using 1984 prices and data. The authors have also 

conducted a preliminary analysis to investigate the advantages of integrating an 

organic Rankine cycle (ORC) with the CPVT. Results for one-axis tracking show an 

augmented electrical efficiency ranging between 11% and 15% depending on the 

operating temperature. 

II-2.2. High-Concentration Point-Focus CPVTs 

 In this section, we will cover high-concentration CPVT systems with a point 

focus. This includes CPVTs based on PDCs, HFCRs, and spot Fresnel lenses. 

II-2.2.1. Parabolic dish collector CPVTs. 

Buonomano et al. at the University of Naples Federico II, Italy, conceptually 

designed and simulated a PDC-based CPVT system based on a zero-dimensional 

energy balance model [33]. Unlike the PTC-based concept [31, 32], utilizing a two-

axis tracking parabolic dish allows the CPVT system to attain higher outlet 

temperature, thus, expanding its range of possible applications. The proposed CPVT 

uses a rectangular planar receiver with three main layers. The layer facing the PDC 

contains InGaP/InGaAs/Ge MJPV cells. The top layer is thermally insulated. The mid 

layer contains the HTF channel, which is embedded within a metallic substrate. The 

proposed CPVT is meant to be integrated with a double-effect absorption chiller, has 

an aperture area of 12 m2, and a constant optical efficiency of 90%. As such, the HTF 

proposed for the system is diathermic oil. Simulation and parametric study results 

illustrated the variation of the electrical and thermal efficiencies and outputs with a 

variety of design variables, including: HTF channel diameter, side length of the 

rectangular receiver, concentrator aperture area, thermal resistance of the insulating 

layer, HTF inlet temperature, and incident irradiance. The electrical efficiency of the 

design generally ranged between 19 and 25% while the thermal efficiency ranged 

between 50 and 60%. The design showed robustness under higher HTF outlet 

temperatures, which is essential for the successful integration in thermally-driven 

cooling. The researchers concluded that having an insulated top surface is favorable 

energy-wise for their design. 
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Similar to their other CPVT design [36], Jiang et al. [39] proposed a CPVT 

concept based on four parabolic dishes, spectral beam splitters, cavity thermal 

receivers, and PV receivers with heat sinks as shown in Fig. II-10. The authors 

developed an electrical model and a detailed three-dimensional optical model to 

evaluate the spectral and spatial concentrated flux distribution. The design utilizes 

pre-illumination PV heat extraction, allowing for high output temperatures without 

sacrificing electrical efficiency. Results show a concentrating optical efficiency of 

66.1%, a beam slitting optical efficiency of 78.0%, and a net electrical efficiency of 

18%. 

 

 

 

Figure II-10: Schematic of the PDC-Based System Employing Beam Splitters for 

Pre-Illumination PV Heat Extraction [39] 

 

 

Helmers et al. [58] at the Fraunhofer Institute for Solar Energy Systems in 

Germany designed and built a parabolic dish-based CPVT system. The system uses 
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two-axis tracking with a receiver consisting of lattice-matched double-junction PV 

cells mounted to an efficient micro-channel heat exchanger. The parabolic mirror has 

a reflectance of 93% and a diameter of 1.17 m. The testing setup includes a MPPT 

module in addition to equipment enabling the measurement and variation of different 

design parameters. Tests were conducted on a pure thermal receiver and another 

thermal receiver with PV cells mounted to it, separately. However, modeling results 

for the complete CPVT (without accounting for auxiliary components) show an 

electric efficiency of about 25%, a thermal efficiency of about 53%, and a total 

efficiency of about 78% at a HTF ambient inlet temperature. 

Helmers and Kramer [49] developed a linearized semi-empirical CPVT 

thermal and electrical yield output model with linear coefficients obtainable from 

multi-linear regression using measurable data. The authors then proceeded to 

experimentally validate their model using a parabolic dish-based CPVT. The CPVT 

design uses two-axis tracking, a kaleidoscope homogenizer with cooling fins, GaAs 

PV cells with a packing factor of 87%, a micro-channel heat exchanger as a thermal 

receiver, and a concentration ratio of 522X. Results show an electrical power output 

around 125 W, a thermal power output approximately ranging between 350 and 450 

W, and an electrical efficiency of 19.9% at a 25℃ cell temperature. Validation results 

show normalized root mean square errors of 1.9% and 2.9% for the electrical and 

thermal outputs between measured and calculated data, respectively. 

Kandilli [53] designed, modeled, built, and tested an innovative miniature 

parabolic dish-based CPVT system utilizing a pre-illumination spectral decomposition 

PV heat extraction concept based on hot mirrors. The hot mirrors, which act as optical 

filters, transmit the visible light segment of the solar spectrum to the PV receiver 

while reflecting the infrared and ultraviolet segments to the thermal receiver. Each hot 

mirror has a diameter of 5.08 cm and is made from borosilicate glass. The hot mirrors 

are directly attached to laminated monocrystalline silicon PV cells in one receiver 

assembly with a rock wool layer and a ceramic layer between them to minimize heat 

conduction from the mirrors to the cells. The CPVT system consists of four parabolic 

dishes, four receivers, four vacuum tubes, four water storage tanks, and a tracking 

mechanism, as shown in Fig. II-11. A control system powered by a 60-cell PV 

module with an integrated battery, regulator, and the same two-axes tracking 

mechanism was separately deployed and analyzed. Each parabolic dish is made of 
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chromium plates with a maximum concentration ratio of 1797X, 60% surface 

reflectance, 60 cm diameter, and 32 cm focal length. The dish design minimizes 

shading losses by the other components. The vacuum tubes function as the thermal 

receivers in the system and consist of two borosilicate glass tubes with a 10 mm 

vacuumed distance between them and a black-painted Al-N/Al pipe inside. Each 

vacuum tube receiver has a length of 500 mm and an absorptivity of 93%. In addition 

to receiving the reflected concentrated infrared and ultraviolet radiations from the hot 

mirrors, the vacuum tubes also directly receiver non-concentrated radiation from the 

sun since they are not blocked. This features another innovative characteristic of this 

CPVT design. The CPVT design utilizes a low-cost, low-power two-axes tracking 

mechanism based on electro-optical sensors and two DC motors. The author then 

proceeded to evaluate the design thermodynamically using an energy and exergy 

analysis and economically using the net present value. Testing results under a 19℃ 

ambient temperature, a water flow rate of 0.05 kg-min-1, and a water inlet temperature 

of 14.5℃ show: 

 The concentrated flux from the parabolic dish is 83.80 W and the flux that 

reaches the hot mirror is 65.84 W due to convection and radiation losses. 

 Out of the 65.84 W that reaches the hot mirror: 2% are lost to absorption 

losses, 30.29 W reaches each PV cell, and 34.24 W reaches each vacuum tube. 

 Electric efficiency is 15.2% and electric output (from the four cells) is 18.4 W. 

 Thermal efficiency is 49.86%, thermal output (from the four vacuum tubes) is 

141.21 W, and water outlet temperature is 55℃. 

 The system’s cost is 6.37 $-W-1 and the net present value is positive after 23 yr 

and 32 yr with the control system. 

Kribus et al. [59] designed a promising compact, high-concentration parabolic 

dish CPVT system called the miniature concentrating PV (MCPV) system at Tel Aviv 

University and analyzed it thermally, electrically, and economically. The developed 

system is meant for rooftop-integration to provide electricity and high-temperature 

thermal energy that could be used for DHW, space heating, absorption cooling, or 

industrial process heat. The proposed design has a concentration ratio of 500X and is 

very easy to handle, transport, and install. The CPVT systems consists of triple-

junction PV cells attached to a cooling plate with water extracting thermal energy 

from the PV cells and delivering it via a heat transfer circuit using a heat exchanger  
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Figure II-11: PDC-Based CPVT Prototype with Hot Mirrors, Vacuum Tubes, 

and Water Storage (Control System not Shown) [53] 

 

 

and a thermal storage tank to provide DHW. The PDC has an aperture area of 0.95 m2 

and is made from thermally-bent glass back-coated with silver with an external 

protective coating. The glass’s thickness prevents the need of an external structural 

support. An off-the-shelf two-axis tracker is adopted. The authors developed a 

theoretical model to predict the system’s performance taking into account optical 

losses, PV losses, thermal receiver losses, inverter losses, and parasitic load losses. 

Taking into account all optical losses (imperfect transmission, imperfect reflectance, 

and spillage), the optical efficiency is 85%. The parasitic load includes power 

required for the tracker, pump, and control electronics whereas the inverter’s 

efficiency is 90%. In their performance assessment, the authors assumed the HTF’s to 

be a free variable. Results show that as the HTF’s outlet temperature increases, the 

electrical efficiency decreases while thermal efficiency increases. For a HTF outlet 

temperature of 58℃, the thermal and electrical outputs are 172 and 530 W, 

respectively, while the thermal and electrical efficiencies are about 60% and 20%, 
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respectively. The authors also conducted an economic analysis where the prosed 

system’s cost was estimated to be $2.5 per peak electricity Watt based on quotes from 

manufacturers of the different components. Thus, compared to a PV system that costs 

$6-8 per Watt of electricity, the proposed system has a significant potential for cost 

reduction even when the thermal output is not considered. The authors also compared 

their proposed system to PV and PVT systems in terms of the simple payback period 

and total gain at the end of the system’s lifetime. Results show that when electric 

heating is assumed, the CPVT and PVT systems can achieve a simple payback period 

of ten years when electricity prices are 5 and 10 ¢-kWh-1, respectively. 

Chayet et al. [77] of Zenith Solar System (acquired by SunCore in December, 

2013) designed and built a highly-efficient PDC –based CPVT system called the Z20. 

Each Z20 unit consists of two PDCs mounted on the same two-axis tracking system 

with an aperture of 11 m2 per dish. Each PDC consists of 1200 low cost flat mirrors 

mounted on a plastic surface that is molded into a high-precision metallic parabolic 

frame with dedicated slots for each mirror. The mirrors are attached to the plastic 

surface using springs; which simplifies assembly and replacement. Each mirror’s 

shape and orientation is such that radiation is concentrated at the same location and 

with the same flux distribution onto a flat 175 cm2 receiver equipped with triple-

junction PVs. The PV cells are equipped with bypass diodes and are arranged in a 

way that evens out illumination non-uniformities with an active area of 167 cm2. The 

PV cells are soldered to a micro-channel heat exchanger where water collects thermal 

energy and transfers it to a large water container. The water’s temperature is 

controlled by the flow rate, with a maximum temperature of 105℃ possible without 

formation of steam due to the pressurized piping conditions. The operating 

temperature is meant for DHW and process heat applications ranging between 60℃ 

and 90℃. A commercial array of 16 Z20 units with a 240 kW combined electrical and 

thermal outputs was installed at an agricultural community in 2009. The Z20 units 

provided DHW for residential, pickles processing, and chicken hatchery usage. 

Performance measurement results show a total output of 144 MWh electrical and 352 

MWh thermal from the entire field with ratings of 4.5 kW electrical and 11 kW 

thermal per Z20 unit. This represents electrical and thermal efficiencies of 20.5% and 

50%, respectively. 
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Renno and Petito [80] developed and modeled a PDC-based CPVT for a 

domestic CCHP application. This includes DHW, space heating, and absorption 

cooling. The high-concentration CPVT utilizes InGaP/InGaA/Ge PV cells, two-axis 

tracking, and parabolic dishes. The MJPV cells are mounted on a cooling plate with 

glycol solution as a HTF flowing through pipes below it. The cells are arranged in a 

rectangular layout with each module consisting of 90 cells arranged in six parallel-

connected rows with cells series-connected within each row. The two-axis tracking 

mechanism enables the rotation of the receiver as well as raising it or lowering it 

vertically. The aperture area is 0.073 m2. A hot storage tank and an inverter are also 

used. The authors developed a dynamic model to evaluate the system’s performance 

on an hourly, daily, monthly, and yearly basis. Parametric studies were also conducted 

in order to vary design variables such the concentration ratio, number of cells, 

concentrator optics, geographical location, mass flow rate, and HTF outlet 

temperature and measure the effect on thermal and electrical output and efficiency. It 

was found that using PDCs instead of spot Fresnel lenses and a location in southern 

Italy instead of northern Italy give the highest performance. For a concentration ratio 

of 900X and a HTF outlet temperature of 90℃, results for a single CPVT module 

show electrical and thermal outputs of about 550 and 2500 W, respectively, and 

electrical and thermal efficiencies of about 20% and 69%, respectively. An economic 

comparison analysis revealed that using two CPVT modules for a four persons’ 

household would cost €10,808 for the CPVTs and all CCHP components, would 

require 8 years for the payback period, and would produce a positive net present value 

of €10,514 at the end of the investment’s lifetime. It was concluded that the proposed 

CPVT system could make a residential house independent of electrical and cooling 

demands while some auxiliary heating is required during certain times of the year. 

Another early experimental CPVT study was studied in 1983 using a PDC-

based system by Bar-Lev et al. [155]. The authors proposed the modifications 

necessary to convert their Stationary Reflector/Tracking Absorber (SRTA) solar 

thermal power generation system into a CPVT by integrating it with PV cells. The 

concept of the SRTA system is to have the PDC stationary while having the receiver 

track the sun. This way, the effect of wind on tracking is minimized. The proposed 

system is aimed at providing electricity and DHW. The system consists of a polygonal 

receiver with a PV packing factor of 50%. Water flows through the receiver cooling 
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the PV cells (kept at about 75℃) and harvesting thermal energy. The system’s 

aperture is 2.5 m2 while its concentration ratio is 24X. Four main issues were 

identified and tackled by the authors for the proposed system; namely—non-uniform 

illumination profile, un-illuminated segments of the receiver, incidence angle 

sensitivity, and current matching between cells at different locations on the receiver. 

Using a two-conical-sections, linearly-widening absorber with a polygonal cross-

section and rotational tracking in addition to not covering the partially-illuminated 

segments of the receiver with PV cells minimizes the aforementioned issues. 

II-2.2.2. Heliostat field central receiver CPVTs. 

Segal et al. [44] designed two innovative large-scale beam-down HFCR-based 

CPVT configurations with a pre-illumination PV heat extraction concept using beam 

splitting. The first configuration uses a hyperboloidal mirror both as the receiver and 

beam splitter, as shown in Fig. II-12a. Radiation suitable for PV collection (which is 

in the wavelengths between 600 and 900-nm for monocrystalline silicon) is 

transmitted to a first focal point above the mirror where PV arrays are placed while 

the remaining radiation is reflected to a second focal point below the mirror where 

ground thermal receivers with CPC boosters are placed. In the second configuration, 

the entire spectrum is reflected down by the hyperboloidal mirror where it hits a 470 

m2 off-axis paraboloidal mirror positioned 7 m above the ground thermal receiver, as 

shown in Fig. II-12b. The paraboloidal mirror functions as a beam splitter where it 

laterally reflects radiation suitable for PV collection to a side PV receiver while 

transmitting the remaining radiation to the ground receiver. The harvested high-

temperature thermal energy could be used in a combined Rankine-Brayton cycle for 

electricity generation or for chemicals processing. The central receiver tower is 130 m 

high while the CPC boosters are 21 m above the heliostats. The heliostats field is 

asymmetric towards the north-south direction and consists of 783 heliostats, 95.5 m2 

each. The layout of the heliostats is optimized such that 46 MW of solar energy is 

directed towards the receiver at design point. The ground receiver is equipped with 

seven hexagonal CPCs. Geometrical mirror imperfections, mirror absorption, and 

support structure obstruction losses were accounted for in both configurations. The 

authors conducted an optical ray-tracing analysis to study the rays pattern and flux 

density distribution on different planes for both configurations. The authors also 
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ensured that the position of the flux profile varies neither daily nor seasonally. Results 

showed that only the magnitude of the flux profile varies due to insolation variations 

during different times of the day and year. Non-uniform illumination in the proposed 

design was assumed negligible due to the PV receiver’s small size. For the first 

configuration, the authors suggested displacing the PV receiver 1.5 m above the 

location of the peak flux in the focal plane in order to reduce the flux incident on the 

PV receiver from 2400 suns to 800 suns, which can be tolerated for the used cells. 

Results for the first configuration reveal that for 55635 kW incident on the heliostats: 

 83.8% of the incident reaches the hyperboloidal mirror after accounting for 

heliostats (14.9%) and spillage (1.3%) losses, equal to 46605 kW. 

 20.5% of the incident reaches the PV receiver (which is 4 m in radius) after 

accounting for absorption (1.2%) and spillage (2.2%) losses, equal to 11407 

kW. 

 60% of the 20.5% that reaches the PV receiver is available for conversion to 

electricity, equal to 6844 kW. 

 54.6% of the incident reaches the ground receiver after accounting for 

attenuation (1.0%) losses, equal to 30400 kW. 

 With about 5% losses at the ground receiver, 49.6% of the incident could be 

converted into useful thermal energy, equal to 27616 kW. 

 4.2% of the incident is absorbed by the hyperboloidal mirror, equal to 2345 

kW. 

While for the second configuration, the size, location, and orientation of the 

paraboloidal mirror and PV receiver were optimized taking into account a number of 

trade-offs and ensuring that the mirror intercepts most of the radiation that would 

otherwise be collected by the ground receiver. Results for the second configuration 

reveal that for 55635 kW incident on the heliostats: 

 83.8% of the incident reaches the hyperboloidal mirror after accounting for 

heliostats (14.9%) and spillage (1.3%) losses, equal to 46605 kW. 

 78.6% of the incident reaches the paraboloidal mirror after accounting for 

hyperboloidal mirror absorption (4.2%) and attenuation (1%) losses, equal to 

43744 kW. 

 20.6% of the incident reaches the PV receiver after accounting for spillage 

(1.6%) losses, equal to 11449 kW. 
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Figure II-12: The Two Heliostat Central Receiver CPVT Configurations with (a) 

the Hyperboloidal Tower Reflector Mirror as the Beam Splitter and (b) an 

Additional Paraboloidal Mirror as the Beam Splitter [44] 

 

 

 60% of the 20.6% that reaches the PV receiver is available for conversion to 

electricity, equal to 6869 kW. 

 51.7% of the incident reaches the ground receiver, equal to 28778 kW. 

 With about 5% losses at the ground receiver, 46.7% of the incident could be 

converted into useful thermal energy, equal to 25995 kW. 

 4.2% of the incident is absorbed by the hyperboloidal mirror, equal to 2345 

kW. 

 4.7% of the incident is absorbed by the paraboloidal mirror, equal to 2625 kW. 

As such, the first configuration has a higher total efficiency; however, the second 

configuration provides lower placement for the PV receiver. A preliminary 

assessment indicates that a solar-to-electrical efficiency of 32% is achievable if the 

collected thermal energy is used in a combined cycle. 

II-2.2.3. Spot Fresnel lens CPVTs. 

In an early CPVT study, Nakata et al. [20] designed a unique point-focus 

Fresnel lenses-based CPVT system with a maximum 5 kW electrical output and 25 

kW thermal output for the electricity, DHW, and air conditioning of a commercial 
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building. The system is 22.5 m in diameter and 3.7 m in height. The system includes a 

turntable (16.5 m by 12.9 m in area) with three concentrator arrays and an azimuth-

elevation two-axis tracker. The tracking is based on a hybrid between predefined 

astronomical algorithms and electro-optical sensors with a power consumption of 250 

Wh-day-1. In-house customized circular Fresnel lenses with 83% optical efficiency, 

88% transmittance, high concentration ratios, reduced chromatic aberration, and 

uniform illumination homogeneity were developed as the system’s concentrator 

optics. The customized Fresnel lenses resulted in a significant performance 

improvement. The receivers have concentrator silicon PV cells with 0.6 Ω ∙cm bulk 

resistivity soldered to a metallic substrate using a metalized alumina plate. Each PV 

cell has a power output of 9 W and an electric efficiency of 11.8% under 4.5 W cm-1 

AM1.5 spectrum illumination and an operating temperature of 28℃. Water flows 

through a copper tube below the metal substrate and a polyurethane insulator 

surrounds the receiver. A glass cover sealed by resin is used to protect the receiver. A 

schematic of the receiver is shown in Fig. II-13. The CPVT consists of 120 receivers 

with 6 PV cells (50 mm diameter each) and 6 Fresnel lenses (40 cm by 40 cm each) 

per receiver. The complete system includes a charge controller, a battery bank, a DC-

AC converter, a water storage tank, an auxiliary heater, and a gird connection. 

 

 

 

Figure II-13: Schematic of the Receiver used in the Fresnel Lenses-Based CPVT 

[20] 
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Mbewe et al. [68] developed and validated a simplified semi-empirical 

electrical model for the performance evaluation (i.e., current-voltage curve, 

conversion efficiency, fill factor, open-circuit voltage, and short-circuit current) of 

silicon PV cells in CPV and CPVT systems as explicit functions of concentration ratio 

and cell temperature. A point-focus Fresnel lens-based CPVT design was then 

proposed where the developed model could be applied. The proposed CPVT receiver 

consists of a solar cell attached to a flow channel through an interlayer. A HTF then 

flows through the flow channel in a closed-loop and a heat exchanger is used to 

extract thermal energy from the HTF for residential or industrial DHW purposes. The 

CPVT consists of several receivers sharing the same heat extraction and sun tracking 

mechanism with each receiver having its own Fresnel lens. No further thermal or 

electrical analyses were performed on the proposed CPVT. However, the electrical 

model was both demonstrated and validated for the general case of a silicon PV cell 

under concentrated radiation. Modeling results for silicon PV cells show an electric 

efficiency of about 15% under 100X and 0.05 Ω ∙cm2 series resistance and an electric 

efficiency of about 17.5% under 100X and 325 K cell temperature. A 10% agreement 

between measured and modeled results was achieved. 

Ju et al. [116] numerically modeled and optimized an innovative pre-

illumination CPVT system that combines a spectrum splitter and a thermoelectric 

generator. Fig. II-14 shows a schematic of the proposed system’s design. As seen 

from the figure, the proposed design consists of a Fresnel lens, a spectral beam 

splitter, a PV receiver, a TEG receiver, and two heat sinks. A dichoric mirror splits 

the concentrated radiation directed on it by the Fresnel lens into two bands; a short 

wavelengths band directed to a GaAs PV receiver and a long wavelengths band 

directed to a CoSb3 TEG receiver. A heat sink is attached to the PV receiver to 

maintain it at a reasonable temperature and to the TEG receiver to create a meaningful 

temperature gradient for thermoelectric generation. In their 1D thermal and electrical 

model, the authors took into account the spectral response, concentration ratio, and 

operating temperatures of the PV and TEG components. Parametric studies in order to 

identify the effects of the cutoff wavelength, concentration ratio, and heat transfer 

coefficients on performance were also conducted. Results show that an optimum 

cutoff wavelength is 900 nm and an optimum concentration ratio is 770X. Under 

these conditions, the cumulative electrical output is 0.1905 W, the power fraction of 
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the TEG is 10.92%, the PV cell’s average temperature is 350 K, the temperature 

difference between the hot and cold sides of the TEG is about 470 K, and the system’s 

electrical efficiency is 27.49%. The authors concluded that the proposed PV and TEG 

hybrid system has better performance compared to a PV-only system under high 

concentration ratios. 

 

 

 

Figure II-14: CPVT System with Spectral Beam Splitter and Thermoelectric 

Generator [116] 

 

 

Wong and Dorney [157] developed an early spot Fresnel lenses-based CPVT 

system with pre-illumination PV heat extraction using an innovative direct absorption 

HTF concept in 1982. As shown in Fig. II-15, the CPVT design primarily consists of 

square point-focus Fresnel lenses, water-filled transparent glass tubes, silicon PV 

cells, and finned copper cooling tubes. The water-filled glass tube performs two 

functions. The first is extracting and utilizing the non-PV-useful band of solar 

radiation before falling on the PV cells. The second is to further concentrate radiation 

onto the PV cells. The PV cells receive more spectrally-matched radiation due to the 



 
 

233 

 

effect of the glass tube. Nevertheless, thermalization losses will still generate heat 

within the PV cells. As such, water flows through the finned copper tube to prevent 

any overheating. The copper tube is attached to the back of the PV cells using a 

highly-conductive silicon compound. The same water circulates through both the 

copper (inlet) and the concentration (outlet) tubes. Highly-polished aluminum 

reflectors function as secondary concentrators between the concentrator tube and the 

PV cells in order to minimize any spillage loses. The system was stationary; however, 

it was periodically tilted and operated at a concentration ratio of about 230X. 

Experimental testing results for a flow rate of 12.9 L-hr-1 and an ambient temperature 

of 19.4℃ show a thermal output of 41.5 W, an electrical output of 0.0378 W, a 

thermal efficiency of about 35%, an electrical efficiency of about 0.032%, and a peak 

water outlet temperature of about 29.4℃. The extremely low electrical performance 

was attributed to the PV cells not being designed for concentrated operation, not using 

the aluminum reflectors in the testing prototype which resulted in appreciable spillage 

losses, and some cells not functioning at their rated output under standard testing 

conditions. 

Xia et al. [148] developed and built a novel CPVT design that integrates 

holographic optical elements (HOEs) and Fresnel lenses. The system consists of a PV 

receiver, a tubular thermal receiver, a dual-film broadband HOE, and Fresnel lenses. 

In the HOE, the first hologram collects visible light for PV conversion while the 

second collects infrared radiation for thermal conversion. The HOE is angularly, 

spectrally, and spatially multiplexed such that it possesses a large acceptance angle 

enabling stationary operation. The HOE with an area of 0.0232 m2 was fabricated and 

tested. Results show visible light diffraction efficiency in the range of 70-96%. In the 

CPVT design, a high-temperature copper tube with thermal insulation receives 

infrared radiation while four GaAs PV cells receive visible radiation spectrally spread 

across the cells’ surface. Water storage is also employed in the system. The HOE was 

attached to a plastic Fresnel lens, achieving a geometric concentration ratio of 30X 

considering only the PV receiver area. Electrical testing results for a radiation of 3.6 

W reveal a PV output of about 0.6 W with an efficiency of 15%. Thermal testing 

results show a thermal efficiency of about 35% for a water velocity of about 1 cm-sec-

1. The authors concluded that further HOE, tubular receiver, and PV receiver design 
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optimizations could bring the total solar-to-useful conversion efficiency up to about 

60%. 

 

 

 

Figure II-15: Early CPVT System with Pre-Illumination PV Heat Extraction 

using Water Tube Direct Absorption [157] 

 

 

II-2.3. Low-Concentration CPVTs 

In this section, we will cover low-concentration CPVTs based on booster 

reflectors, CPCs, luminescent concentrators, and holographic concentrators. 

Petrova-Koch and Goetzberger [34] briefly discussed the concept of using a 

luminescent concentrator integrated with a PVT receiver to form a luminescent-based 

CPVT. The luminescent concentrator enables the collection of both direct and diffuse 

radiations without the need for tracking in addition to splitting the incident radiation 

both spectrally and spatially. The proposed CPVT design consists of a luminescent 
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concentrator inserted between a top transparent cover and a bottom absorber plate 

with monocrystalline silicon PV cells inserted to the side(s) of the luminescent 

concentrator. The luminescent concentrator doped with the appropriate dyes would 

then perform two functions. The first is converting the solar spectrum into red (or 

near-infrared) radiation that the PV cells efficiently utilize. The second is transmitting 

the infrared portion of the solar spectrum (which is useless to the monocrystalline 

silicon PV cells) to directly reach the absorber below it. As such, the proposed system 

can be categorized as a pre-illumination PV heat extraction system. The absorber also 

receives the luminescent radiation emitted through the bottom surface of the 

concentrator in addition to heat transferred to it by conduction, convection, and 

radiation from the concentrator. As such, the temperature of the PV cells could be 

noticeably reduced as a result of the reduced thermalization losses. And at the same 

time, useful thermal energy is collected by the absorber. Rough calculations estimate 

the electrical and thermal efficiencies of the proposed system to be 5 to 10% and 50 to 

60%, respectively. 

Guiqiang et al. [35] conducted a preliminary theoretical performance 

evaluation of a CPC-based CPVT design intended for building integration using a 

zero-dimensional energy balance model. The CPC collector allows for concentration 

ratios up to 3X without tracking, which facilitates the integration of the CPVT design 

into a residence to provide electricity, DHW, and space heating. The design’s receiver 

consists of a U-shaped channel embedded within an insulated absorber plate with PV 

cells mounted on top of it. The U-type channel provides a uniform temperature across 

the PV cells, which improves electrical efficiency of the PV module. The design uses 

a glass cover. Analysis results conducted for 1X, 1.5X, 2X, 2.5X, and 3X show that 

the electrical efficiency decreases with increased concentration, the thermal efficiency 

increases with increased concentration, the overall CPVT efficiency increases with 

increased concentration, the required PV area decreases with increased concentration, 

and both thermal and electrical efficiencies decrease with increased outlet 

temperatures as a result of increased heat losses and elevated cell temperatures, 

respectively. For 3X and 60℃ water outlet temperature, the thermal efficiency is 

62.2% and the electrical efficiency is 10.4%. 

Sun and Shi [40] developed a one-dimensional numerical model for the 

evaluation of the electrical and thermal performance and a ray tracing model for 
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optical performance of a CPVT design based on three truncated (by third height) 

CPCs with air as the HTF. As seen in Fig. II-16, the solar cells are attached in-series 

to an absorber panel. The absorber panel has fins extruded from it to enhance heat 

transfer. The absorber panel with the back plate forms a cavity passage where air 

passes. The low-iron glass cover with the absorber panel forms an enclosure to protect 

the CPCs and PV cells. The entire CPVT is surrounded by an insulator material. For a 

concentration ratio of two, results show a total efficiency of about 75%, an exergetic 

efficiency of about 17.6%, a thermal efficiency of about 66%, an electrical efficiency 

of about 9%, and a HTF outlet temperature of about 89℃. 

 

 

 

Figure II-16: CPVT Design with Three Truncated CPCs and Air as a HTF [40] 

 

 

Xu et al. [42] built and experimentally evaluated an innovative CPC-based 

CPVT system integrated with a heat pump cycle and a water storage tank, as shown in 

Fig. II-17. The CPVT’s thermal receiver functions as the evaporator of the heat pump. 

Each CPVT unit has an aperture of 1.584 m2 and consists of six modules with a PVT 

receiver for each module. Truncated, mirror-finished aluminum CPCs (with 88% 

reflectance) surround each PVT receiver from both sides. Each PVT receiver consists 

of an array of six glass-laminated PV cells adhered to a thermal receiver using 

conductive glue. In each thermal receiver, R-134a flows through multi-port flat 

extruded aluminum tubes collecting thermal energy. The R-134a vaporizes and enters 

a 170 W rotary compressor where its pressure and temperature are elevated. At a 

tube-in-tube condenser (functioning as an intermediate heat exchanger), the harvested 
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thermal energy by the R-134a HTF is transferred to water, which is either stored or 

directly utilized. The R-134a then passes through the expansion valve where its 

pressure and temperature are lowered to repeat the cycle. The R-134a allows for the 

efficient cooling of the PV cells and the efficient utilization of thermal energy. The 

system also includes a PV charge controller and a 12 V battery. Outdoor experimental 

results show that for an outlet water temperature range between 30 and 70℃, the 

coefficient of performance (COP) and the energy efficiency ratio of the heat pump 

range between 6.9 to 3.1 and 5.1 to 2.5, respectively. Results also show a remarkable 

improvement of averaged electrical efficiency from 12.9% for the case of a CPV 

without the thermal components to 17.5% for the CPVT system. The authors 

concluded that operating the PVs at the MPP voltage would yield higher power output 

and improved electrical efficiency. 

 

 

 

Figure II-17: Configuration Schematic of the CPC-Based CPVT System 

Integrated with a Heat Pump [42] 
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Xuetao et al. [43] developed an electrical and thermal model for the evaluation 

of the performance of a CPC-based CPVT design. The CPVT uses maximum power 

point tracking and provides both power and hot water. Water flows through a channel 

below the PV cell to harvest thermal energy. The PV cell consists of a protective glass 

layer, the p-n junction, and a substrate with the CPC fixed around it from both sides. 

Theoretical results show approximately 87% total efficiency, 16% electrical 

efficiency, and 71% thermal efficiency at a concentration ratio of 6X and water outlet 

temperature of 50℃. Assuming nine hours of operation under 1000 W-m-2 irradiation, 

the system would theoretically produce about 3264 W and 917 W of thermal and 

electrical outputs, respectively. 

Strong et al. [128] developed and deployed one of the earliest low 

concentration CPVT systems in 1979. The system’s design is based on a simple flat-

walled 5X conical aluminum concentrator. The system also uses circular 

monocrystalline silicon cells and a one-axis step tracking systems. The PV cell is 

fixed on an aluminum extrusion 1 cm below the conical concentrator using a 

dielectric thermal setting epoxy. This 1 cm gap between the concentrator and cell 

surface allows for air circulation in a horizontal zigzag fashion as a heat extraction 

method. In another configuration, water flows through passages integrated to the 

bottom of the aluminum extrusions. The air-based configuration allows for a HTF 

temperature rise of 6-8℃ while the liquid-based configuration allows for 8-10℃ with 

both configurations maintaining the PV cells at 60-65℃. The CPVT units are then 

arranged in alternating rows and columns within an aluminum housing, as shown in 

Fig. II-18. The one-axis azimuth tracker uses a three step sequence that places the 

system at 25° east of solar noon, at solar noon, or at 25° west of solar noon. This is 

accomplished using three control PV cells oriented at the defined tracking positions. 

The low concentration ratio allows for a wide acceptance angle (up to 20°) and the use 

of this simplified tracking mechanism. The system was successfully deployed in 

several residential and light commercial areas for power, space heating, and DHW 

purposes; including two private residences, two banks, and a 270 units housing 

complex. The housing complex utilizes 40 CPVT modules with a gross electric output 

of 3 kW of electricity. This electrical energy is used to power the pumps of a 2000 m2 

FPCs system that provides DHW for the complex. The thermal energy from the 

CPVT modules is used to assist with the DHW supply using tube-and-shell heat 
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exchangers. This housing complex is located in Quincy, Massachusetts and the CPVT 

modules are shown in Fig. II-18 (with the FPCs shown in the background). The CPVT 

modules have been operational in field for three years (at the time of this study) with a 

cost between 12 and 15 dollars per W of electricity. 

Kostić et al. theoretically and experimentally studied the effects of the 

concentrator’s reflectance [90] and module orientation [89] on the performance of a 

low concentration CPVT system with two inclined flat booster reflectors fixed to its 

sides. The CPVT uses the classic sheet-and-tube configuration, as shown in Fig. II-19. 

The design uses monocrystalline silicon cells attached to aluminum sheet absorbers 

with copper tubes installed below them where water can flow. A glass glazing, 

mineral wool thermal insulation, and an anodized aluminum enclosure were also used. 

The booster reflectors are made from aluminum sheet with diffuse radiation reflection 

and achieve a concentration ratio of about 1.5X [89]. The authors tested the CPVT 

system in addition to a PVT without the booster reflectors for comparison purposes. 

The testing configuration included a water thermal storage tank, battery, inverter, and 

other BoP and testing equipment. The CPVT does not use tracking and is capable of 

harvesting both beam and diffuse radiations. The authors developed an analytical 

model to find the optimal positioning of the top and bottom reflectors in order to 

collect the maximum solar radiation for a tilt angle 𝛽 = 45°, with respect to the 

notation shown in Fig. II-19. Results vary during the year with variation of the 

declination angle and range between 5° and 38° for 𝛼2 while 𝛼1is zero [89]. The 

analytical optimum positioning model was compared with experimental data and the 

agreement was excellent. The authors also found that the electrical and thermal 

efficiencies of the PVT without reflectors are higher than the CPVT module due to 

elevated cell temperature and increased thermal losses. Nevertheless, the CPVT 

achieves higher electrical and thermal outputs due to the extra harvested solar 

radiation. In fact, for an additional cost of 10% for the addition of the aluminum 

reflectors, the energy gain achieved in summer is 20.5-35.7% [89]. Field testing 

results show average electrical and thermal efficiencies of 3.69% and 36.98%, 

respectively, and electrical and thermal outputs for a typical day of 375 and 3750 Wh 

for the CPVT, respectively [89]. In another study [90], the authors concluded that 

using alumni foil instead of aluminum sheets for the booster reflectors results in 
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increased concentrated radiation intensity due to the higher specular reflectance of 

aluminum foil compared to aluminum sheets. 

 

 

 

Figure II-18: Early Conical CPVT Prototype [128] 

 

 

 

Figure II-19: Low Concentration CPVT with Booster Reflectors [90] 
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Hedayatizadeh et al. [132] thermally and electrically modeled and simulated a 

CPC-based stationary CPVT system. The CPVT system consists of a module of 36 

polycrystalline PV cells attached to an absorber with a packing factor of 90%.  The 

PV module consists of a glass layer above the PV cells and an EVA and a tedlar 

layers below them.  Water ducts are integrated below the absorber with an insulation 

layer surrounding them. The CPC has a reflectance of 85%, a concentration ratio of 

2X, and an acceptance half-angle of 30°. The authors developed a 1D steady-state 

thermal model and an electrical model for their system. The model was validated 

against experimental data from the literature with correlation coefficients above 

0.980. Simulation of the system without the CPC was conducted in details. However, 

very little information was given on the actual system performance with the CPC. 

Finally, the authors conducted a number of parametric studies to understand the 

effects of the inlet water temperature, mass flow rate, solar irradiance, and wind speed 

on the thermal and electrical efficiencies. The authors concluded that using a CPC 

improves both electrical and thermal efficiencies as long as the HTF’s flow rate is 

increased to enhance the rate of heat transfer. However, the increased parasitic load as 

a result of the higher flow rate was not quantified. 

Iurevych et al. [134] proposed an interesting CPVT design based on a 

holographic film that performs both solar concentration and spectral decomposition. 

Just like all pre-illumination PV heat extraction methods, the holographic film splits 

solar radiation into two bands; the visible light band is directed to the PV receiver 

while the infrared band is directed to the thermal receiver. The proposed system is 

shown in Fig. II-20 and provides both electricity and DHW. As seen from the figure, 

the holographic film internally reflects visible light via a solid polycarbonate 

waveguide till it reaches the PV receiver. In the same time, the holographic film 

directly transmits infrared radiation towards a heat-conductive layer attached to an 

absorber with HTF tubes integrated within it. Additionally, the heat-conductive layer 

also collects thermal energy from the PV receiver to further decrease its temperature. 

A portion of solar radiation does not pass by the holographic film and directly hits the 

PV receiver without concentration or decomposition, as seen from the figure. The flux 

concentration ratio for the PV receiver is about 3X with a system aperture area of 

0.735 m2. The authors developed a zero-dimensional steady-state model for their 

system and simulated its performance. Results for an ambient temperature of 28℃ 
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show electric and thermal outputs of 106 and 572 W, respectively, and electric and 

thermal efficiencies of 10.7% and 70%, respectively. 

 

 

 

Figure II-20: Schematic of the Holographic Film CPVT Design [134] 

 

 

Fröhlich et al. [139] designed and fabricated an innovative CPVT system 

using arrays of holographic lenses in conjunction with arrays of GaAs and AlGaAs 

cells. The authors optically, electrically, and thermal evaluated the system’s 

performance. The holographic lenses function as both spectral decomposers and 

radiation concentrators. As such, solar radiation is concentrated and split between the 

GaAs and AlGaAs cells according to their spectral response. This achieves a spectral 

matching effect similar to a double-junction PV cell with a solar concentrator. Unlike 

common refractive and reflective concentrators, the utilized lenses are highly-

dispersive phase transmission holograms embedded in dichromatic gelatin functioning 

as diffractive elements. Modifying the geometry and fabrication process of the lens 

allows control over diffraction’s central wavelength and bandwidth. The lens is 

practically transparent with respect to wavelengths outside its designated bandwidth. 

Fig. II-21a shows a schematic of the CPVT design. As seen from the figure, two 

arrays of holographic lenses are placed back-to-back with each individual lens having 

an area of 20 by 20 cm2. Each holographic element consists of two holograms joined 

by an epoxy adhesive with a correction grating placed in front of the focusing 
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hologram forming a thick phase hologram, as shown in Fig. II-21b. A lens then 

concentrates rays to the PV receiver. A gelatin cover protects the holographic element 

from soiling effects. The authors found that a combination of GaAs and AlGaAs cells 

has an optimum spectral response with respect to the holographic lenses in order to 

obtain the maximum electrical efficiency. As such, the top and bottom arrays have 

diffractive bandwidths between 750 to 1000 (concentrated onto the GaAs cells) and 

400 to 600 nm (concentrated onto the AlGaAs cells), respectively, with an overlap 

between 600 and 750 nm, as shown in Fig. II-21c. Each cell has an area of 3 by 3 cm2, 

resulting in a geometric concentration ratio of about 22.2X (when a GaAs and a 

AlGaAs cell are coupled to each lens). A liquid-cooled absorber receives radiation 

that does not fall on the PV cells while simultaneously cooling the PV cells, resulting 

in a unique pre-illumination heat extraction concept. The authors optically assessed 

their design by finding the concentration distribution over each cell receiver. Results 

show a non-uniform profile with high localized concentration ratios over each cell. 

Electrical performance assessment revealed a combined electrical efficiency of 

22.1%, a GaAs efficiency of 9.90%, and a AlGaAs efficiency of 12.19%. However, 

when efficiency is defined with respect to radiation impinging upon each cell instead 

of total radiation entering the CPVT’s aperture; the conversion efficiency of the GaAs 

and AlGaAs cells becomes 34.23% and 40.11%, respectively. A preliminary thermal 

assessment shows a thermal efficiency of 35.2%. A prototype of the holographic 

lenses was developed and optically evaluated with results showing diffraction 

efficiencies of 77% for long wavelengths and 40% for short wavelengths when the 

long wavelength lenses are placed above the short wavelength lenses. Further 

experiments revealed that the low diffractive efficiency for short wavelengths is 

attributed to a diffraction efficiency of 20% for the correction grating in the range of 

400 to 600 nm. 

Brogren et al. [93] developed a low-concentration CPC-based CPVT system 

for building integration purposes in high altitude countries. An optical analysis of the 

optical surfaces in the CPVT (i.e., the CPC, glass glazing, and PV cell) and their 

effect on performance is conducted in addition to an electrical and thermal 

performance assessment and a preliminary economic assessment. The CPVT system 

consists of three rows oriented east-west with a total aperture area of 7.2 m2, an 

acceptance half-angle of 12°, and a concentration ratio of 4X. Each row consists of  
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Figure II-21: (a) CPVT Design with Double Holographic Lenses and Multiple PV 

Receivers, (b) Ray Tracing through an Individual Holographic Lens, and (c) The 

Diffraction Efficiency of the Two Holographic Lenses Stack with Central 

Diffraction Wavelengths of 550 and 800 nm and a Total Effective Bandwidth 

between 400 and 1000 nm [139] 

 

 

four series-connected PV strings with 12 monocrystalline cells laminated to an 

aluminum profile per string.  Water flows through a cooling fin attached to the back 

of the modules. The system is stationary, with a requirement that the inclination angle 

be changed four times per year. The CPCs are made from bright anodizes aluminum, 

truncated at a height of 0.45 m, coated with an anti-reflecting glazing, and have a 

reflectance of 81%. The authors evaluated the optical efficiency of their system using 

short-circuit current measurements, theoretical calculations, and thermal 

measurements. Results show an optical efficiency of 71%, taking into account optical 

losses at the CPC, glazing, and PV cell. The authors also assessed the thermal and 

electrical performance of their system, the effect of non-uniform illumination on 

performance, and the design’s economic feasibility. Results show peak thermal and 

electrical outputs of 3500 and 500 W. Compared to a conventional PV module with 
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the same area, the output from the CPVT system (electrical and thermal) is increased 

18 folds. While if only electrical output is considered, the CPVT produces 2.22 times 

more electricity. Similarly, when compared to a conventional STC, the CPVT system 

produces 1.97 times more thermal energy. This shows that the proposed CPVT has an 

excellent value energy-wise for limited-area sectors such as building integration. 

Results also show that electrical efficiency is highly affected by uneven illumination 

distribution due to the formation of a high local concentration line along the PV area. 

Preliminary cost analysis estimates the CPVT’s investment to be about €220 per m2 

glazed area. Finally, the authors concluded that using CPCs with a better optical 

properties and a glazing with an antireflection coating would result in an improved 

optical efficiency. 

Brogren and Karlsson [94] designed and evaluated the performance of two 

more low-concentration CPC-based CPVTs with different configurations for high 

altitude locations. The first configuration is aimed at residential façade integration 

applications while the second is aimed at residential ground mounting applications. 

The first design utilizes stationary aluminum CPCs with a concentration ratio of 3X 

and an acrylic front cover. The second design utilizes stationary asymmetrically-

truncated CPCs (made from anodized aluminum sheets or laminated aluminum foils) 

in an east-west orientation with a concentration ratio of 4.3X and an acceptance half-

angle of 22.5°. Both configurations utilize a receiver that consists of a string of 

monocrystalline silicon cells laminated to a copper fin absorber with water tubes 

welded on its back. Results for the 3X design show an optical efficiency of 60%, an 

electrical output of 200 kWh per m2 per year, a thermal output of 510 kWh per m2 per 

year, and a HTF outlet temperature of 50℃. While for the 4.3X design, results show 

200 kWh and 800 kWh of electrical and thermal outputs per m2 per year, respectively. 

The authors concluded that making the thermal receiver’s find thicker and using two 

tubes instead of one should enhance heat transfer between the PV cells and the HTF. 

The authors also found that the proposed CPVT systems offer about double the 

electric output compared to vertical building-integration conventional PV alternatives, 

in addition to substantial amounts of thermal energy at 50°. Finally, the investment 

cost for the 4.3X design is about €0.8 per kWh delivered annually. 

Davidsson et al. [95] developed another façade-integrated CPVT system with 

booster reflectors at Lund University, Sweden for electricity and DHW generation. 
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The CPVT design, called the solar window, is meant to be integrated into the inside of 

standard windows in order to share glazing and frame. The solar window, shown in 

Fig. II-22, consists of a thermal receiver on which PV cell are laminated (with a 

packing factor of 0.8) in addition to booster reflectors (made from conventional 

anodized aluminum) placed behind the thermal receiver. The thermal receiver has 

tubes embedded within it where water flows. The reflectors could either be tilted to be 

in a vertical position or a horizontal position, as shown in Fig. II-22. When the 

reflectors are in a vertical position (closed), solar radiation is concentrated onto the 

receiver. While when they are titled to be in the horizontal position (open), solar 

radiation enters the building in a passive heating mode. Two prototypes of the solar 

window have been installed and monitored in a laboratory at Lund University and into 

a single-family house. The laboratory prototype consists of five modules, 8 series-

connected PV cells, and has an aperture area of 1.2 m2. The house prototype consists 

of four units with eight modules per unit, 64 series-connected PV cells, and has an 

aperture area of 16 m2. The CPVT’s double-glazing is treated with anti-reflection 

coating and the design has a geometrical concentration ratio of 2.45X. A unique 

feature of this design is that direct beam, diffuse, and reflected radiations are all 

utilized for electrical and thermal power generation since the CPVT’s receiver is 

stationary. A semi-empirical model was developed by the authors in order to evaluate 

the optical, thermal, and electrical performance of the solar window. The model was 

validated against measured results with excellent agreement. Results show that the 

reflectors contribute 30-50% of electrical output during periods with low solar 

altitude. A comparison with two conventional PV modules (one wall-mounted and 

another roof-mounted) with the same efficiencies and areas as the solar window 

shows that that the solar window delivers about 35% more annual electric output than 

the wall-mounted PV module and about 20% less annual electric output than the roof-

mounted PV module. Another comparison with two conventional STC panels (one 

wall-mounted and another roof-mounted) shows that in order for all three designs to 

have the same annual thermal yield, the required areas for the solar window, wall-

integrated STC, and roof-integrated STC are 16 (5.06 in receiver area), 8.3, and 6.0 

m2, respectively. A loss mechanisms analysis shows that the annual electrical output 

could be increased by 23% if the glazing was removed and by 19% if shading could 

be avoided. The authors concluded that an ideal façade-integrated solar element 
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would have low thermal losses during dark hours and cold sunny hours, a high solar 

transmittance during cold sunny hours, and a high shading level during warm sunny 

hours. 

 

 

 

Figure II-22: The Solar Window CPVT Design [95] 

 

 

Nilsson et al. of Lund University [96] developed another CPC-based CPVT 

for high altitude countries called the MaximumReflectorCollector (MaReCo) for 

building integration purposes and simulated its performance using MINSUN 

simulation software. The MaReCo utilizes asymmetrically-truncated CPCs and 

monocrystalline PV cells laminated to an aluminum receiver that was eloxidized to a 

dark color in order to improve its heat absorption. The front and back reflectors have 

geometric concentration ratios of 3.5X and 2.5X, respectively, and a combined 

acceptance interval of 20-65°. Three different MaReCo configurations were evaluated 

by the authors. MaReCo1 has two cells facing the back reflector, three cells facing the 

front reflector, and uses anodized aluminum for the CPCs. MaReCo2 has 12 cells 

facing the back reflector, no cells facing the front reflector, and uses steel with an 

aluminum coating for the CPCs. MaReCo3 has no cells facing the back reflector, 20 

cells facing the front reflector, and uses anodized aluminum for the CPCs. Other 

geometrical variations between the three designs also exist [96]. The authors varied 
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the transverse projected angle of incidence and studied its effect on the electrical 

performance and irradiance distribution with front and back reflectors. Results show 

that the back reflector collects most of the radiation at low transverse angles of 

incidence while the front reflector collects most of the radiation at high transverse 

angles of incidence. Thermal evaluation results of MaReCo3 show a thermal output of 

145 kWh-m-2 at a HTF temperature of 50℃. Electrical evaluation results show that 

the optimum placement of the PV cells is in front of the front reflector (49% output 

increase for front reflector compared to 23% increase for back reflector). 

Ricardo et al. [97] developed a low-concentration CPVT design with an 

asymmetric CPC and evaluated its optical and electrical performance. The design uses 

an aluminum thermal absorber with water flowing inside it and PV cells laminated on 

both its upper and lower sides. Each side has two PV strings with 38 cells per string. 

The upper side receives radiation without any concentration while the lower side 

receives reflected 1.5X concentrated radiation. The CPC is made from anodized 

aluminum with a reflectance of about 95%. A glazing made from low-iron glass with 

a transmittance of 90% is also used. The active aperture area per CPVT module is 

1.74 m2. The authors studied how cell temperature and transverse and longitudinal 

incidence angles affect electrical performance. Optical analysis took into account 

edge effect, bypass diodes, diffuse radiation, and acceptance angles. Results show a 

maximum electrical output of 272 W, an electrical efficiency of 20.9% per cell area at 

a cell temperature of 25℃, an electrical efficiency of 13.9% per active glazed area, 

and a cell temperature coefficient of -0.4 %-K-1. The authors concluded that removing 

outermost cells, turning edge cells by 90°, dividing each string to 3-4 segments, and 

using N-S tracking; electrical performance could be noticeably improved. 

Künnemeyer et al [123] in New Zealand theoretically and experimentally 

evaluated a V-trough CPVT design since V-trough concentrators are easier to 

fabricate compared to the more common CPCs. The proposed CPVT system consists 

of V-trough concentrators made from mirror-finished stainless steel (reflectance of 

67%) such that the inner sides of a V-trough reflect solar radiation onto a linear PV 

receiver with a geometric concentration ratio of 2.36X. The PV receiver fixed at the 

trough’s bas consists of 14 series-connected polycrystalline silicon cells laminated to 

a stainless steel sheet using EVA with a HTF flowing through a tube below the cells. 

The troughs were oriented east-west while the PV receiver was inclined to the 

http://www.sciencedirect.com/science/article/pii/S0038092X13005057
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horizontal at an angle of 37.5° (equal to local latitude). Four modules were 

manufactured with performance assessment results showing a substantial open-circuit 

voltage drop when cooling is not used in addition to a solar-to-useful efficiency that is 

double that of a standard PV module. Results also show a peak combined thermal and 

electrical efficiency of approximately 35% and peak thermal and electrical outputs of 

approximately 150 and 53 W, respectively. Furthermore, results show excellent 

agreement between experimental results and the optical, electrical, and thermal 

models. The authors concluded that a reduction of convection and radiation heat 

losses by using a glazing cover and employing a concentrator material with a higher 

optical reflectance could improve the poor performance of the system. Nevertheless, 

even though adding the V-troughs does not result in a noticeable efficiency 

improvement, the annual yield is significantly increased. 

Tripanagnostopoulos et al. [67] experimentally evaluated the thermal and 

electrical performance of different PVT designs including a CPVT with diffuse 

booster reflectors. The addition of diffuse booster reflectors between parallel PV rows 

enables the better utilization of incoming solar radiation and achieves a smoother 

irradiance distribution. It was noted that specular booster reflectors would achieve a 

higher solar input but diffuse reflectors are cheaper and are easily combined with 

standard PV modules. The authors experimented with a variety of configurations 

including air and water as HTFs, amorphous and polycrystalline silicon as PV cell 

types, glazing and open options, and diffuse booster reflectors and non-concentrated 

options. The water-based design is composed of a thin copper sheet attached to the 

PV cells. Copper water pipes are attached below the copper sheet while polyurethane 

insulation surrounds the system. The air-based design is based on an air duct that is 

formed between the PV receiver and the polyurethane insulation with plastic tubes 

placed at the entrance and exit of the duct for air circulation. The diffuse booster 

reflectors are made from aluminum sheet and achieve an average effective 

concentration ratio of about 1.35X. The authors conducted parametric studies to 

investigate how varying the orientation and geometry (angle of incidence, ratio of 

receiver-to-reflector lengths, angle between receiver and reflector) of the CPVT 

system affects the effective concentration ratio. Thermal and electrical performance 

assessment of the water HTF configuration with glazing and polycrystalline silicon as 

a PV type shows thermal and electrical efficiencies of approximately 80% and 13%, 
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respectively, when the HTF inlet temperature is equal to the ambient temperature. 

Similarly, using the same configuration and conditions but by using air as the HTF the 

thermal and electrical efficiencies obtained are approximately 75% and 12.5%, 

respectively. It was concluded that polycrystalline silicon configurations are more 

efficient and economic than amorphous silicon configurations, water as a HTF is 

more efficient than air especially during summer, glazing increases thermal efficiency 

by 30% but at the expense of a 16% electrical efficiency drop, diffuse booster 

reflectors increase both electrical and thermal outputs, combining both glazing and 

diffuse booster reflectors results in a significant thermal and electrical output increase 

while keeping the electrical efficiency almost unchanged, and an angle of 90° between 

the reflector and receiver achieves both a satisfactory effective solar concentration 

and a smooth illumination distribution. Finally, the authors recommended using 

CPVTs with low-cost booster reflectors instead of standard PVTs in order to achieve 

a more efficient and cost-effective design capable of reaching commercial status. 

Chaabanea et al. [61] experimentally assessed the performance of low-

concentration CPV and CPVT systems with an asymmetric CPC over a summer day 

at the Tunisian Saharan city of Tozeur. The authors also developed a 3D numerical 

CFD simulation model using Fleunt to evaluate their system’s performance and 

validated it against the obtained experimental data. The CPVT system consists of 18 

series-connected monocrystalline PV cells positioned at the middle of a longer black-

pained steel rectangular pipe such that the water flow is fully-developed when in-

contact with the PV cells. The concentrator is a stainless steel asymmetric CPC 3.64 

m in length and 2 m in width with a geometric concentration ratio of 14.5X 

(considering the entire black-pained pipe as the receiver). Experimental thermal and 

electrical evaluation revealed that both electrical output and efficiency increase when 

the mass flow rate is increased from 0.087 to 0.05 L-sec-1. The peak electrical output 

and efficiency using 0.05 L-sec-1 are 16 W and 10.02%, respectively, while peak 

thermal efficiency is 16%. Compared to the CPV system, the CPVT achieved a 

maximum electrical efficiency of 10.02% as compared to 9.4% for the CPV and a 

maximum electrical output of 16 W compared to 13.8 W for the CPV. The CFD 

simulated results were in good agreement with experimental data. Finally, the authors 

concluded that numerically optimizing the system’s geometry could lead to further 

performance improvements. 
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Garg et al. [74] theoretically designed and analyzed a stationary low-

concentration CPVT system equipped with plane booster reflectors meant for a solar 

drying application. Thus, the PV cells are sized in order to drive the pump required 

for air circulation. The addition of booster reflectors reduces the required PV cell area 

in order for the system to be self-sufficient. Three configurations were developed and 

studied—reflector on top of collector, reflector at the bottom of collector, and 

reflectors at both sides of collector. The design consists of an air FPC with a single 

glazing converted into a CPVT by pasting circular PV cells directly over the absorber 

plate and adding thin aluminum foil booster reflectors. Air flows in a passage between 

two metallic plates with the top plate being black-painted and having PV cells pasted 

on its surface. The intensity of the reflected solar irradiance is a function of the 

reflector’s length, tilt angle of the collector, and angle between the collector and 

reflector. The collector was titled with a 45° angle facing south while the angle with 

the reflector and the reflector’s length were varied. It was found that an optimum 

angle for the top (between 80° and 110°) and bottom (between 10° and 45°) reflectors 

exists for each month. Thus, changing the reflector’s angle once every month yields 

an effective concentration ratio approximately between 1.15X and 1.2X. It was also 

found that as the reflector’s length increases, the reflected irradiance’s intensity keeps 

increasing up to 1.2 m where intensity improvements becomes negligible. Air’s outlet 

temperatures was found to be highest for the configuration with top and bottom 

reflectors compared to only top, only bottom, and no reflectors configurations. The 

difference in air’s outlet temperature between these configurations is more noticeable 

when the collector is longer and the flow rate is lower. For a collector length of 5 m 

and air mass flow rate of 500 kg-h-1, the peak air outlet temperature was 

approximately 57℃ at solar noon. The authors conducted additional parametric 

studies to investigate the effects mass flow rate, packing factor, and air duct depth 

have on thermal and electrical efficiencies. For a packing factor of 100%, a duct depth 

of 5 cm, and a mass flow rate of 500 kg-h-1, the average thermal efficiency reaches 

approximately 60% while the average electrical efficiency is approximately 8.5%. 

While for electrical efficiency, it was found that using boosters reduces electrical 

efficiency which is at a minimum at solar noon due to elevated cell temperatures. It 

was also found that increasing mass flow rate and decreasing duct depth increase the 

electrical efficiency. Decreasing the duct depth also improves thermal efficiency due 
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to the higher heat transfer coefficient. However, it is important to notice that 

decreasing the duct depth increases the required pumping power considerably. This 

increase in required pumping power is much higher than the electrical output increase 

due to the higher electrical efficiency. As such, a duct with a large depth is preferable. 

The authors concluded that considerable economic savings are possible using the 

proposed configuration due to the replacement of PV cells with reflector optics. The 

authors also pointed that temperature variations along the receiver’s length could be 

noticeable, especially for low flow rates, requiring a 1D model. 

In another study, Garg et al. [75] designed and experimentally characterized a 

low-concentration CPVT that is originally a thermosyphon water heater converted 

into a CPVT hybrid by pasting PV cells over the absorbing plate and integrating it 

with parabolic booster reflectors. The authors modified the model of a thermosyphon 

to include PV cells and parabolic reflectors and found excellent agreement between 

experimental and modeling results. The proposed system has an aperture of 2.97 m2 

and consists of thin aluminum foil parabolic reflectors, monocrystalline silicon cells, a 

MPPT, a single glass glazing, a 150 L water storage tank composed of two concentric 

cylindrical tanks made from galvanized iron sheets, and is placed facing south at a 45° 

angle. The absorber plate is made of aluminum foil and has four channels with 

parabolic reflectors on both sides of each channel yielding a concentration ratio of 

2.1X. 102 PV cells are attached to a cloth-like material using silicon resin above the 

absorber plate. The cloth-like material prevents short-circuiting of adjacent cells. The 

PV cells are grouped into three strings with cells series-connected within each string. 

Copper tubes are brazed behind the absorber through which water flows. The 

system’s packing factor is 0.43 with a selective paint used on the absorber’s areas not 

covered by PV cells. Thermal and electrical characterization results reveal that: 

 The absorber plate’s temperature is higher than the boiling point of water 

when no water flows in the system. 

 When the system is running on thermosyphon mode, the temperature variation 

along its length is negligible as well as the temperature difference between the 

PV cells and the absorber plate. 

 After running the system on thermosyphon mode for four days (without 

drawing any water from the system), the temperatures at the top and bottom of 
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the tanks become almost the same and no water temperature stratification 

exists. 

 The difference between inlet and outlet temperatures decreases with days due 

to the temperature stratification reduction in the water tank. Peak water outlet 

temperature is approximately 70℃. 

 When the system is run on thermosyphon mode, the electrical power output is 

greater due to the decrease in cells’ temperatures. Peak power output for 

series-connection is approximately 35 W. 

 The thermal and electrical efficiencies are 33.5% and 3.35%, respectively. 

Additionally, parametric studies were conducted to investigate the effects the 

connection combination between the strings have on the power output and 

characteristics. Finally, the assumption that the cell’s and the plate’s temperatures are 

the same was validated. 

 Garg and Adhikari [76] conducted a theoretical performance analysis on 

another low-concentration CPVT system coupled with CPCs for an air heating 

application. The proposed system consists of a single PVT receiver combined with 

several 3X CPC troughs. The receiver consists of a glass cover, a black metallic 

absorber plate, and a well-insulated back plate. Air flows through the duct between 

the absorber and the back plates. PV cells are pasted over the absorber plate. A 1D 

steady-state model was developed to evaluate the system’s performance. Similar to 

results from their other study [74], it was found that thermal and electrical outputs 

increase with an increase in collector’s length, air mass flow rate, and packing factor 

or a decrease in duct’s depth. The thermal efficiency of the system is higher for higher 

operating temperatures and when selective coatings are used due to reduced radiation 

losses to glass cover. For a mass flow rate of 100 kg-m-2-h-1, a packing factor of 50%, 

an aperture of 2 m2, and a duct depth of 0.05 m; performance evaluation results show 

a peak thermal efficiency of about 52%, peak thermal output of about 1300 W-m-2, 

and peak electrical output of about 59 W-m-2. 

 Matsuoka and Tamura [81] designed and built a low-concentration CPVT 

module with reflective films and amorphous silicon PV cells. Amorphous silicon is 

used in the proposed system mainly due to its low cost and low manufacturing energy 

consumption. As shown in Fig. II-23a, the system consists of a glass cover, reflective 

film, and amorphous silicon forming a cross-sectional triangle. As shown in Fig. II-
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23b, water flows in a circuit through the triangular area with an acrylic layer covering 

the film and cells to prevent direct water contact. This water is then used for DHW 

purposes. This design constitutes a pre-illumination PV heat extraction system using 

direct HTF absorption. Water absorbs infrared radiation while passing visible 

radiation to the amorphous silicon cells which are only sensitive to the visible band of 

the solar spectrum. As shown in Fig. II-23a, solar radiation reflected off the reflective 

film is first internally reflected at the inner surface of the glass cover, provided that its 

incidence angle is to the left of the normal to the glass cover’s surface, and then it 

falls on the amorphous silicon cells. As such, the module needs to be installed in a 

titled position such that when the sun is at its maximum altitude the incident is normal 

to the surface. The design is composed of four rows with a geometric concentration 

ratio of 2.22X and an effective ratio of 1.8X. Performance evaluation results show an 

electrical power output of 0.345 W for a 2 cm by 24 cm cell compared to 0.190 W for 

a design without a reflective film. When the proposed and normal designs are 

compared on an aperture area basis, it is found that the proposed design can maintain 

80% of the normal design’s power using only 45% of its PV cells area. It was also 

found that the water outlet temperature reaches 46℃ within 60 minutes for an input of 

24℃. The authors concluded that improving the design’s thermal insulation could 

improve the HTF’s output temperature and broaden the possible residential CCHP 

applications for the CPVT system. This would enable integrating the system in a 

distributed generation network for CCHP generation. 

 Othman et al. [82-84] have developed a low-concentration CPC-based CPVT 

system and theoretically and experimentally evaluated its performance. The design 

(very similar to the design in Fig. II-16) uses double passes with air as a HTF and fins 

to improve heat transfer. The PV cells are attached on the receiver’s top surface 

located at the upper pass while fins are at attached to the receiver’s lower surface 

located at the lower pass, similar to the layout in Fig. II-16. Air first enters through 

the upper pass, formed by the glass cover and the receiver, and then it passes through 

the lower pass, formed by the back plate and the receiver. The system’s aperture is 

1.037 m2 with a concentration ratio of 1.86X and a packing factor of 44%. The 

authors developed a 1D steady-state model to predict the system’s performance and 

built an experimental setup to obtain laboratory results. Results show an inverse 

relation between mass flow rate and air temperature rise in contrast to a direct relation  
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Figure II-23: (a) Cross Section and (b) Structure of CPVT Modules with 

Reflective Films [81] 

 

 

between solar irradiance and air temperature rise. Results also show a direct relation 

between air mass flow rate and both electrical (due to reduced cell temperatures) and 

thermal (due to reduced thermal losses) efficiencies. Nevertheless, the improvement 

in electrical efficiency becomes negligible after a certain mass flow rate value. For a 

solar irradiance of 500 W-m-2 and a mass flow rate of 0.2 kg-sec-1, the thermal and 

electrical efficiencies are about 69% and 2.5%, respectively, while air’s outlet 

temperature is about 35℃ for an inlet of 32℃ [82]. It was found that modeling and 

experimental results were in good agreement. The authors came to the conclusion that 

a trade-off between electrical efficiency and air outlet temperature must be settled in 

order to satisfy electrical and thermal needs. 

 Robles-Ocampo et al. [86] designed and built an innovative CPVT system 

with bifacial PV cells and a pre-illumination PV heat extraction concept. A bifacial 

PV cell can utilize light impinging on either its front and/or back surfaces. The 

utilized bifacial cells have the same cost as that of a conventional PV cell. The 

proposed design uses a transparent water-filled aluminum panel with a glass cover 

above the PV panel to extract infrared radiation while transmitting the visible light 
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band of the solar spectrum that is utilizable by the monocrystalline silicon panel. As 

shown in Fig. II-24, two flat stainless steel reflector mirrors concentrated radiation to 

the back surface of the bifacial PV panel. This allows for the reflection of an amount 

equivalent to 64% of the solar energy falling on the PV panel’s front surface. The 

CPVT is stationary; however, it is possible to change its inclination between 0° and 

40° depending on the season of the year. Thermal and electrical measurements show a 

maximum water outlet temperature of 45℃, a combined electrical efficiency of 

16.4%, an electric output of 97 W (67W by front surface and 30 W by back one), a 

maximum water temperature rise of 20℃ during summer and 15℃ during winter, an 

estimated thermal efficiency of about 50%, and a thermal output of 2130 Wh during 

summer and 1675 Wh during winter. It was concluded that the proposed system 

produces 40% more electric energy compared to a conventional PVT system. 

 

 

 

Figure II-24: CPVT System with Bifacial PV Cells and Flat Reflectors [86] 

 

 

 Komp [153] designed and fabricated another low-concentration CPVT solar 

collector utilizing linear curved booster reflectors for the production of electricity and 

DHW. The author reports on the system’s field performance for two years. The design 

consists of four CPVT modules enclosed within an aluminum steel frame with a low-

iron tempered glass cover and isocyanate side insulation. Each CPVT modules has 

two aluminum curved reflectors with a concentration ratio of 2.1X and a linear 
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receiver. The receiver consists of two PV strings in a silicon encapsulation mounted 

atop of an extruded aluminum fin with a copper tube attached below the fin where 

water flows. A binder-free fiberglass insulation surrounds the modules from below. 

The system does not require any tracking or periodic adjustments. The CPVT system 

that was installed and monitored at several locations has an aperture of 2.47 m by 1.19 

m and includes a storage tank and a battery. Thermal performance comparison with a 

FPC revealed that the CPVT has better performance under high and clear radiation 

levels due to the low infrared radiation emissivity of silicon. On the other hand, the 

FPC has better performance than the CPVT under cloudy weather conditions due to 

the reflectors’ inability to concentrate diffuse radiation outside of the acceptance 

angle. The thermal efficiency of the CPVT was found to be about 80%. While the 

electrical characterization of the CPVT shows that the open-circuit voltage sharply 

drops from about 17 V at a water outlet temperature of 50℃ to about 12 V for 100℃. 

Results also show that when the reflectors are mounted horizontally the electrical 

output is 260 Wh compared to 236 Wh if they are place vertically. The author found 

that the proposed system easily met the DHW needs for the residences at which it was 

installed. However, the electrical needs were not entirely met by the CPVT. 

 Xu et al. [146] analytically modeled and experimentally tested a low-

concentration CPVT system with constant volume cooling. Other CPVT systems 

require a pump that needs to stay continuously operational in order to maintain a 

steady flow. However, in constant volume cooling, the system is cyclically switched 

on and off. The systems consists of white mirror reflectors with a geometrical 

concentration ratio of 10X and an effective average concentration ratio of 5.2X, a 

PVT receiver, a tracking mechanism, and hot water supply and storage control system 

that achieves constant volume cooling. The PVT receivers are of the glass glazed 

sheet-and-tube type in which PV cells sandwiched between EVA layers are attached 

to an aluminum absorber with tubes integrated below it. The tracker uses electro-

optical sensors for two-axis tracking. The hot water supply and storage control system 

monitors the water temperature inside the cooling tubes. When this temperature 

exceeds a certain limit, the heated water is pumped into a storage tank while fresh 

water is drawn into the pipes. This process is then cyclically repeated and the pump 

does not have to stay continuously operational. The authors developed a finite volume 

model for their system in addition to experimental testing. Testing results show 
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electrical and thermal efficiencies of 14.1% and 39.4%, respectively; peak electrical 

output of about 71 W; and a water outlet temperature of about 40℃. The simulation 

model was validated with experimental data with acceptable discrepancies. 

 Proell et al. [147] theoretically and experimentally evaluated the performance 

of a low-concentration stationary CPVT using asymmetric CPCs at the Bavarian 

Center for Applied Energy Research, Germany. The system uses full surface direct 

HTF flow over an aluminum absorber on which crystalline silicon PV cells are 

directly laminated in order to minimize thermal resistance between the PV cells and 

the HTF. The employed CPCs have a concentration ratio of 3X and an acceptance 

half angle of 18°. The authors stressed in their design and analysis on the trade-off 

between obtaining a high thermal exergy and the reduced thermal and electrical 

efficiencies as a result of operating the CPVT at high HTF outlet temperatures. The 

system was evaluated with regards to exergy savings as well as PESs. It was found 

that for a HTF outlet temperature in the range of 60-80℃, the system’s total exergy 

savings is maximized. As for the PESs, the CPVT was compared with a FPC and a 

PV panel. It was found that up to an outlet temperature of 80℃, the CPVT provides a 

higher PES value. The PES of thermal energy compensates the loss in electrical PES 

up till 80℃. Simulation results show thermal and electrical efficiencies of 78% and 

14%, respectively. Using ray-tracing simulation, the local concentration ratio reaches 

a maximum of about 12X and a minimum below 1X along the receiver’s length, 

which decrease electrical efficiency. Using a finite element thermal and electrical 

model, the effect of illumination uniformity on electrical performance was quantified. 

An optimized CPC was then developed with respect to the CPC/receiver geometry. 

Results show significant electrical performance improvements compared to the 

regular CPC design. This is clearly noticeable for high incidence angles. The MPP 

using the optimized CPC design was about 3 W. 

 Cui et al. [151] developed and experimentally tested a low-concentration 

CPVT system with quasi-CPC optics. The quasi CPCs consist of multiple flat mirror 

segments approximating the shape of a curved parabolic mirror. This helps avoid the 

high manufacturing cost for perfect curved mirrors with an acceptable optical 

performance drop for low-concentration operation. Glass glazing covers the CPC’s 

aperture and flexible foam board insulates its back. The CPCs have a maximum 

concentration ratio of 5.1X and an acceptance half angle of 6°. The receiver consists 
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of monocrystalline silicon PV cells attached using a pressure-sensitive adhesive to the 

top of an aluminum plate integrated with twelve parallel rectangular channels for 

water flow. Aluminum silicate insulation covers the back of the receiver. The testing 

prototype uses only eight flat mirrors with a concentration ratio of 3.48X, an aperture 

of 0.769 m2, and a tilt angle of 30°. Optical, thermal, and electrical testing and 

performance evaluations were conducted on the developed prototype. It was found 

that the concentration ratio is highest at the middle and lowest on the sides of the PV 

receiver with an effective concentration ratio of 1.86X. For a mass flow rate of 0.0028 

kg-sec-1, peak electrical output and efficiency are approximately 13.5 W and 8%, 

respectively. The electrical output from the CPC module was 25% higher than a non-

concentrating PVT even though the global irradiance is only 15% higher between the 

two cases. The authors conducted parametric studies to investigate the effect of global 

irradiance, cell temperature, mass flow rate, and glazing on electrical and thermal 

performance. It was found that cooling the PV cells from a temperature of 87.7℃ 

when no cooling water flows to a temperature of 50℃ using a water inlet temperature 

of 35℃ increases efficiency from 5.7% to 9%. As expected, it was also found that 

glazing adds a greenhouse effect that naturally reduced electrical efficiency and 

output while improving thermal efficiency and output. Thermal efficiency of the 

CPVT was found to slightly decrease with increased global irradiance and 

significantly increase when the mass flow rate is increased. Peak thermal efficiency 

for the same flow rate of 0.0028 kg-sec-1 was about 40%. It was concluded that the 

quasi-CPCs PVT addition leads to a significant power output increase despite the 

accompanying efficiency decrease. 

 Ulavi et al. [159] designed and analyzed a unique CPC-based CPVT system 

with pre-illumination PV heat extraction using a spectrally-selective film in addition 

to thin-film PV cells for rooftop-integration purposes. The CPCs, as shown in Fig. II-

25, are coated with a spectrally-selective film that transmits visible radiation to an 

underlying PV thin-film CdTe receiver while reflecting and concentrating infrared 

radiation onto a tubular thermal receiver with black chrome on nickel selective 

coating. The spectrally-selective film is an infrared-reflective mirror with multiple 

layers of transparent dielectric materials. CdTe thin-film PV cells are chosen due to 

the good matching between their quantum efficiency and the filter’s transmittance. 

Furthermore, thin-film technology offers the advantage of arranging the cells in such 
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a way that shading and current mismatch losses are minimized. The CPCs are 

truncated in order to allow for diffuse radiation outside of the acceptance half-angle to 

be accepted in addition to saving material and reducing CPC height. The design is 

stationary, glazed, south-facing with a tilt angle of 30°, and has an aperture of 2 m2. 

3D Monte Carlo ray-tracing, thermal, and electrical modeling and simulation in 

addition to annual yield predictions were performed in order to evaluate the optical, 

thermal, and electrical performance of the proposed system. Parametric studies to 

investigate how the acceptance half-angle (i.e., concentration ratio), tube diameter, 

degree of CPC truncation, incidence angles, and wavelength affect optical, thermal, 

and electrical performance have been performed with optimum design parameters 

selected. Results show that as the acceptance half-angle increases (i.e., concentration 

ratio decreases) thermal efficiency increases due to the increased field-of-view that 

allows more diffuse radiation to enter while electrical efficiency somewhat decreases 

due to direct shading by the absorber tubes. The performance of the optimized CPVT 

system is compared to that of independent CdTe thin-film PV modules and FPCs with 

selective coatings occupying the same total area of 2 m2 and using meteorological 

data from Phoenix, Arizona. 40% ethylene glycol is used as the HTF with a fixed 

flow rate of 0.015 kg-sec-1-m-2, a fixed inlet temperature of 20℃, and a tube diameter 

of 0.02 m. Results show that for acceptance half-angles in the range of 25-55° the 

CPVT provides 4-19% greater outputs. However, the independent system yields 

higher electrical and thermal efficiencies. For an acceptance half-angle of 40° and a 

concentration ratio of 1.6X, the annual thermal and electrical efficiencies of the CPVT 

are 5.8% and 31%, respectively, while its annual thermal and electrical outputs are 

1,459 kWh and 277 kWh, respectively. It was concluded that matching the spectral 

content of the incident with the PV’s quantum efficiency does not offset transmission 

losses due to glazing and the spectrally-selective film. However, the usable energy 

obtained per unit area from the proposed CPVT is higher compared to the 

independent alternatives. 
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Figure II-25: CPVT System with CPCs Covered with Spectrally-Selective Films 

and Thin Film PV Receivers [159] 

 

 

II-2.4. CPVTs With Non-Specified Concentrator Optics or With Multiple 

Concentrator Optics 

Zhao et al. [56, 57] developed a highly-innovative CPVT/PVT system based 

on the pre-illumination PV heat extraction concept using a direct absorption HTF. As 

shown in Fig. II-26, the receiver consists of a thermal unit atop a PV unit. The thermal 

unit consists of two silicon dioxide slabs with the HTF flowing between them. The 

PV unit consists of a PV layer attached to a support (PE-AL-tedlar layer and an EVA 

layer) with the HTF flowing beneath it. The HTF first flows through the PV unit 

below the PV cells layer to cool the cells then circulates to the thermal unit where it 

directly absorbs infrared radiation while transmitting the remaining radiation. An air 

gap separates the thermal and PV units and an insulation base is provided for the 

receiver. This arrangement allows the attainment of high HTF outlet temperatures 

(i.e., high thermal exergy) without sacrificing the PV cells temperature (i.e., high 

electrical energy/exergy). It also avoids the complexities associated with directly 

attaching the PV cells to the thermal receiver such as the delamination of the adhesion 

layer due to cyclic thermal stress. However, no design or analysis were provided for 

the concentrator optics used and concentrated radiation was assumed readily 

available. The optical properties of the HTF were modeled using the Lorentz–Drude 

damped oscillator model satisfying the Kramers–Krönig relations [56]. The authors 

developed and validated a genetic algorithm optimization procedure to retrieve the 

optical properties of the HTF by inverse method. The objective was to find the 

optimum optical properties such that the HTF possesses maximum transmission for 
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radiation with wavelengths between 200 and 800 nm (PV useful portion of solar 

spectrum) and maximum absorption for radiation wavelengths between 800 and 2000 

nm (infrared radiation). An electrical, thermal, and exergetic model has also been 

developed for the performance evaluation of the CPVT. The optimized optical 

properties of the HTF yielded an infrared absorption of 92% and a visible light 

transmittance of 89% [56]. Performance results [56] for a HTF mass flow rate of 16 

kg-h-1, a HTF inlet temperature of 25℃, and an irradiance of 8000 W-m-2 show a HTF 

outlet temperature of 196℃, a PV cell temperature of 65℃, an electrical efficiency of 

7.3%, a thermal efficiency of about 40%, and a total exergetic efficiency of about 

22%. The authors also parametrically studied the effect of mass flow rate and 

irradiance intensity on performance. Results show an independence of PV cell 

temperature and electrical efficiency from the HTF mass flow rate. Comparison 

between the optimized HTF and water showed an efficiency advantage of about 10 to 

13% and an exergetic efficiency advantage of 6.4% at 8000 W-m-2. The authors 

conducted another study using the same concept but using amorphous silicon PV cells 

[160]. 

 

 

 

Figure II-26: CPVT System with Pre-Illumination PV Heat Extraction Direct 

Absorption Concept [56] 
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In an approach very similar to their LFR-based CPVT analysis [72], Sharan et 

al. [71] theoretically designed and modeled (1D) a CPVT system with a general line-

focus concentrator and a tubular receiver. The tubular receiver consists of four tubular 

layers on top of each other: a glass cover, a curved solar cells layer, an adhesive layer, 

and a metallic wall; from outside to inside. The authors then studied the performance 

variations with the HTF mass flow rate, solar insolation, concentration ratio, and heat 

transfer coefficient from glass cover to ambient. Results for a concentration ratio of 

15X, solar insolation of 500 W-m-2, and mass flow rate of 0.02 kg-sec-1 at the end of 

the receiver’s length show an electrical output of about 28 W, a thermal output of 

about 290 W, a HTF outlet temperature of about 28℃, and a cell temperature of about 

31℃. In [163], the authors conducted a comparative analysis for the CPVT system but 

with three different receiver configurations—flat horizontal, flat vertical, and tubular. 

Results showed a distinctive performance advantage for the CPVT with tubular 

receiver from both electrical and thermal viewpoints. 

In their study, Otanicar et al [65] developed a thermal and electrical model for 

a general concentrator CPVT, with detailed modeling of the effect of average cell 

temperature and concentration ratio on the PV efficiency. The CPVT uses direct HTF 

absorption in a pre-illumination heat extraction concept. The HTF flows within a 

glass tube with a front glass above it (with a gap between them) and the PV cells 

attached below it. The PV cells have an insulation layer below them. The authors also 

conducted parametric studies to investigate the effects of the concentration ratio, PV 

bandgap, and mass flow rate on performance. Results indicate that for a mass flow 

rate of 0.05 kg-sec-1, maximum CPVT efficiency (with accounting for the grade 

difference between electric and thermal efficiencies by multiplying the thermal 

efficiency by a Carnot factor) is achieved for a concentration ratio range of 10-50X 

and a bandgap energy range of 1.5-2.0 eV. This maximum second law-equivalent 

efficiency is about 30.3%. First law’s electrical and thermal efficiencies at this 

optimum range are about 24% and 48%, respectively. Finally, the authors suggest 

using Zn3P2, CuO, and Cu2O instead of conventional Si and GaAs since they better 

approximate the ideal bandgap ranges found. 

The use of liquid nano-particle suspension to create nano-fluids allows for the 

control and optimization of the radiative and thermal properties of a HTF. Nano-fluids 

offer stability along with low particle loadings compared to large-sized particles 
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suspension. Taylor et al. [126] optimized the optical properties of different nano-

fluids for five PV cell materials; namely—InGaP, CdTe, InGaAs, Si, and Ge. By 

varying the nano-particles’ material, geometry, volume fraction, and base fluid; the 

authors came up with a number of spectrally-selective nano-fluids to function as 

direct absorption HTFs [126]. The authors also compared the absorptance of the 

proposed nano-fluid filter with an ideal filter, pure HTF filter, and a thin-film filter for 

each PV cell type [126]. Results showed superior performance to pure HTFs and 

comparable performance with thin-film filters. Results also showed an advantage of 

being considerably more compact compared to thin-film filters in addition to 

requiring a volume fraction of 0.0011% at most. The authors then used the resulting 

nano-fluids in a CPVT system [125] and compared performance with another 

configuration where conventional thin-film spectral decomposition filters are 

suspended in the HTF. The CPVT configuration was similar to the one in the author’s 

previous study [65] with the HTF flowing through a glass tube. A vacuum gap 

separates the glass tube from a front glass cover above it and another vacuum gap 

separates it from the PV cells below it. This configuration then maximizes decoupling 

of the thermal and electrical components. Also, similar to their previous studies [65, 

150], electrical and thermal models were created while accounting for temperature 

effect on PV efficiency. Results show that maximum efficiency occurs for 200X with 

HTF outlet temperatures ranging between 600-700℃ [125]. Comparison results are 

summarized in Table II-1. It is clear from Table II-1 that the thin-film filters 

electrically outperform the nano-fluid filters while the opposite is correct thermally. 

The electrical advantage of the thin-film filters is due to the better transmittance of the 

thin-film filter inside the PV-suitable wavelengths band, as seen from Table II-1. 

While the thermal advantages of the nano-fluids, even though the thin-film filters 

transmit less power to the PV cells outside the PV-suitable wavelengths band, is due 

to the one order of magnitude smaller thickness of the nano-fluids filter  layer 

compared to the thin-film filter layer resulting in better heat transfer across the HTF. 

The authors also conducted parametric studies to investigate the effects non-ideal 

filtering behavior and the back surface heat transfer coefficient have on electrical, 

thermal, and total efficiency [125]. In another study, Otanicar et al. [64] further 

investigated the effects of varying the HTF’s absorptance and the PV cell’s back 

surface heat transfer coefficient on electrical, thermal, and total efficiency. 
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Table II-1: Comparison Results between Thin-Film and Nano-Fluid Filters for Different PV Materials [125] 

PV Cell Filter Type 
Electrical 

Efficiency (%) 

Thermal 

Efficiency (%) 

Transmittance inside PV-

Suitable Band (W-m-2) 

Transmittance Outside PV-

Suitable Band (W-m-2) 
 

Ge 
Thin-Film Filter 1.96 33.07 80.03 191.81  

Nano-Fluid Filter 1.87 37.42 74.36 133.84  

Si 
Thin-Film Filter 10.05 32.66 202.40 88.90  

Nano-Fluid Filter 10.07 26.88 204.52 162.25  

InGaP 
Thin-Film Filter 18.62 21.87 284.08 164.34  

Nano-Fluid Filter 15.96 22.71 126.84 288.47  

CdTe 
Thin-Film Filter 17.91 26.59 288.03 90.47  

Nano-Fluid Filter 15.72 26.62 251.21 117.80  

InGaAs 
Thin-Film Filter 16.59 26.75 288.62 87.65  

Nano-Fluid Filter 14.81 27.85 256.14 99.17  
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Helmers et al. [138] also developed a zero-dimensional steady-state energy 

model with the purpose of investigating the effects the operating temperature and 

concentration ratio have on a high concentration ratio CPVT’s thermal and electrical 

performance. The CPVT employs lattice-matched triple-junction PV encapsulated 

within high-transparency silicon covered with borosilicate glass. While for thermal 

energy extraction, a micro-channel water heat exchanger is used and is interfaced with 

the absorber using a SnAg solder layer. The authors assumed ideal tracking with no 

shading losses for simulation purposes. A sensitivity analysis was conducted in order 

to demonstrate the model’s robustness in which inputs parameters were varied and 

effects on thermal and electrical efficiencies was observed. Results show that the 

model is most sensitive to the optical design parameters. Investigating the CPVT’s 

performance under pure thermal operation (zero electrical output) revealed that 

thermal efficiency decreases with increases in the HTF’s temperature due to increased 

thermal losses but the rate of efficiency decrease is smaller for higher concentration 

ratios. Results for the CPVT’s electrical performance revealed that the electrical 

efficiency increases with concentration ratio until it reaches a peak, the electrical 

efficiency decreases with increases in cell temperature, and the electrical efficiency 

temperature coefficient is significantly reduced for higher concentration ratios. While 

for the case of CPVT operation under maximum electrical output, the increase in 

HTF’s temperature results in two contradicting effects with respect to thermal 

efficiency; an increase of thermal losses accompanied by an increase of available 

thermal energy due to reduced electrical efficiencies at elevated temperatures. For low 

concentration ratios (<100), the effect of thermal losses is dominant, yielding a 

decrease in thermal efficiency with HTF temperature. While for high concentration 

ratios (>100), the availability of more thermal energy due to reduced electrical 

efficiencies becomes dominant, yielding an increase in thermal efficiency with HTF 

temperature. As a demonstration for the system’s performance, under 500X and a 

mean HTF temperature of 160℃, the electrical and thermal efficiencies are 

approximately 24% and 51%, respectively. 

Geng et al. [144] designed and built a low-concentration CPVT collector for 

the drying of honeysuckle flowers, a precious Chinese herbal medicine, and compared 

its performance with natural sun drying. Removing excess moisture content from 

crops by drying achieves a longer storage lifetime and a higher product quality. A 
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CPVT could be used for effective solar drying by utilizing hot air from cooling the 

PV cells as the heat source and using the CPVT’s DC electrical output to run a DC 

fan for forced convection heat transfer. The proposed CPVT dryer system consists of 

a dryer box made from persprx material with an aperture of 0.24 m2 and a PV module 

integrated with an oscillating heat pipe heat exchanger to collect thermal energy from 

the PV module. The system’s reflector concentrator has a geometric concentration 

ratio of 11X and an effective ratio of 5.5X. Experimental results for an air flow rate of 

0.011 kg-sec-1 show that the CPVT system provides air at a peak temperature of 

78.6℃, peak PV output of 49.2 W, peak useful thermal output of about 328 W, peak 

thermal efficiency of about 35%, and peak electrical efficiency of about 30%. Results 

also show that within five hours of drying, the moisture content of the honeysuckle 

flowers is 15% when the CPVT’s hot air is used while it’s 40% when natural sun 

drying is used. It was found that using a CPVT for drying avoids the deterioration 

risks that come with natural sun drying due to bad weather, insects infestation, and 

foreign materials. Thus, not only does CPVT drying provide a quicker drying time, it 

also provides a higher drying quality. 

Boese et al. [156] discussed two CPVT concepts in an early study back in 

1983. The first system uses linear or spot Fresnel lenses in a pre-illumination heat 

extraction design while the second is a HFCR system. The first system uses a 

combination between direct HTF absorption and spectrally-selective minus filters to 

extract longer and shorter bands of the solar spectrum (non-PV-suitable bands) before 

falling on the PV receiver. This is achieved by creating a passage for the flow of a 

transparent HTF with a layer composed of an ultraviolet filter and another infrared 

filter. The system could of a line-focus or a point-focus geometry, depending on the 

type of Fresnel lenses used. The line-focus configuration uses silicon PV cells and 

achieves HTF outlet temperatures between 100 and 200℃. The point-focus 

configuration uses GaAs PV cells and achieves HTF outlet temperatures between 200 

and 400℃. A preliminary analysis for the line-focus system shows electrical and 

thermal efficiencies of 10.3% and 35.7%, respectively. The second system is based on 

arranging PV cells around the receiver’s aperture of a HFCR such that spillage 

radiation is used for PV electricity generation while making the aperture’s size 

smaller at the same time. This is because a large receiver results in large thermal 

losses, while a small receiver could increase spillage losses. Additionally, a cooling 
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circuit is integrated to the PV cells in order to maintain them at reasonable 

temperatures by dissipating generated heat. The authors mentioned that for a built 

HFCR system, the spillage losses are up to several hundred suns within a total are of 

about 12 m2. Computational analysis results for a 20 MW HFCR system with a 

circular receiver show that the integration of PV cells into the system yield higher 

total electrical efficiencies and investment cost reductions. The level of performance 

improvement and cost reduction depend on the aperture’s radius, PV cells area, the 

concentrated radiation profile, and type of PV cells. The analyzed system has a 

maximum concentration of 300X that drops to 10X at the edges of the receiver. Thus, 

the authors concluded that using high-efficiency PV cells is advantageous due to the 

high concentration levels. 

II-2.5. Non-CPVT-Focused Studies 

In this section, we will cover non-CPVT-focused studies reported in literature. 

First, in Section II-2.5.1 we will discuss systems in the literature that readily integrate 

a CPVT as one of its components for a certain application but without having the 

focus of the study on the CPVT itself. Then, in Section II-2.5.2 we will cover studies 

in which the focus is the improvement of a certain component in a CPVT system. It is 

worth noting that studies with system-level integration of CPVTs are very rare in the 

literature. This highlights the dire need for more simulation and experimental studies 

on CPVTs system-level integration in order to prove the technical and economic 

viability of the technology. Similarly, studies that primarily aim at improving a certain 

CPVT component are also very rare. This includes the design and materials analysis 

and optimization of concentrators, spectral beam splitters, cooling and heat extraction 

mechanisms, concentrator PV cells, direct absorption HTFs, and solar trackers. 

II-2.5.1. CPVT system integration-focused. 

Al-Alili et al. [104] used a CPVT system for solar air conditioning in hot and 

humid climates by integrating the CPVT with a solid desiccant wheel cycle (DWC) 

and a conventional VCC. The CPVT simultaneously drives the DWC and the VCC 

using its thermal output for the former and its electric output for the latter. The 

CPVT’s thermal output is used to regenerate the desiccant while its electric output is 

used to operate the VCC’s compressor. This unique approach achieves decoupling of 

latent and sensible loads where the latent load is satisfied by the DWC driven by the 
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CPVT’s thermal output while the sensible load is satisfied by the VCC driven by the 

CPVT’s electrical output. Air dehumidification by the DWC allows the VCC to 

operate at higher evaporator temperatures. The proposed solar air conditioning system 

also includes a stratified thermal storage tank and a lead-acid battery bank in order to 

serve as buffer reservoirs that guarantee the consistency of thermal and electric 

energies supply. The authors simulated the system’s performance using TRNSYS and 

compared it to two alternative solar-driven air conditioners; namely a VCC driven by 

PV panels and an absorption chiller driven by ETCs. Simulation results show average 

COPs of 0.68, 0.34, and 0.29 for the CPVT/DWC/VCC, VCC/PV, and 

ETC/absorption chiller configurations, respectively. 

Ong et al. [105] developed an innovative CPVT and water desalination 

configuration in which the outputs are electricity and saline/brackish water 

desalination for coastal regions with high solar irradiances. The proposed system 

employs a high-concentration parabolic dish-based CPVT, a thermally-driven four-

stage multi-effect membrane distillation (MEMD) cycle, and a thermal storage tank. 

The 13.5 m3 storage tank stores thermal energy at 75-80℃. This allows for a 24 h 

operation with a yield of 3 m3-day-1 for a CPVT aperture of 124 m2. The system’s 

configuration is shown in Fig. II-27. The PDC-based CPVT utilizes a unique heat 

extraction technique that decreases the PV cells thermal resistance by 10 times, 

allowing concentration ratios as high as 5000X to be achieved without electric 

performance drops or durability degradation. This heat extraction technique is based 

on an advanced substrate-integrated micro-cooling technology that was originally 

developed for high power density data centers. The MEMD cycle employs the 

concepts of vacuum membrane distillation and multi-effect distillation and uses a 

micro-porous hydrophobic polytetrafluoroethylene membrane. The authors developed 

a semi-empirical steady-state model for the performance prediction of a MEMD 

cycle. Experimental measurements of a fix-stage MEMD cycle using deionized water 

for evaluation of the membrane distillation performance and using synthetic seawater 

for actual desalination operation conditions were both taken. Optimization of different 

design variables in order to obtain the highest gain output ratio (GOR) was conducted 

by testing different experimental operation conditions (i.e., heating water flow rates, 

evaporator inlet temperatures, feed flow rates, and feed inlet temperatures) using 

deionized water. Comparison between experimental and modeled results shows a 
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prediction accuracy of ±15%. Results also show that the proposed CPVT/MEMD 

configuration is able to convert about 85% of solar radiation into useful outputs with a 

total dissolved solids (TDS) less than 15 ppm. 

 

 

 

Figure II-27: High-Concentration CPVT Integrated with a Multi-Effect 

Membrane Distillation (MEMD) Cycle [105] 

 

 

Calise et al. [106] performed a TRNSYS simulation for the performance 

evaluation of two CPVTs integrated with a desiccant-based air handling unit (AHU). 

The desiccant-based AHU system is composed of an AHU, a desiccant wheel, an 

electric air-cooled water chiller, a natural gas-fired boiler, and a thermal storage tank. 

The proposed system configuration is used to meet the electrical and heating/cooling 

loads for a university classroom. The CPVT’s thermal output is used to regenerate the 

silica-gel wheel during summer operation or to pre- or post-heat process air during 

winter operation. The CPVT’s electrical output is used to run the system’s auxiliary 

components (vapor compression chiller, pumps, AHU auxiliaries) and to meet the 

electric load. Excess CPVT electrical output is sold to the grid while excess thermal 

output is used for DHW. On the other hand, shortage of electrical output from the 

CPVT is supplied from the grid and shortage of thermal output is supplied by a gas-
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fired boiler. The system also incorporates a stainless steel thermal storage tank with a 

net volume of 855 dm3. The CPVT’s design is derived from some of the authors’ 

works [31, 32] and is based on a parabolic trough with a triangular receiver and 

MJPVs (as was covered in section II-2.1.2). Simulation results for summer operation 

(cooling mode) show that the CPVT provides 60% of the regeneration energy and 

accommodates over 50% of the electric load (for both system operation and building 

demand). Similarly, during winter operation (heating mode), the CPVT provides 30% 

of the pre- and post-heating energy and accommodates about 40% of the electric load. 

Results also show that on a total basis, the electric energy fed into the grid is greater 

than the energy taken from the grid. The CPVT has an annual electric efficiency of 

21.15% and a thermal efficiency of 55.32%. Compared to a reference case, the 

proposed CPVT-based configuration achieves PES between 81 and 89% and CO2 

emissions avoidance between 85 and 91%, depending on DHW usage. 

Calise et al. [107] integrated their parabolic dish-based CPVT design [33] 

(covered in Section II-2.2.1) with a double-effect LiBr-H2O absorption chiller, a 

thermal storage tank consisting of two vertical hot storage tanks, an auxiliary natural 

gas boiler, a cooling water tower to cool the condenser and absorber of the absorber 

chiller, and other balance-of-plant components (pumps, heat exchangers, separators, 

mixers, etc.) for CCHP purposes. The system is based on an 83 CPVTs field with a 

cumulative aperture of 996 m2 and each CPVT utilizing a PDC and a planar 

rectangular receiver equipped with MJPVs. The system’s performance was 

dynamically simulated using TRNSYS for meeting the electrical demand of a 

university building and the thermal demand of a fitness center. Thermal performance 

results on an annual basis show that the CPVT produces 2.64 × 109 kJ-yr-1 of thermal 

energy while the auxiliary boiler produces 9.12 × 107 kJ-yr-1 with a PES of 3.65 ×

109 kJ-yr-1. Electric performance results on an annual basis show that the CPVT 

produces 1.09 × 109 kJ-yr-1 while the system feeds 6.323 × 108 kJ-yr-1 to the grid 

and takes 2.63 × 108 kJ-yr-1 from the grid. Overall annual system performance results 

show a PES of 84.4%, a CPVT thermal efficiency (with respect to total radiation) of 

32.0%, a CPVT electrical efficiency (with respect to total radiation) of 13.3%, an 

electrical solar fraction of 80.6%, a summer solar fraction of 96.9%, and a winter 

solar fraction of 95.8%. Economic evaluation results reveal an annual owning cost of 

63500 €-yr-1, a simple payback period of 15.2 yr, and a simple payback period of 4.20 
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yr in case feed-in-tariffs similar to the ones adopted for PVs in Italy are used. 

Dynamic simulation results show that the system is able to produce electricity, space 

heating, space cooling, and DHW all year long with a significant PES during summer. 

The authors also conducted a parametric analysis in which the effect of a set of 

parameters on performance was investigated. 

Kosmadakis et al. [108] conducted a feasibility study on an innovative CPVT 

system integrated with an ORC that utilizes the thermal energy output from the CPVT 

for electric power production. This enables the operation of the PV cells in the CPVT 

at lower temperatures (thus enhancing their efficiency and durability) while 

generating additional power from the ORC using the extracted heat. The ORC uses R-

245fa as its organic HTF due to its superior thermodynamic and environmental 

properties. The CPVT uses a parabolic reflector with a solar tracker to concentrate 

solar radiation to the receiver by 10X. The receiver consists of silicon PV cells 

attached to an absorber with a glass cover above it and a channel where R-245fa flows 

below it. The R-245fa is preheated and then evaporated using the extracted heat from 

the PV cells with the evaporating temperature depending on the cells’ temperature. 

The evaporated R-245fa is then expanded (twice) to produce mechanical work using a 

scroll compressor in reverse operation functioning as an expander. The mechanical 

work is converted into electricity using a generator. Finally the R-245fa is condensed 

(in a very compact condenser due to the low temperature and low mass flow rate of 

the R-245fa) and then pumped. The cycle’s layout is shown in Fig. II-28. The authors 

then thermally and electrically modeled the system to find that the system’s electric 

efficiency is 9.81% (compared to 6.35% for a conventional CPV system without 

utilizing thermal energy) with about 635 W produced by the PV cells, about 575 W 

produced by the ORC, and 29.5 W (2% of incident radiation) consumed by the ORC 

pump. In order to further improve performance, the authors conducted an 

optimization procedure in order to find optimum concentration ratio and R-245fa 

mass flow rate values. Based on optimization results, the authors used a new 

concentration ratio of 40X, a new mass flow rate of 0.122 kg-sec-1, and a new 

evaporation temperature of 130℃ (corresponding to a PV cell temperature of 140℃). 

The authors then performed annual and daily transient performance simulations for 

the optimized system. Daily simulation results reveal a total electric efficiency of 

9.39% with a total of 5.21 kWh energy production for a representative winter day. 
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While for a representative summer day, the total electric efficiency is 9.56% with a 

total of 16.34 kWh energy production. Similarly, annual simulation results reveal a 

mean annual electric efficiency of 10.52%, a net energy production of 8013.78 kWh, 

and about 25.7% of the electric energy produced by the system being used to meet 

parasitic loads (i.e., cooling pump, R-245fa pump, and solar tracker). Last but not 

least, the authors also performed an economic cost analysis of their system to find that 

the total installation cost is roughly €11719.20, the annual cost of energy production 

is 0.113 €-kWh-1, and the simple payback period is 25 yr for a specific electricity cost 

of 0.10 €-kWh-1 and 5 yr for 0.40 €-kWh-1. 

 

 

 

Figure II-28: System Layout of CPVT Integrated with an Organic Rankine 

Cycle [108] 

 

 

Mittelman et al. [109] developed a solar cooling system in which a CPVT is 

integrated with a single-effect LiBr-H2O absorption chiller along with a natural gas 

back-up heater. The CPVT uses triple-junction PVs which are attached to a cooling 

plate that extracts heat from the PV cells and transfers it to a HTF running through a 

tube in the middle of the cooling plate. A layer of insulation covers the cooling plate 

from below. The HTF then releases the harvested thermal energy in a heat exchanger 

to drive the absorption chiller. The CPVT design assumes a general concentrator (but 
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with PDC characteristics) and doesn’t utilize thermal energy storage. In their analysis, 

the authors assumed the CPVT’s outlet temperature (and the desorber’s inlet 

temperature) to range between 65 and 120℃. Simulation results show a solar fraction 

of about 60%, a COP ranging between 0.6 and 0.75, an electric efficiency around 

20%, and a thermal efficiency close to 60%. An economic cost analysis was also 

conducted by the authors using four economic scenarios. Two scenarios assume low 

and high solar collector installed cost and two scenarios assume low and high cost of 

conventional energy. Results show a specific cooling cost ranging between 2.0 and 

4.5 €-kWh-1. 

Buonomano et al. [110] modeled, simulated, and compared the performance of 

CPVT-based and ETC-based solar heating and cooling systems utilizing a single-

effect LiBr-H2O absorption chiller. The authors developed two main system 

configurations. The first configuration uses a water-cooled electric chiller for summer 

cooling back-up and a gas-fired heater for winter heating back-up. The second 

configuration differs from the first by using the LiBr-H2O absorption chiller driven by 

the gas-fired heater for cooling back-up. The CPVT and ETC were separately 

integrated into each configuration. The two systems also incorporate stratified thermal 

storage tanks, closed-circuit cooling towers connected to the absorption chillers, non-

stratified inertial chiller water storage tanks, and non-stratified domestic how water 

tanks. In addition to GaAs PV cells, the CPVT uses PDCs with a concentration ratio 

of 500X and an optical efficiency of 85%. The CPVT’s thermal output drives the 

absorption chiller during the cooling season and provides heating during the heating 

season while its electrical output is used for the system’s parasitic loads (pumps, fans, 

compressor, etc.). After validating the developed model, dynamic simulation results 

show that the CPVT configuration with auxiliary water-cooled electric chiller 

achieves the highest performance. Compared to conventional alternatives, the 

proposed optimal system achieves a maximum PES of 98% and 159%, respectively, 

for Milan and Naples, Italy. Despite the proposed system’s efficiency superiority, 

economic analysis results indicate that the system could be economically-profitable 

only by public subsidies. The authors also conducted a number of parametric studies 

to investigate the influence of design variables on the system’s solar fraction and PES. 

Mittelman et al. [111] integrated a CPVT with a forward-feed multi-effect 

evaporation desalination plant for the cogeneration of electricity and desalinated 
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water. Similar to their previous study [109], the authors assume a general concentrator 

(but with PDC characteristics) and utilize triple-junction PV cells under 200X. The 

CPVT’s electrical output is exported to the grid while thermal output is supplied to 

the first effect of the desalination plant. A thermal storage tank is used to enable 

operation without a back-up source. Results show a total CPVT efficiency of about 

80%. The authors compared the proposed system with other solar-driven and 

conventional desalination options under different economic scenarios. Comparison 

results show that when the electricity price is ¢15 per kWh and assuming a CO2 

avoidance incentive of $30 per ton, a CPVT installation cost of $3.7 kW-1 achieves a 

lower water cost (in $-m-3) than all other solar and conventional alternatives. In fact, 

results show that if a CPVT installation cost of $2.6 kW-1 could be reached, it would 

make the proposed CPVT-based option economically-profitable even if the water’s 

cost is free. 

Li et al. [137] designed, modeled, and simulated another CPVT integrated 

with an ORC for augmented electric power production. The CPVT uses CPCs and 

amorphous silicon cells with high temperature silicon elastomers resulting in low 

temperature coefficients. The PV cells are enclosed within two transparent layers and 

pasted to a black absorber. The organic HTF (which is chosen to be HCFC-123) flows 

through tubes attached to metallic grooves below the absorber. The low-temperature 

thermal energy collected from two CPVT modules is used to generate more electricity 

through the ORC. The ORC includes phase change material (PCM) thermal storage 

tanks and a regenerator. The HTF vaporizes under high pressure in the CPVT tubes, is 

expanded in the turbine, cooled in the regenerator, condensed in the condenser, 

pressurized by the pump, and then heated up in the regenerator. The PCM storage 

enables steady operation under varying solar irradiances. The cycle is then repeated. 

Results from the developed zero-dimensional model under 4.9X show that the 

system’s electric efficiency is highly dependent on the evaporation temperature. This 

is because a higher evaporation temperature corresponds to a higher ORC efficiency 

but a lower CPVT thermal energy collection efficiency and a lower PV electric 

efficiency. A maximum system electric efficiency of 13.1% is reached at an 

evaporation temperature of 118℃. The authors concluded that the integrated 

CPVT/ORC design produces more electricity per-unit-area than a side-by-side PV 

panel and CPC collectors for electricity generation. 
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Zhang and Wang [133] integrated a CPVT with an ORC that uses a micro-

channel evaporator and condenser. The use of a micro-scale evaporator and condenser 

allows for the miniaturization of the ORC, as shown in Fig. II-29a, while enhancing 

heat transfer rates. The employed CPVT uses MJPVs and a general concentrator 

under 1000-2000X. The micro-channel evaporator and condenser, shown in Fig. II-

29b, are dominated by two-phase flow and have a heat transfer surface area that is six 

times larger than the MJPV surface area. The MJPV and the micro-channel 

evaporator are thermally connected using a highly-conductive thermal interface 

material (TIM), as shown in Fig. II-29b. The ORC uses a scroll expander and a gear 

pump and is integrated with a counter-flow recuperator in order to pre-heat the 

organic HTF before entering the evaporator using exhaust heat from the expander. 

The authors modeled the CPVT, ORC, and the two-phase flow in the ORC’s micro-

channel heat exchangers and analyzed the system’s performance using three organic 

HTF type (R-134a, R-245fa, and R-365mfc). The R-134a, R-245fa, and R-365mfc 

HTFs result in MJPV cell temperatures of 95, 130, and 150℃, respectively. For the 

same 30℃ condenser temperature, 3℃ inlet sub-cooling, and 695X flux 

concentration; the net electric efficiency using the R-134a, R-245fa, and R-365mfc 

HTFs becomes 39.8156%, 43.734%, and 44.147%. The higher net efficiency obtained 

using R-365mfc indicates that the efficiency gain from the ORC is larger than the 

efficiency loss from the MJPV cells as a result of operating at higher cell and 

evaporation temperatures. In fact, increasing cell temperature from 40 to 126℃ for the 

case of R-245a with no inlet sub-cooling yields a 4.627% decrease in MJPV 

efficiency accompanied by a 13.436% increase in ORC efficiency. The net efficiency 

increase then becomes 8.8% for the entire CPVT/ORC system (with a net electric 

efficiency of 44.157%) compared to a MJPV system operating at 40℃. Finally, the 

authors recommended using a high-performance heat spreader in order to achieve a 

uniform axial temperature distribution along the evaporator’s surface and the MJPV 

cells. The authors also recommended implementing optimized control strategies in 

order to accommodate operation transients due to the variable solar irradiance during 

the day. 
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Figure II-29: Schematics of the (a) CPVT Integrated with a Micro-Scale ORC 

and the (b) Micro-Channel Evaporator (Top) and Condenser (Bottom) [133] 

 

 

Liao et al. [135] developed an analytical model for an innovative low-

concentration CPVT system coupled with a semiconductor thermoelectric generator 

(TEG) module and a passive post-illumination heat sink, as shown in Fig. II-30. The 

TEG utilizes the temperature difference between the interface with a polycrystalline 

silicon PV module and the interface with a heat sink to generate additional electricity 

according to the Peltier and Seebeck effects. The TEG is composed of a number of 

TEG p-n cells connected electrically in-series using a metal strip and thermally in-

parallel, as seen from Fig. II-30. The authors conducted a number of parametric 

studies to investigate the effects of concentration ratio, solar irradiance, TEG figure-

of-merit, CPVT current, and thermal conductance between the CPVT and TEG on 

performance. For a given set of operation conditions, the authors concluded that there 

exists an optimum load distribution between the CPVT and the TEG to obtain the 

maximum system power output and efficiency. The authors also concluded that the 

utilization of solar energy by the hybrid system is more effective compared to solar 

utilization by a CPV or TEG alone. Results show that a maximum net electricity 

efficiency and power output of about 15% and 275 W are possible, respectively. 

Vorobiev et al. [115] proposed and performed a preliminary performance 

analysis on two conceptual CPVT system designs. The first design uses a concentrator 

to focus solar radiation onto a PV cell that is attached to either a thermoelectric 

generator or a heat engine (called the thermal generator element) to harvest and utilize 

its thermal energy. On the other hand, the second design uses a PV cell that receives 

solar radiation without concentration and then transmits the non-absorbed solar  
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Figure II-30: CPVT System with Thermoelectric Generators and Passive Heat 

Sink [135] 

 

 

radiation to a concentrator below it that focuses radiation onto a thermal generator as 

well. Thus, the first design operates the PV cell at high temperature while the second 

one operates it at a low temperature. Both designs use a heat dissipation element on 

the cold side of the thermal generator. Considering optical and thermal losses, results 

show a maximum electrical efficiency of 25-30% for the high PV temperature design 

(GaAs cell under 50X) and 30-40% for the low PV temperature design (using high 

concentration ratios and preferably high bandgap PVs). In [85], some of the authors 

compared the performance of the high and low temperature CPVT concepts integrated 

with TEGs, a PVT integrated with TEGs, and a concentrated TEG system. The 

concentrator could be a Fresnel lens, a parabolic mirror, or a conventional lens. The 

TEG is made from Bi2Te3. It was found that with elevated temperatures, the 

efficiency of the PV cell drops while that of the TEG rises. Hence, for the high PV 

temperature system, an optimum temperature exists for the maximum total efficiency. 

For a concentration ratio of 55X and using an advanced TEG material with a figure-

of-merit of 4.0, the optimum temperature difference across the TEG is 100 K with a 

total efficiency exceeding 20% for the high PV temperature system. While for the low 

PV temperature system, the maximum efficiency is 18.7% for the case of using high 

bandgap PV materials and advanced TEG materials with a high concentration ratio. In 

another study [87], Vorobiev et al. further analyzed the two CPVT configurations 
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proposed in [115]. It was found that for the high PV temperature configuration, the 

lifetime of the PV cells would have to be considered due to operation under high cell 

temperatures. Additionally, integrating the PV cell with a heat engine instead of a 

TEG was found to offer a significantly higher efficiency at elevated temperatures. As 

for the low PV temperature configuration, finding a PV material with a suitable 

bandgap such that it transmits thermal radiation without absorbing or dissipating it is 

pivotal. 

Zhao et al. [142] designed and thermodynamically optimized a CPVT system 

integrated with an ORC in addition to conducting an exergy analysis [143] on the 

same system. R245fa was chosen as the ORC’s HTF due to its suitable 

thermophysical properties, high molecular weight, and non-toxicity. The employed 

CPVT consists of a glass cover, PV panels, thermal absorber, and insulation layer. 

The thermal energy harvested by the CPVT is used to drive the ORC by evaporating 

R245fa in the evaporator to produce a high-temperature and high-pressure fluid to be 

expanded in the expander. A heat regenerator is used at the exhaust of the expander 

such that the high temperature of the exhaust vapor is used to pre-heat the liquid HTF 

exiting from the pump. Using a mass flow rate of 0.0294 kg-sec-1, it was found that 

the regenerator increases the HTF’s temperature from 30 to 39℃, the heat released 

from the evaporator and condenser increases with an increase in the evaporator’s 

temperature until it reaches 130℃ where it starts to decrease as it approached the 

critical temperature of R245fa, and pumping power required increases exponentially 

with an increase in the evaporator’s temperature. As such, for an evaporation 

temperature of 130℃, the ORC’s thermal efficiency is about 17% with an ORC’s 

power output of about 1 kW. The authors did not take into account the efficiency and 

output from the CPVT in their analysis. In their exergy analysis [143], the authors 

concluded that including a regenerator increases the ORC’s thermal and exergetic 

efficiencies. 

Chendo and Salawu [162] designed, analyzed, and optimized a CPVT system 

with linear Fresnel lenses for the CHP generation in a rural health center located at a 

remote village in Nigeria. The center’s demand includes electrical appliances, 

refrigeration, water pumping, equipment sterilization, lighting, and air conditioning. 

This system demonstrates using a CPVT as a distributed CHP generation solution 

where centralized power generation is unavailable and economically-unfeasible. As 



 
 

280 

 

compared to diesel generators, the proposed CPVT solution requires a large initial 

cost. However, and as opposed to diesel generators, the proposed CPVT system is 

safe, generates no point-of-use emissions, runs quietly and statically, requires no 

running fuel costs, and its maintenance downtime is about 95% lower than that of 

diesel generators. The proposed system is based on pre-illumination PV heat 

extraction using direct HTF absorption. The CPVT design is composed of a linear 

Fresnel lens that moderately concentrates solar radiation over a direct absorption 

HTF. The HTF, chosen to be cobalt sulphate, absorbs low-energy thermal radiation 

while passing the remaining PV-useful solar radiation to the PV receiver consisting of 

silicon cells. The direct absorption HTF then transforms the collected thermal energy 

to a storage tank or directly to the thermal load using heat exchangers. Additionally, a 

coolant flows below the PV cells to further cool them down. Other BoP components 

in the proposed system include batteries, an inverter, hot water storage, and control 

and power conditioning equipment. Analysis results show that a properly-sized 

system can generate 3196.8 kWh of thermal output per day. This constitutes a solar 

heating fraction of about 99%. A preliminary economic analysis revealed that the 

proposed system could have 50-100% higher initial costs compared to conventional 

alternatives; however, it offers the lowest cost on a lifecycle basis. 

It is important to note that some of the CPVT-focused studies covered in 

Sections II-2.1 through II-2.4 included the system-level integration of a CPVT as part 

of the study without being its primary focus. 

II-2.5.2. CPVT component improvement-focused. 

Karathanassis et al. [112] designed, optimized, modeled, and simulated the 

performance of two micro-channel, plate-fin heat sinks for the cooling and heat 

extraction of a parabolic trough-based CPVT. The first heat sink design uses fixed-

width micro-channels while the second uses stepwise variable-width micro-channels, 

as shown in Fig. II-31. The CPVT’s receiver is composed of a PV module with the 

micro-channel aluminum heat sink attached to its back. Water is chosen as the HTF 

with a volumetric flow rate of 33 mL-sec-1 to have an outlet temperature of 60℃. The 

PTC concentrates solar radiation to 33X. The heat sinks’ thermal and hydrodynamic 

performances were initially assessed using a 1D thermal resistance model and 

analytical pressure drop correlations. Using surrogate objective functions from the 1D 
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analysis, a multi-objective genetic algorithm optimization procedure was then carried 

through and validated in order to find the optimum geometric parameters for the heat 

sinks. The optimization’s objectives were the minimization of both thermal resistance 

and pressure drop in order to find the optimum trade-off between them. The optimized 

variable-width heat sink design was then simulated using a 3D numerical model based 

on fluid flow and conjugate heat transfer in order to illustrate the heat sink’s fluid 

flow and temperature distribution. Simulation results show that the proposed heat 

sinks achieve thermal resistances as low as 0.0082 K-W-1. 

 

 

 

Figure II-31: CPVT Micro-Channel Heat Sinks with (a) a Fixed-Width and (b) a 

Stepwise Variable-Width [112] 

 

 

Escher et al. [113] developed a substrate-integrated packaging approach for a 

CPVT’s receiver in which PV cells are electrically-connected by a metallization to a 

silicon substrate embedded with 50 μm micro-machined micro-channels through 

which water flows. Thus, the silicon substrate provides mechanical support, electrical 

connectivity, and heat removal. Additionally, the use of this chip-integrated silicon 

substrate cooler eliminates the need for an intermediate interface with the PV cells 

due to their thermal expansion matching. The authors experimentally tested a split-

flow manifold arrangement with one inlet to the micro-channels and two outlets while 

mimicking solar heat input by a tin film metal heater. This split-flow arrangement 
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realizes lower pressure drops (i.e., lower parasitic pumping load) while subdividing 

the channels’ path length. Results show a thermal resistance of 0.12 cm2.K-W-1 

allowing for a heat removal load of 100 W-cm-2 at a temperature difference of 12 K 

between the PV cell and HTF. Results also show that for 100X and a PV efficiency of 

30%, achieving a flow rate of 0.8 L-min-1 requires 4.4% of the generated electrical 

power. The proposed cooling and heat extraction mechanism provides higher outlet 

temperature HTFs, reduced thermal resistance from the PV cell to the HTF, reduced 

pressure drop and parasitic pumping power, enables the use of high concentration 

ratios (<1000X), provides smaller fin structures compared to copper, and offers longer 

lifetimes due to the high corrosion resistance of silicon. Finally the authors 

theoretically improved the design by using a hierarchical manifolds arrangement in 

which micro-channels are divided into thousands of parallel-connected unit cells. This 

improved design requires more than 10 times lower pumping power. 

Xu et al. [114] developed a 3D multi-physics computational simulation for a 

CPVT with a tree-shaped channels network for liquid heat extraction using 

COMSOL. The authors also performed a finite element thermal stress and fatigue life 

prediction analysis to evaluate the durability of the solder layer in the cells assembly 

under the thermal cycling that results from using concentrated solar energy. The 

CPVT design uses Fresnel lenses to concentrate solar radiation with a concentration 

ratio of 50X over a PV panel composed of an array of 40 series-connected 

monocrystalline silicon cells (divided into 4 rows) attached using a thin-film thermal 

cladding to a substrate that contains the tree-shaped cooling channels. Simulation 

results show that, compared to conventional straight channels, the proposed tree-

shaped channels network results in lower maximum cell temperatures and a more 

uniform temperature distribution between the PV cells. Numerical comparison results 

between tree-shaped and straight channel networks under the same 15 Pa pumping 

pressure reveal a 0.04% electrical efficiency improvement, 1.2℃ higher water outlet 

temperature, 9.6℃ lower cell temperature, and 14.6℃ lower maximum temperature 

difference between cells. The lower cell temperatures and more uniform temperature 

distribution result in increased durability and reliability of the CPVT (due to the 

reduced thermomechanical fatigue) as well as improved electrical efficiency (due to 

the better current matching between cells). The cell temperature difference between 

the tree-shaped (70.0℃) and straight (79.6℃) channel networks is translated into 
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lifetimes of 2485 and 1248 cycles, respectively. That is, the tree-shaped configuration 

results in doubling the lifetime of the PV cells compared to the conventional straight 

configuration.  

Müller et al. [60] designed a high-concentration CPVT system integrated with 

a silicon micro-channel heat exchanger in order to operate at very high concentration 

ratios. Triple-junction GaInP/GaInAs/Ge PV cells were used due to their superior 

performance at high concentration ratios. The silicon micro-channel heat sink uses 

water as the HTF and is directly soldered to the PV cell providing mechanical support 

and electrical connection. This direct connection reduces thermal resistance. A split-

flow arrangement for the micro-channel polycarbonate manifold was adopted instead 

of an end-to-end arrangement in order to reduce the parasitic pumping load by a factor 

of four. The authors experimentally and theoretically evaluated the performance and 

electrical and mechanical stability of their design under very high concentration ratios 

and different HTF inlet temperatures. The proposed design was compared to a 

reference design that uses an alumina substrate bonded using a thermal adhesive to a 

commercial copper cooler on a polyacetal carrier. At 1000X, the reference design 

experienced electrical damage whereas the proposed design experienced no damage 

up to 4930X with a cell temperature of 54℃ and an electrical efficiency of 6.4% 

under laboratory conditions. At 1500X, the electrical efficiency of the proposed 

system exceeded that of the reference system by 2%. Theoretical modeling of the 

proposed system using both a Shockley-Queisser model and real cell model was 

developed. Independent of the model, an efficiency increase of 0.5% per every 1000X 

increase and an efficiency decrease of 1% per every 10℃ increase are predicted. 

Hejmadi et al. [149] proposed the implementation of an innovative technique 

to an existing PTC with commercially-available components in order to convert it into 

a CPVT collector. The technique depends on covering the trough with a reflective 

stretched Mylar (a polyester film) layer embossed with microstructures. This modified 

Mylar layer performs a spectrally-selective function (pre-illumination PV heat 

extraction) where it adjusts the focal line of visible radiation without affecting the 

original focal line of infrared radiation that still falls on the tubular thermal receiver. 

As such, reflected visible radiation falls on linear PV receivers located a few inches to 

the sides of the central tubular thermal receiver. This technique achieves a spectral-

matching effect without changing the original PTC design layout. The Mylar film is 
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embossed using a conventional roll-to-roll process with a 1D symmetric 

microstructures pattern. Additionally, the microstructures are not added to the entire 

surface of the trough. Instead, they are added only symmetrically about the trough’s 

center. This achieves a more uniform concentration profile over the PV receiver’s 

surface. The concentrator consists of a Mylar film stretched over an aluminum 

parabolic trough frame. One-axis tracking is used with 0.5° accuracy and 20X 

concentration ratio. The microstructures added to the Mylar film result in a spectrally-

selective diffractive effect in addition to the original reflective effect of the trough. 

Two linear monocrystalline silicon strips are attached to the cover glass to the right 

and left of the central tubular receiver that uses black oil as its HTF. The PV receivers 

receive visible radiation at a concentration ranging from 1X to 7X. The spectral 

selectivity of the modified Mylar film is attributed to the different diffraction 

efficiencies of the Mylar’s microstructures with respect to different wavelengths. The 

authors developed a numerical semi-scalar model to simulate the optical performance 

of their modified system. Optical simulation results show that some visible light is not 

diffracted and falls on the thermal receiver instead of the PV receiver. However, 

visible light with shorter wavelengths (away from the infrared band) is fully diffracted 

onto the PV receiver. Similarly, some infrared radiation with short wavelengths falls 

on the PV receiver. However, infrared radiation with longer wavelengths (away from 

the visible band) is fully reflected onto the thermal receiver. These phenomena are 

due to the non-ideal spectral response of the microstructures. Finally, the authors 

described how embossing of the Mylar sheets with 5-10 𝜇𝑚 microstructures at a 

depth of 2 𝜇𝑚 is accomplished using standard microlithography technologies. 

Morfeldt [152] proposed covering parts of a low-concentration CPVT’s 

receiver surface with an optically-selective coating in an attempt to reduce thermal 

losses. The covered parts of the receiver are the ones not already equipped with PV 

cells. Theoretical modeling and laboratory experimental testing of a receiver with a 

number of spectrally-selective coatings with different properties under different 

weather conditions were conducted. Tested coatings include the normal non-

spectrally-selective anodized aluminum coating of the receiver, a thickness-sensitive 

selective surface paint, a thickness-insensitive selective surface paint, a ready-to-use 

aluminum-based foil, and a ready-to-use nickel-based foil with a silicon backside 

adhesive. The paint coatings are transparent to infrared radiation and consist of solar-
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absorbing inorganic pigments dispersed in a resin. Results show a 20% thermal losses 

reduction as a result of using the optically-selective coatings. 

Borton [164] briefly discussed the feasibility of designing and mass-producing 

a one square meter plastic non-imaging Fresnel reflective concentrator in order to 

match conventional PV panels of the same physical scale. The one square meter 

concentrators are meant to be integrated within a densely-packed configuration with 

two-axis polar-declination tracking and 500X concentration ratio. Each CPVT unit 

would have a receiver of 3×4 one-centimeter PV cells. Installing nine CPVT units in 

36 rows would yield 324 units with a total of 324 m2 area. This configuration would 

facilitate thermal energy collection by connecting the nine units in each row. 

 Jiang and Winston [145] noted that one of the issues with PVT/CPVT 

collectors is the high thermal losses primarily due to the high emissivity of a PV 

receiver’s encapsulation material. As such, operating at concentration ratios above 

10X becomes necessary in order to maintain an acceptable thermal efficiency by 

limiting the radiation losses area. Unfortunately, this necessitates the use of tracking, 

which considerably adds to the cost and complexity of the system. The authors 

propose using vacuum-encapsulated thin film PV cells in conjunction with external 

CPCs capable of harvesting diffuse radiation and evacuated tube receivers in order to 

produce a stationary yet efficient CPVT design. The transparent electrode layer 

(transparent conductive oxide) of a thin film PV cell is used as the outermost surface 

instead of conventional PV encapsulation material. This is due to the electrode’s 

inherent transparency to visible radiation and reflectivity to beyond-infrared radiation. 

As such, the transparent electrode functions as a spectrally-selective coating that 

inhibits radiation losses while allowing solar radiation to be absorbed. The CPVT 

design is composed of an external CPC with a tubular absorber located at its center, as 

shown in Fig. II-32. This external CPC has a wide acceptance half-angle of 60°, a 

concentration ratio of 1.1X (or 3.45X if taken with respect to diameters), and can 

efficiently work for 8 hours per day. Any rays leaving the absorber surface end up 

within the acceptance angle of the CPC. Ray tracing simulations of the proposed 

design were conducted. Results show that the gap between the absorber and the 

concentrator results in some rays passing through the gap and escaping the 

concentrator. However, the design still maintains the acceptance half-angle for 

backward ray tracing. Results also show that the CPC produces linear hotspots which 
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result in current matching losses for the series-connected cells. The CPC’s average 

optical efficiency is 94%. However, during early morning and late afternoon, the 

optical efficiency is low due to the CPC’s inaccuracies. Additionally, during 

noontime, the optical efficiency also drops due to the aforementioned gap losses. 

 

 

Figure II-32: CPVT Design with External CPC and Evacuated Tubular Receiver 

[145] 

 

 

Imenes et al. [167] designed and optimized a radially-variable dielectric 

multilayer thin-film flat bandpass filter to be employed in a HFCR-based pre-

illumination CPVT concept with the specific purpose of minimizing optical losses due 

to the wide range of incidence angles at which the collected radiation hits the 

spectrally-selective filter. The varied nature of the incident’s angular profile in a 

HFCR-based CPVT causes substantial optical losses in common filters which are 

normally designed for a specific incident angle. The authors proposed adjusting the 

thicknesses of the thin film layers in the filter according to the mean-weighted angle 

of incidence at any given position on the flat beam splitter via a needle optimization 

scheme. The resulting coating consisted of 162 layers with a constant total layer 

thickness but radially-varied individual layer thickness to compensate for the different 

angles of incidence. The beam splitter, PV and thermal receivers, and heliostat field 

were all assumed circular with the filter positioned 0.4 m below the focal point of the 

incident. Reflectance curve of the resulting optimized filter show a highly-uniform 
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reflectance/transmittance profile with respect to angles ranging from 14° to 54° over 

the solar spectrum. The authors finally pointed out the need for further work in order 

to characterize the beam splitter as a function of time and the sun’s position in the sky 

and to optimize the beam splitter such that the maximum annual performance of the 

CPVT is obtained. 

As was the case with Section II-2.5.1, it is important to note that some of the 

CPVT-focused studies covered in Sections II-2.1 through II-2.4 included the 

optimization of a certain CPVT component as part of the study without being its 

primary focus. 

II-2.6. Summary and Observations on CPVT Studies in Literature 

Table II-2 summarizes and compares all CPVT-focused studies covered in 

Sections II-2.1 through II-2.4. Table II-3 provides a summary of the CPVT 

integration-focused studies covered in Section II-2.5.1. Table II-4 provides a 

summary of the CPVT component improvement-focused studies covered in Section 

II-2.5.2. 

Fig. II-33 illustrates the relation between CPVTs’ study types and concentrator 

optics with respect to year of study. As evident from the figure, the interest in CPVTs, 

and most renewable energy technologies, declined during the 1990s after an initial 

interest in the 1980s. This was in response to the sharp decline in fossil fuel prices and 

steadiness of supply during the 1990s, which obscured most renewable energy 

initiatives. Yet, after the sharp decline in the 1990s, interest in CPVTs and most 

renewable technologies has been witnessing a revived and rapid rise of interest. This 

was mainly the result of worldwide recognition of the harmful effects fossil fuel-

based energy technologies have on the environment and the trend to establish a 

renewable energy technological basis in response to the dwindling reserves and 

escalating prices of fossil fuels. Fig. II-33a shows that the number of CPVT 

theoretical and experimental studies is insufficient if the technology is to receive 

wide-scale adoption, acceptance, and support from governments, private sector, and 

the public. The maturity of PTCs as a CST-PG technology has been reflected on the 

trend of CPVT studies, as clearly seen from Fig. II-33b. Low-concentration CPVTs 

using CPCs and booster reflectors are also gaining considerable interest. However, the 

ideal technology, at least with respect to each concentration ratio category, is still 
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unclear. Parabolic dish CPVTs seem to be the most well-studied for high-

concentration point-focus systems. While for moderate concentration ratios, parabolic 

trough and linear Fresnel lens CPVTs seem to have the most interest. As for low-

concentration CPVTs, the most suitable for façade-integration purposes, CPCs are 

becoming the optics of choice. 

Fig. II-34 illustrates the relation between CPVTs’ heat extraction methods and 

cell types with respect to concentration ratio of study. From Fig. II-34a, it can be seen 

that a dire need for more pre-illumination CPVT studies exists. For concentration 

ratios above 50X, pre-illumination concepts are more common due to their inherent 

advantage as a result of settling the trade-off between high HTF outlet temperatures 

and high electrical efficiencies since the thermal and electrical conversion processes 

are spatially separated in pre-illumination CPVTs. However, for concentration ratios 

below 50X, post-illumination CPVTs are more common since they offer reasonable 

results using mature components and well-understood concepts. Fig. II-34b shows
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Table II-2: Comparison of CPVT-Focused Studies Covered in Manuscript (E: Experimental; T: Theoretical; NA: Not Available) 

 
R

ef
er

en
ce

 

Extent of 

Study 

(Country of 

Study) 

P
ri

m
a
ry

 C
o
n

c
en

tr
a
to

r 

O
p

ti
cs

  

A
p

er
tu

re
 A

re
a
 (

m
2
) 

T
ra

ck
in

g
 

P
V

 T
y
p

e Primary 

Heat 

Extraction 

Concept15 

O
u

tl
et

 T
em

p
er

a
tu

r
e 

(℃
) 

C
o
n

ce
n

tr
a
ti

o
n

 R
a
ti

o
1

6
 Output (W) 

Efficiency 

(%) 

D
es

ig
n

 D
is

ti
n

g
u

is
h

in
g
 

F
ea

tu
re

s 

Nature of 

Study 

E
le

ct
ri

ca
l 

T
h

er
m

a
l 

E
le

ct
ri

ca
l 

T
h

er
m

a
l 

[17, 23, 

24] 

Test 

prototype 

(Australia/ 

USA; 2010-

2013) L
in

ea
r 

F
re

sn
el

 

re
fl

ec
to

r 

3.5 

O
n
e-

ax
is

 

M
o
n
o

-S
i 

Water 

circulates in 

a channel 

through a 

rear heat 

sink (P) 

42 

(E) 
20 

280 

(E) 2
4
0
0

 

(E
) 8 

(E) 

50 

(E) 

Compact 

design with 

all 

components 

within an 

enclosure 

Thermal and 

electrical 

performance 

assessment 

                                                      
15 (P): Post illumination; (S): Pre illumination using spectral decomposition; (D): Pre-illumination using direct absorption HTF 
16 Geometric concentration ratio if available; flux or effective concentration ratio if not 



 
 

290 

 

[26-28] 

Operational 

prototype 

(Australia; 

2005) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

297 

O
n
e-

ax
is

 

M
o
n
o

-S
i 

Water with 

anti-freeze 

and anti-

corrosive 

additives 

circulates in 

a channel 

through a 

rear heat 

sink (P) 

32-

66 

(E) 

37 NA NA 
11 

(E) 

58 

(E) 

Complete 

operational 

system with 

storage tanks 

and back-up 

Thermal and 

electrical 

performance 

assessment 

[19, 20] 

Test 

prototype 

(France; 

1981-1983) P
ar

ab
o
li

c 

tr
o
u
g
h
 

NA 

O
n
e-

ax
is

 

S
i 

Water 

circulates 

through a 

metallic 

polygonal 

tube (P) 

60-

110 

(E) 

20 NA NA 
8 

(E) 

45-

70 

(E) A
n
 e

ar
ly

 

p
ro

to
ty

p
e 

w
it

h
 

si
x
 d

if
fe

re
n
t 

co
n
fi

g
u
ra

ti
o
n
s 

Thermal and 

electrical 

performance 

assessment 

[31, 32] 

Conceptual 

design 

(Italy; 2012) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

12 

O
n
e-

ax
is

 

In
G

aP
/I

n
G

aA
s/

G
e 

Water 

circulates 

through a 

channel 

embedded 

within a 

triangular 

linear 

receiver (P) 

84 

(T) 
10 

4
2
1
6
 

(T
) 

9
2
7
9
 

(T
) 

20-

25 

(T) 

50-

60 

(T) 

Triangular 

receiver with 

a top 

absorber 

layer 

Thermal and 

electrical 

modeling, 

simulation, and 

parametric 

studies 



 
 

291 

 

[33] 

Conceptual 

design 

(Italy; 2013) 

P
ar

ab
o
li

c 
d
is

h
 

12 

T
w

o
-a

x
is

 

In
G

aP
/I

n
G

aA
s/

G
e 

Diathermic 

oil circulates 

through a 

serpentine 

channel 

embedded 

within a 

rectangular 

planar 

receiver (P) 

150 

(T) 
33 

556 

(T) 1
3
8
9

 

(T
) 

19-

25 

(T) 

50-

60 

(T) 

High-

temperature 

design meant 

for 

integration 

with a 

double-effect 

absorption 

chiller 

Thermal and 

electrical 

modeling, 

simulation, and 

parametric 

studies 

[34] 

Conceptual 

discussion 

(Germany; 

2009) 

L
u
m

in
es

ce
n
t 

co
n
ce

n
tr

at
o

r 

NA 

N
o
n
e 

M
o
n
o

-S
i 

Bottom 

absorber 

plate 

collects 

transmitted 

infrared 

radiation (S) 

NA NA NA NA 
5-10 

(T) 

50-

60 

(T) 

Luminescent 

concentrator 

converts 

solar 

spectrum into 

PV-suitable 

radiation 

while 

transmitting 

infrared 

radiation to 

thermal 

receiver 

Rough 

conceptual 

discussion of a 

general 

proposed 

design concept 



 
 

292 

 

[35] 

Conceptual 

design 

(China/ UK; 

2012) 

C
o

m
p

o
u

n
d

 p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

0.6 

N
o
n
e 

M
o
n
o

-S
i 

Water 

circulates 

through a U-

type channel 

embedded 

within the 

receiver (P) 

60 

(T) 
3 NA NA 

10.4 

(T) 

62.2 

(T) 

U-type pipe 

receiver to 

avoid 

temperature 

gradient 

Thermal and 

electrical 

performance 

assessment 

under different 

concentration 

ratios 

[36] 

Conceptual 

design 

(China; 

2010) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

2.4 
T

w
o
-a

x
is

 

S
i 

A beam 

splitter 

directs less-

than-

bandgap 

radiation 

onto an 

evacuated 

tube 

collector (S) 

250-

300 

(T) 

7 NA NA NA NA 

Optimized 

beam splitter 

and 

evacuated 

tube 

collectors 

Ray tracing and 

spectral and 

spatial optical 

modeling, 

simulation, 

parametric 

studies, and 

optimization 

[37] 

Test 

prototype 

(China; 

2013) 

L
in

ea
r 

F
re

sn
el

 

le
n
s 

0.24 

N
o
n
e 

M
o
n
o

-S
i 

Water 

circulates 

through an 

inner cavity 

within the 

receiver (P) 

NA 5 

1
1
.3

4
 

(E
) 

7
2
.7

2
 

(E
) 9.83 

(E) 

55.9 

(E) 

Stationary 

design with 

booster 

reflectors  

Thermal and 

electrical 

modeling and 

investigation of 

weather 

conditions 

effect 



 
 

293 

 

[38] 

Conceptual 

design 

(China; 

2013) 

L
in

ea
r 

F
re

sn
el

 r
ef

le
ct

o
r 

4 

O
n
e-

ax
is

 

M
o
n
o

-S
i 

HTF 

circulates 

through a 

tubular 

receiver that 

receives 

non-PV-

suitable 

solar 

radiation (S) 

NA 28.4 

3
0
1
.3

 

(T
) 

7
5
5
.7

 

(T
) 

1
1
.9

9
 

(T
) 

NA 

Optimized 

beam splitter 

using needle 

optimization 

technique 

Ray tracing and 

optical 

modeling, 

simulation, and 

parametric 

studies and 

electric 

performance 

assessment 

[39] 

Conceptual 

design 

(China; 

2009) 

P
ar

ab
o
li

c 
d
is

h
 

3 

T
w

o
-a

x
is

 

S
i 

HTF 

circulates 

through a 

cavity 

receiver that 

receives 

non-PV-

suitable 

solar 

radiation (S) 

NA 80 NA NA 
18 

(T) 
NA 

Optimized 

beam splitter 

coated with 

38 layers 

Ray tracing and 

spectral and 

spatial optical 

modeling and 

simulation and 

electrical 

performance 

assessment 
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[40] 

Conceptual 

design 

(China; 

2009) 

C
o
m

p
o
u
n
d
 p

ar
ab

o
li

c 

co
n
ce

n
tr

at
o
r 

1
3
.9

9
2

 

N
o
n
e 

N
A

 

Air 

circulates 

through a 

cavity 

receiver 

with fins 

extruded 

from its 

surface (P) 

89 

(T) 
2 NA NA 

9 

(T) 

66 

(T) 

Three 

truncated 

CPCs 

Optical ray 

tracing 

simulation and 

thermal and 

electrical 

modeling and 

numerical 

simulation 

[42] 

Test 

prototype 

(China; 

2011) 

C
o

m
p

o
u

n
d

 p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

1
.5

8
4
 

N
o
n
e 

N
A

 

R-134a 

flows 

through 

multi-port 

flat extruded 

aluminum 

tubes (P) 

30-

70 

(E) 

2.44 NA NA 
17.5 

(E) 
NA 

Stationary 

design 

integrated 

with a heat 

pump 

Thermal and 

electrical field 

testing and 

performance 

assessment 

[43] 

Conceptual 

design 

(China; 

2008) C
o

m
p

o
u

n
d

 

p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

6 

N
o
n
e 

S
i 

Water flows 

through a 

channel 

below the 

PV cell (P) 

50 

(T) 
6 

917 

(T) 3
2
6
4
 

(T
) 16 

(T) 

71 

(T) 
MPPT 

Thermal and 

electrical 

modeling and 

performance 

assessment 

[4
4
] 

D
es

ig
n
 (

a)
 

Conceptual 

design 

(Israel; 2004) H
el

io
st

at
 

ce
n

tr
al

 r
ec

ei
v

er
 

7
4
7
7
7

 

T
w

o
-a

x
is

 

M
o
n
o

-S
i 

A ground 

receiver 

collects non-

PV-suitable 

radiation (S) 

NA 500 

6
8
4
4

 

(T
) 

2
7
6
1
6

 

(T
) 12.3 

(T) 

49.6 

(T) 

H
y
p
er

b
o
lo

id
al

 

m
ir

ro
r 

as
 

re
ce

iv
er

 a
n
d
 

b
ea

m
 s

p
li

tt
er

 

an
d
 C

P
C

 

b
o
o
st

er
s Ray tracing and 

optical 

modeling and 

simulation 
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D
es

ig
n
 (

b
) 

Conceptual 

design 

(Israel; 2004) H
el

io
st

at
 

ce
n

tr
al

 r
ec

ei
v

er
 

7
4
7
7
7
 

T
w

o
-a

x
is

 

M
o
n
o

-S
i 

A ground 

receiver 

collects non-

PV-suitable 

radiation (S) 

NA 500 

6
8
6
9
 

(T
) 

2
5
9
9
5
 

(T
) 12.4 

(T) 

46.7 

(T) 

H
y

p
er

b
o

lo
id

al
 

m
ir

ro
r 

as
 

re
ce

iv
er

 a
n

d
 

p
ar

ab
o

lo
id

al
 

m
ir

ro
r 

as
 b

ea
m

 

sp
li

tt
er

 a
n

d
 

C
P

C
 b

o
o

st
er

s 

Ray tracing and 

optical 

modeling and 

simulation 

[4
7
] 

D
es

ig
n
 (

a1
) 

Test 

prototype 

(China; 

2011) P
ar

ab
o
li

c 

tr
o
u
g
h
 

2
.0

8
8
 

O
n
e-

ax
is

 

M
o
n
o

-S
i 

Water flows 

through a 

duct in a 

cavity above 

the PV cells 

(P) 

40-

49 

(E) 1
6
.9

2
 7.9-

8.7 

(E) 

937-

1359 

(E) 

0.53-

0.63 

(E) 

30-

47 

(E) D
if

fe
re

n
t 

co
n
fi

g
u
ra

ti
o
n
s 

w
it

h
 d

if
fe

re
n
t 

P
V

 c
el

l 
ty

p
es

 

Thermal and 

electrical 

performance 

assessment 

D
es

ig
n
 (

a2
) 

Test 

prototype 

(China; 

2011) P
ar

ab
o
li

c 

tr
o
u
g
h

 

2
.0

8
8

 

O
n
e-

ax
is

 

P
o
ly

-S
i 

Water flows 

through a 

duct in a 

cavity above 

the PV cells 

(P) 

39-

48 

(E) 1
6
.9

2
 7.6-

8.4 

(E) 

891-

1312 

(E) 

0.44-

0.59 

(E) 

42-

48 

(E) D
if

fe
re

n
t 

co
n
fi

g
u
ra

ti
o
n
s 

w
it

h
 d

if
fe

re
n
t 

P
V

 c
el

l 
ty

p
es

 

Thermal and 

electrical 

performance 

assessment 

D
es

ig
n
 (

a3
) 

Test 

prototype 

(China; 

2011) P
ar

ab
o
li

c 

tr
o
u
g
h
 

2
.0

8
8
 

O
n
e-

ax
is

 

S
u
p
er

-S
i 

Water flows 

through a 

duct in a 

cavity above 

the PV cells 

(P) 

39-

47 

(E) 1
6
.9

2
 37.5-

40.5 

(E) 

891-

1266 

(E) 

2.5-

3.0 

(E) 

36-

46 

(E) D
if

fe
re

n
t 

co
n
fi

g
u
ra

ti
o
n
s 

w
it

h
 d

if
fe

re
n
t 

P
V

 c
el

l 
ty

p
es

 

Thermal and 

electrical 

performance 

assessment 
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D
es

ig
n
 (

a4
) 

Test 

prototype 

(China; 

2011) P
ar

ab
o
li

c 

tr
o
u
g
h
 

2
.0

8
8
 

O
n
e-

ax
is

 

G
aA

s 

Water flows 

through a 

duct in a 

cavity above 

the PV cells 

(P) 

35-

43 

(E) 1
6
.9

2
 90-

112 

(E) 

703-

1078 

(E) 

6.67-

7.31 

(E) 

28-

43 

(E) D
if

fe
re

n
t 

co
n
fi

g
u
ra

ti
o
n
s 

w
it

h
 d

if
fe

re
n
t 

P
V

 c
el

l 
ty

p
es

 

Thermal and 

electrical 

performance 

assessment 

D
es

ig
n
 (

b
1
) 

Test 

prototype 

(China; 

2011) P
ar

ab
o
li

c 

tr
o
u
g
h
 

9.25 

O
n
e-

ax
is

 

C
u
st

o
m

iz
ed

-S
i Water flows 

through a 

duct in a 

cavity above 

the PV cells 

(P) 

29.6 

(E) 
31 

493 

(E) 2
8
8
9
 

(E
) 7.51 

(E) 

42.4 

(E) 

D
if

fe
re

n
t 

co
n
fi

g
u
ra

ti
o
n
s 

w
it

h
 d

if
fe

re
n
t 

P
V

 c
el

l 
ty

p
es

 

Thermal and 

electrical 

performance 

assessment 

D
es

ig
n
 (

b
2
) 

Test 

prototype 

(China; 

2011) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

9.25 

O
n
e-

ax
is

 

G
aA

s 

Water HTF 

flows 

through a 

duct in a 

cavity above 

the PV cell 

(P) 

33.9 

(E) 
31 

823 

(E) 4
1
8
0
 

(E
) 9.88 

(E) 

49.8 

(E) 

D
if

fe
re

n
t 

co
n
fi

g
u
ra

ti
o
n
s 

w
it

h
 d

if
fe

re
n
t 

P
V

 

ce
ll

 t
y
p
es

 

Thermal and 

electrical 

performance 

assessment 
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[20] 

Test 

prototype 

(Japan; 1982) 

S
p
o
t 

F
re

sn
el

 l
en

s 

398 

T
w

o
-a

x
is

 

S
i 

Water flows 

through a 

copper tube 

below a 

metallic 

substrate (P) 

NA 50 

5
0
0
0

 

(T
) 

2
5
0
0
0

 

(T
) 

NA NA 

Grid-

connected 

complete 

system with 

custom-

designed 

Fresnel 

lenses and a 

hybrid 

receiver 

Description and 

preliminary 

analysis of a 

built prototype 

[58] 

Test 

prototype 

(Germany; 

2011) 

P
ar

ab
o
li

c 
d
is

h
 

1.1 

T
w

o
-a

x
is

 

D
o

u
b
le

-J
u
n
ct

io
n

 

Water flows 

through a 

micro-

channel heat 

exchanger 

with PV 

cells 

mounted on 

it (P) 

Up to 

120 

(T) 

132-

795 
NA NA 

25 

(T) 

53 

(T) 

Micro-

channel heat 

exchanger 

Optical, 

thermal, and 

electrical 

performance 

assessment 
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[49] 

Test 

prototype 

(Germany; 

2013) 

P
ar

ab
o
li

c 
d
is

h
 

1.06 

T
w

o
-a

x
is

 

G
aA

s 

Water flows 

through a 

micro-

channel heat 

exchanger 

with PV 

cells 

mounted on 

it (P) 

NA 522 

1
2
5

1
7
 

(E
) 

3
5
0

-4
5
0

1
8
 

(E
) 19.9 

(E) 
NA 

M
ic

ro
-c

h
an

n
el

 h
ea

t 

ex
ch

an
g

er
 a

n
d
 

k
al

ei
d
o
sc

o
p
e 

h
o
m

o
g
en

iz
er

 

Validation of a 

developed 

model using a 

test prototype 

[50] 

Conceptual 

design 

(USA; 2012) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

0
.2

9
6
1

 

N
A

 

G
aA

s/
G

e 

Water flows 

through a 

channel with 

PV cells 

attached 

above it (P) 

56.2 

(T) 
20 NA NA 

15.6 

(T) 

72.2 

(T) 

18 series-

connected 

GaAs/Ge 

cells 

Thermal, 

electrical, and 

finite element 

fatigue 

mechanical 

analysis, 

modeling, 

simulation, and 

parametric 

studies 

                                                      
17 Scaled to DNI of 850 W-m-2 
18 Scaled to DNI of 850 W-m-2 
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[52] 

Test 

prototype 

(Spain; 2005) 

L
in

ea
r 

F
re

sn
el

 

re
fl

ec
to

r 

4.86 

T
w

o
-a

x
is

 

S
i 

Water flows 

through a 

rectangular 

channel with 

PV cells 

attached 

above it (P) 

58 

(E) 
13.6 NA 

1
5
.2

1
9
 

(E
) 

NA 
65.8 

(E) 

1
8
 v

ar
y
in

g
 

w
id

th
s 

F
re

sn
el

 

m
ir

ro
rs

 a
n
d
 

el
ec

tr
o
m

ec
h
an

ic
a

l 
tw

o
-a

x
is

 t
ra

ck
er

 

Thermal and 

electrical 

dynamic 

modeling, 

simulation, and 

validation 

[53] 

Test 

prototype 

(Turkey; 

2013) 

P
ar

ab
o
li

c 
d
is

h
 

1
.1

3
1
 

T
w

o
-a

x
is

 

M
o
n
o

-S
i 

Water flows 

through 

vacuum 

tubes that 

receive IR 

and UV 

radiation 

from hot 

mirrors and 

radiation 

directly 

from sun (S) 

55 

(E) 1
7
9
7
 

18.4 

(E) 1
4
1
.2

 

(E
) 15.2 

(E) 

49.9 

(E) 

Miniature 

design with 

hot mirrors 

and vacuum 

tubes 

Optical, 

thermal, and 

electrical 

modeling and 

performance 

assessment 

                                                      
19 kJ per m2 
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[56] 

Conceptual 

design 

(China; 

2011) 
N

A
 

NA N
A

 

S
i 

Optimized 

HTF first 

flows below 

PV cell layer 

to cool it 

and then 

flows above 

the layer to 

directly 

absorb 

infrared 

radiation (D) 

196 

(T) 
8 NA NA 

7.3 

(T) 

40 

(T) 

Optimized 

direct 

absorption 

HTF 

Genetic 

algorithm 

optimization of 

HTF and 

optical, 

thermal, and 

electrical 

modeling, 

performance 

assessment, and 

parametric 

studies 

[68] 

Conceptual 

design 

(Canada; 

1985) 

S
p
o
t 

F
re

sn
el

 l
en

s 

NA N
A

 

S
i 

Water flows 

through a 

rectangular 

channel with 

PV cells 

attached 

above it (P) 

NA 
1-

1000 
NA NA NA NA 

Receivers 

share the 

same heat 

extraction 

and tracking 

mechanisms 

Electrical 

modeling and 

validation of 

CPV silicon 

cells 
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[69] 

Conceptual 

design 

(Egypt/ USA; 

1988) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

6 N
A

 

S
i 

Caloria 

flows 

through a 

thermal 

receiver that 

receives 

non-PV-

useful bands 

of solar 

spectrum (S) 

NA 50 

1
2
.4

2
0
 

(T
) 

5
1
.4

2
1
 

(T
) 

20-

25 

(T) 

NA 
Minus filter 

beam splitter 

Optical and 

electrical 

performance 

assessment 

[71] 

Conceptual 

design 

(India; 1987) 

N
A

 

NA N
A

 

N
A

 

HTF flows 

through a 

tubular 

channel with 

PV cells 

surrounding 

it (P) 

31 

(T) 
15 

28 

(T) 

290 

(T) 
NA NA 

Tubular 

receiver with 

curved PV 

cells 

Thermal and 

electrical 

modeling and 

parametric 

studies 

[66, 72] 

Test 

prototype 

(India; 1986-

1992) 

L
in

ea
r 

F
re

sn
el

 

re
fl

ec
to

r 

1 

O
n
e-

ax
is

 

N
A

 

Water flows 

through a 

rectangular 

channel with 

PV cells 

attached to 

its bottom 

side (P) 

27 

(E) 
5 

4.2 

(E) 

125 

(E) 

8.5 

(E) 
NA 

Rectangular 

receiver 

Thermal and 

electrical 

modeling, 

performance 

assessment, and 

parametric 

studies 

                                                      
20 MJ 
21 MJ 
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[62] 

Conceptual 

design 

(USA; 2012) 

L
in

ea
r 

F
re

sn
el

 

le
n
s 

NA 

T
w

o
-a

x
is

 

G
aI

n
P

/G
aA

s/
G

e HTF flows 

through a 

rectangular 

channel with 

cells on top 

(P) 

37-

57 

(T) 

80 

1
4
2
1
5

2
2
 

(T
) 

5
0
8
9

2
3
 

(T
) 

3
4
.7

5
 

(T
) 

NA 

Five modules 

that share the 

same 

tracking 

mechanism 

Thermal and 

electrical 

modeling and 

simulation 

[157] 

Test 

prototype 

(USA; 1982) 

S
p
o
t 

F
re

sn
el

 l
en

s 

NA 
N

o
n
e 

S
i 

Water flows 

through 

copper tube 

attached 

below PVs 

then through 

a pre-

illumination 

tube above 

PV cells (D) 

29.4 

(E) 
230 

35 

(E) 0
.0

3
2
 

(E
) 41.5 

(E) 

0
.0

3
7
8
 

(E
) 

W
at

er
-f

il
le

d
 t

ra
n
sp

ar
en

t 

tu
b
e 

fo
r 

h
ea

t 
ex

tr
ac

ti
o
n
 

an
d
 s

ec
o
n
d
ar

y
 

co
n
ce

n
tr

at
io

n
 

Thermal and 

electrical 

performance 

assessment 

                                                      
22 kWh 
23 kWh 
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[65] 

Conceptual 

design 

(USA; 2010) 

N
A

 

NA N
A

 

N
A

2
4
 

HTF flows 

through a 

glass tube to 

absorb 

radiation 

before 

impinging 

on PV 

receiver (D) 

<
1
0
0
 

(T
) 10-

50 
NA NA 

24 

(T) 

48 

(T) 

Direct HTF 

absorption 

with a glass 

cover 

Thermal and 

electrical 

modeling and 

parametric 

studies 

[1
2
5
] D

es
ig

n
 (

a1
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

G
e 

HTF flows 

through a 

glass tube 

beneath a 

thin-film 

filter (S) 

600-

700 

(T) 

200 NA NA 
1.96 

(T) 3
3
.0

7
 

(T
) 

Thin-film 

filter 

suspended in 

a direct 

absorption 

HTF 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

D
es

ig
n
 (

a2
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

G
e 

Nano-fluid 

flows 

through a 

glass tube 

(D) 

600-

700 

(T) 

200 NA NA 
1.87 

(T) 3
7
.4

2
 

(T
) 

Direct nano-

fluid 

absorption 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

                                                      
24 A material with 1.5-2.0 eV bandgap 
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D
es

ig
n
 (

b
1
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

S
i 

HTF flows 

through a 

glass tube 

beneath a 

thin-film 

filter (S) 

600-

700 

(T) 

200 NA NA 

1
0
.0

5
 

(T
) 

3
2
.6

6
 

(T
) 

Thin-film 

filter 

suspended in 

a direct 

absorption 

HTF 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

D
es

ig
n
 (

b
2
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

S
i 

Nano-fluid 

flows 

through a 

glass tube 

(D) 

600-

700 

(T) 

200 NA NA 

1
0
.0

7
 

(T
) 

2
6
.8

8
 

(T
) 

Direct nano-

fluid 

absorption 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

D
es

ig
n
 (

c1
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

In
G

aP
 

HTF flows 

through a 

glass tube 

beneath a 

thin-film 

filter (S) 

600-

700 

(T) 

200 NA NA 

1
8
.6

2
 

(T
) 

2
1
.8

7
 

(T
) 

Thin-film 

filter 

suspended in 

a direct 

absorption 

HTF 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

D
es

ig
n
 (

c2
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

In
G

aP
 

Nano-fluid 

flows 

through a 

glass tube 

(D) 

600-

700 

(T) 

200 NA NA 

1
5
.9

6
 

(T
) 

2
2
.7

1
 

(T
) 

Direct nano-

fluid 

absorption 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 
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D
es

ig
n
 (

d
1
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

C
d
T

e 

HTF flows 

through a 

glass tube 

beneath a 

thin-film 

filter (S) 

600-

700 

(T) 

200 NA NA 

1
7
.9

1
 

(T
) 

2
6
.5

9
 

(T
) 

Thin-film 

filter 

suspended in 

a direct 

absorption 

HTF 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

D
es

ig
n
 (

d
2
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

C
d
T

e 

Nano-fluid 

flows 

through a 

glass tube 

(D) 

600-

700 

(T) 

200 NA NA 

1
5
.7

2
 

(T
) 

2
6
.6

2
 

(T
) 

Direct nano-

fluid 

absorption 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

D
es

ig
n
 (

e1
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

In
G

aA
s 

HTF flows 

through a 

glass tube 

beneath a 

thin-film 

filter (S) 

600-

700 

(T) 

200 NA NA 

1
6
.5

9
 

(T
) 

2
6
.7

5
 

(T
) 

Thin-film 

filter 

suspended in 

a direct 

absorption 

HTF 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 

D
es

ig
n
 (

e2
) 

Conceptual 

design 

(USA; 2013) 

N
A

 

NA N
A

 

In
G

aA
s 

Nano-fluid 

flows 

through a 

glass tube 

(D) 

600-

700 

(T) 

200 NA NA 

1
4
.8

1
 

(T
) 

2
7
.8

5
 

(T
) 

Direct nano-

fluid 

absorption 

Optical, 

thermal, and 

electrical 

modeling and 

parametric 

studies 
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[6
7
] 

D
es

ig
n
 (

a)
 

Test 

prototype 

(Greece; 

2002) 

D
if

fu
se

 b
o
o
st

er
 

re
fl

ec
to

r 

NA 

N
o
n
e 

P
o
ly

-S
i 

Water flows 

through 

copper pipes 

attached to a 

copper 

thermal 

receiver 

below PV 

cells (P) 

NA 1.35 NA NA 
13 

(E) 

80 

(E) 

D
if

fu
se

 b
o
o
st

er
 

re
fl

ec
to

rs
 a

n
d

 d
if

fe
re

n
t 

sy
st

em
 c

o
n
fi

g
u
ra

ti
o
n
s 

Thermal and 

electrical 

performance 

assessment and 

parametric 

studies 

D
es

ig
n
 (

b
) Test 

prototype 

(Greece; 

2002) 

D
if

fu
se

 b
o
o
st

er
 r

ef
le

ct
o
r 

NA 

N
o
n
e 

P
o
ly

-S
i 

Air 

circulates 

through a 

duct formed 

between the 

PV receiver 

and the 

thermal 

insulation 

(P) 

NA 1.35 NA NA 
12.5 

(E) 

75 

(E) 

D
if

fu
se

 b
o
o
st

er
 r

ef
le

ct
o
rs

 

an
d

 d
if

fe
re

n
t 

sy
st

em
 

co
n
fi

g
u
ra

ti
o
n
s Thermal and 

electrical 

performance 

assessment and 

parametric 

studies 
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[141] 

Operational 

prototype 

(Holland; 

2010) 

C
y
li

n
d
ri

ca
l 

tr
o
u
g
h
  

NA 

T
w

o
-a

x
is

 

S
i 

Water flows 

through 

rectangular 

aluminum 

ducts 

attached to 

the PV cells 

(P) 

NA 30 
3025 

(E) 1
2
1

2
6
 

(E
) 15.8 

(E) 

65 

(E) 

Circular 

trough 

collectors 

coated with 

spectrally-

selective 

coating 

Thermal and 

electrical 

performance 

assessment 

[61] 

Test 

prototype 

(Tunisia/ 

France; 

2013) 

C
o
m

p
o
u
n
d
 p

ar
ab

o
li

c 

co
n
ce

n
tr

at
o
r 

7.28 N
A

 

M
o
n
o

-S
i 

Water flows 

through a 

steel black-

pained 

rectangular 

pipe with 

PV cells 

positioned at 

its middle 

(P) 

NA 14.5 
16 

(E) 
NA 

1
0
.0

2
 

(E
) 16 

(E) 

Asymmetric 

CPC 

Thermal and 

electrical 

modeling, 

simulation, and 

performance 

assessment 

                                                      
25 W per m2 
26 W per m2 
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[155] 

Conceptual 

design 

(Israel; 1983) 

P
ar

ab
o
li

c 
d
is

h
 

2.5 

O
n
e-

ax
is

 

N
A

 

Water flows 

through a 

two-section 

polygonal 

receiver 

with PV 

cells 

attached on 

its surface 

(P) 

NA 24 NA NA NA NA 

Two-section 

conical 

receiver with 

polygonal 

cross-section 

Modifications 

description 

[74] 

Conceptual 

design 

(India; 1991) 

F
la

t 
b
o

o
st

er
 r

ef
le

ct
o
r 

NA 

N
o
n
e 

N
A

 

Air flows in 

a passage 

between two 

metallic 

plates with 

PV cells 

pasted 

attached on 

the top plate 

(P) 

57 

(T) 
~1.2 NA NA 

8.5 

(T) 

60 

(T) 

Stationary 

and self-

sufficient 

design meant 

for solar 

drying 

application 

Thermal and 

electrical 

modeling, 

simulation, and 

performance 

assessment 
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[75] 

Test 

prototype 

(India; 1994) 

P
ar

ab
o
li

c 
b
o
o
st

er
 

re
fl

ec
to

r 

2.97 

N
o
n
e 

M
o
n
o

-S
i 

Water flows 

through 

copper tubes 

brazed to an 

aluminum 

absorber 

with PV 

cells 

attached on 

top (P) 

70 

(E) 
2.1 

35 

(E) 
NA 

3.35 

(E) 

33.5 

(E) 

T
h
er

m
o
sy

p
h
o
n
 w

at
er

 

h
ea

te
r 

co
n
v
er

te
d
 t

o
 C

P
V

T
 

h
y
b
ri

d
 

Thermal and 

electrical 

modeling, 

simulation, and 

performance 

assessment 

[76] 

Conceptual 

design 

(India; 1999) 

C
o

m
p
o
u
n
d
 p

ar
ab

o
li

c 

co
n
ce

n
tr

at
o
r 

2 

N
o
n
e 

N
A

 

Air flows in 

a passage 

between two 

metallic 

plates with 

PV cells 

pasted on 

the top plate 

(P) 

NA 3 
59 

(T) 1
3
0
0

 

(T
) 

NA 
52 

(T) 

Several CPCs 

per receiver 

Thermal and 

electrical 

modeling, 

performance 

assessment, and 

parametric 

studies 
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[77] 

Operational 

prototype 

(Israel/ 

Germany; 

2010) P
ar

ab
o
li

c 
d
is

h
 

352 

T
w

o
-a

x
is

 

M
JP

V
 

Water flows 

through a 

micro-

channel heat 

exchanger 

with PV 

cells 

soldered to 

its top (P) 

60-

85 

(E) 

629 

4
5
0
0

2
7
 

(E
) 

1
1
0
0
0

2
8
 

(E
) 20.5 

(E) 

70 

(E) 

Multiple low 

cost flat 

mirrors 

comprise the 

parabolic 

dish and 

micro-

channel heat 

exchanger 

Thermal and 

electrical 

performance 

assessment 

[78] 

Test 

prototype 

(Italy; 2011) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

10 

O
n
e-

ax
is

 

S
i 

Water flows 

through two 

parallel steel 

pipes with 

PV cells 

covering one 

of its sides 

(P) 

NA NA 

1
3
6
6

2
9
 

(T
) 

4
5
6
6

3
0
 

(T
) 

NA NA 

Two parallel 

steel pipes 

and glass 

cover 

Lifecycle 

assessment 

                                                      
27 Per Z20 unit 
28 Per Z20 unit 
29 kWh per year 
30 kWh per year 



 
 

311 

 

[79] 

Test 

prototype 

(Italy; 2012) 
P

ar
ab

o
li

c 
tr

o
u
g
h

 

1
9
.3

6
 

T
w

o
-a

x
is

 

M
JP

V
 

Glycol 

solution 

extracts 

thermal 

energy from 

PV cells 

through 

specific 

elements 

located 

below them 

(P) 

95 

(E) 
144 

3
4
0
0

 

(E
) 

1
0
0
0
0

 

(E
) 18 

(E) 

56 

(E) 

Two-axis 

tracker with a 

linear 

concentrator 

and receiver 

Thermal, 

electrical, and 

economic 

performance 

assessment 

[80] 

Conceptual 

design 

(Italy; 2013) 

P
ar

ab
o

li
c 

d
is

h
 

0
.0

7
3
 

T
w

o
-a

x
is

 

G
aI

n
P

/G
aA

s/
G

e 

Glycol 

solution 

flows 

through 

pipes below 

a cooling 

plate with 

PV cells on 

top of it (P) 

90 

(T) 
900 

550 

(T) 2
5
0
0
 

(T
) 20 

(T) 

69 

(T) 

CCHP 

system 

Thermal, 

electrical, and 

economic 

modeling, 

performance 

assessment, and 

parametric 

studies 
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[81] 

Test 

prototype 

(Japan; 2010) 

F
la

t 
b
o
o
st

er
 r

ef
le

ct
o
r 

NA 

N
o
n
e 

a-
S

i 

Water 

flowing 

through 

triangular 

passages 

(with direct 

PV cells 

contact) 

harvests 

thermal 

radiation 

before light 

is 

concentrated 

on the PV 

cells (D) 

46 

(E) 
2.22 

0
.3

4
5
 

(E
) 

NA NA NA 

Reflective 

films and 

triangular 

water 

passages 

Thermal and 

electrical 

performance 

assessment 

[82-84] 

Test 

prototype 

(Malaysia; 

2005-2008) 

C
o

m
p

o
u

n
d

 p
ar

ab
o
li

c 

co
n

ce
n
tr

at
o
r 

1
.0

3
7
 

N
o
n
e 

N
A

 

Air flows 

through 

double 

passes with 

PV cells in 

the upper 

pass and fins 

in the 

bottom one 

(P) 

32 

(E) 
1.86 NA NA 

2.5 

(E) 

69 

(E) 

Double air 

passes with 

fins 

Thermal and 

electrical 

modeling, 

performance 

assessment, and 

parametric 

studies 
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[154] 

Conceptual 

design 

(Belgium; 

1984) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

35 

O
n
e-

ax
is

 

S
i 

HTF flows 

through 

tubes with 

PV cells 

mounted on 

top of them 

(P) 

NA 17.5 

2
0
8

3
1
 

(T
) 

6
8
5

3
2
 

(T
) 11 

(T) 

55 

(T) 

Multistage 

concentrator 

with linear 

Fresnel lens 

mounted on 

top of V-

trough 

reflector 

Optical, 

thermal, and 

electrical 

simulation and 

performance 

assessment 

[86] 

Test 

prototype 

(Mexico; 

2007) F
la

t 
b
o
o
st

er
 

re
fl

ec
to

rs
 

NA 
N

o
n
e 

M
o
n
o

-S
i 

A water layer 

absorbs 

infrared 

radiation and 

passes visible 

radiation to 

PVs below 

(D) 

45 

(E) 
NA 

97 

(E) 2
1
3
0

3
3
 

(E
) 16.4 

(E) 

50 

(E) 

Bifacial PV 

cells and 

direct 

absorption 

HTF for top 

PV face 

Thermal and 

electrical 

performance 

assessment 

[144] 

Test 

prototype 

(China, 2013) 

N
A

 

0.24 

N
o
n
e 

N
A

 

Oscillating 

heat pipe 

heat 

exchanger 

circulates air 

over PV 

module (P) 

78.6 

(E) 
11 

49.2 

(E) 

328 

(E) 

30 

(E) 

35 

(E) 

Honeysuckle 

flowers 

drying 

application 

Thermal and 

electrical 

performance 

assessment 

                                                      
31 kWh per m2 
32 kWh per m2 
33 Wh during summer 
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[88] 

Operational 

prototype 

(Holland; 

2011) 

L
in

ea
r 

F
re

sn
el

 

le
n
s 

36 

T
w

o
-a

x
is

 

M
o
n
o

-S
i 

Water flows 

below PV 

cells (P) 

25.8 

(E) 
25 

3834 

(E) 1
7
0

3
5
 

(E
) 5.1 

(E) 

26 

(E) 

Greenhouse 

application 

with fixed 

concentrators 

and moving 

receivers 

Thermal and 

electrical 

performance 

assessment 

[89] 

Test 

prototype 

(Serbia; 

2010) F
la

t 
b
o
o
st

er
 

re
fl

ec
to

r 

1
.4

7
9

3
6
 

N
o
n
e 

M
o
n
o

-S
i 

Water flows 

through 

copper tubes 

beneath a 

thermal 

receiver (P) 

NA ~1.5 

3
7
5

3
7
 

(E
) 

3
7
5
0

3
8
 

(E
) 3.69 

(E) 3
6
.9

8
 

(E
) 

Stationary 

design with 

optimized 

orientation 

and low cost 

reflectors 

Thermal and 

electrical 

performance 

assessment and 

optimum 

orientation 

optimization 

[91, 

139] 

Test 

prototype 

(Spain; 2011) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

0.1 

O
n
e-

ax
is

 

S
i 

Water flows 

through a 

rectangular 

aluminum 

channel with 

PV cells on 

top (P) 

31 

(T) 
10 NA NA NA NA 

Fixed 

concentrator 

and moving 

receiver 

Ray tracing and 

optical, 

thermal, and 

electrical 

modeling, 

simulation, and 

parametric 

studies 

                                                      
34 W per m2 
35 W per m2 
36 For a geometric concentration ratio of 1.5X 
37 Wh 
38 Wh 



 
 

315 

 

[92] 

Test 

prototype 

(Sweden; 

2011) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

4.6 

O
n
e-

ax
is

 

M
o
n
o

-S
i 

Water flows 

through a 

triangular 

receiver 

with PV 

cells on two 

sides (P) 

25-

75 

(E) 

7.8 

2
8
0
.6

 

(E
) 

2
0
0
1
 

(E
) 6.4 

(E) 

45 

(E) 

Glass cover 

over 

concentrator 

aperture area 

Standardized 

testing 

procedure and 

thermal and 

electrical 

performance 

assessment 

[93] 

Test 

prototype 

(Sweden; 

2000) 

C
o

m
p

o
u

n
d

 p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

7.2 

N
o
n
e 

M
o
n
o

-S
i 

Water flows 

through a 

cooling fin 

attached to 

the back of 

the PV cells 

(P) 

NA 4 
500 

(E) 3
5
0
0
 

(E
) 

NA NA 

Stationary 

design with a 

wide 

acceptance 

angle for 

high altitude 

locations 

Optical, 

thermal, and 

electrical 

performance 

assessment 

[9
4
] 

D
es

ig
n
 (

a)
 

Test 

prototype 

(Sweden; 

2002) 

C
o

m
p

o
u

n
d

 p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

NA 

N
o
n
e 

M
o
n
o

-S
i 

Water flows 

through 

tubes 

welded to a 

copper fin 

thermal 

receiver (P) 

50 

(T) 
3 

2
0
0

3
9
 

(T
) 

5
1
0

4
0
 

(T
) 

NA NA 

Stationary 

design with a 

wide 

acceptance 

angle for 

high altitude 

locations 

Thermal and 

electrical 

performance 

assessment 

                                                      
39 kWh 
40 kWh 
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D
es

ig
n
 (

b
) Test 

prototype 

(Sweden; 

2002) 

C
o

m
p

o
u

n
d

 p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

NA 

N
o
n
e 

M
o
n
o

-S
i 

Water flows 

through 

tubes 

welded to a 

copper fin 

thermal 

receiver (P) 

NA 4.3 

2
0
0

4
1
 

(T
) 

8
0
0

4
2
 

(T
) 

NA NA 

Stationary 

design with a 

wide 

acceptance 

angle for 

high altitude 

locations 

Thermal and 

electrical 

performance 

assessment 

[9
5
] 

D
es

ig
n
 (

a)
 

Test 

prototype 

(Sweden; 

2010) 

C
u
rv

ed
 b

o
o
st

er
 

re
fl

ec
to

r 

1.2 
N

o
n
e 

N
A

 

Water flows 

through 

tubes 

embedded in 

thermal 

receiver 

with PVs on 

top (P) 

NA 2.45 NA 
160 

(E) 
NA NA 

Flexible and 

compact 

window-

integrated 

design  

Optical, 

thermal, and 

electrical 

performance 

assessment 

D
es

ig
n
 (

b
) Operational 

prototype 

(Sweden; 

2010) 

C
u
rv

ed
 b

o
o
st

er
 

re
fl

ec
to

r 

16 

N
o
n
e 

N
A

 

Water flows 

through 

tubes 

embedded in 

thermal 

receiver 

with PVs on 

top (P) 

NA 2.45 NA 

2
2
0
0
 

(E
) 

NA NA 

Flexible and 

compact 

window-

integrated 

design  

Optical, 

thermal, and 

electrical 

performance 

assessment 

                                                      
41 kWh 
42 kWh 
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[96] 

Test 

prototype 

(Sweden; 

2007) 

C
o

m
p

o
u

n
d

 p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

NA 

N
o
n
e 

M
o
n
o

-S
i 

Thermal 

absorber 

with PV 

cells 

mounted on 

it (P) 

50 

(T) 
3.543 NA 

1
4
5

4
4
 

(T
) 

NA NA 

Stationary 

design with a 

wide 

acceptance 

angle for 

high altitude 

locations 

Optical, 

thermal, and 

electrical 

performance 

assessment 

[97] 

Test 

prototype 

(Sweden/ 
Mozambique/ 
Zambia; 

2013) C
o

m
p

o
u

n
d

 p
ar

ab
o

li
c 

co
n

ce
n

tr
at

o
r 

1.74 

N
o
n
e 

S
i 

Water flows 

through 

thermal 

receiver 

with PV 

cells on both 

sides (P) 

25 

(E) 
1.5 

272 

(T) 
NA 

1
3
.9

4
5
 

(E
) 

NA 

Double-sided 

PV receiver 

and a 

parabolic/ 

circular CPC 

Optical and 

electrical 

performance 

assessment 

[59] 

Conceptual 

design 

(Israel; 2006) 

P
ar

ab
o
li

c 
d
is

h
 

0.95 

T
w

o
-a

x
is

 

M
JP

V
 

Water flows 

below a 

cooling plate 

with PV 

cells above 

it (P) 

58 

(T) 
500 

172 

(T) 

530 

(T) 

20 

(T) 

60 

(T) 

Compact and 

economic 

design 

Thermal, 

electrical, and 

economic 

modeling and 

performance 

assessment 

                                                      
43 For front reflector 
44 kWh per m2 
45 Per active glazed area 
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[116] 

Conceptual 

design 

(China/ 

France; 

2012) 
S

p
o
t 

F
re

sn
el

 l
en

s 

NA N
A

 

G
aA

s 

In addition 

to receiving 

only the PV-

suitable 

band of the 

solar 

spectrum, a 

heat sink 

attached to 

the PV 

receiver 

dissipates 

heat (S) 

NA 770 

0
.1

9
0
5

 

(T
) 

NA 

2
7
.4

9
 

(T
) 

NA 

B
ea

m
 s

p
li

tt
er

 a
n
d
 s

o
la

r 

th
er

m
o
el

ec
tr

ic
 g

en
er

at
o
r 

Thermal and 

electrical 

modeling, 

simulation, and 

parametric 

studies 

[121] 

Conceptual 

design 

(USA; 2013) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

0.04 N
A

 

G
aA

s/
G

e 
Water flows 

through 

cooling 

channels 

embedded in 

a heat sink 

attached to a 

TEG module 

(P) 

NA 20 NA NA 
18 

(T) 

77 

(T) 

S
o
la

r 
th

er
m

o
el

ec
tr

ic
 

g
en

er
at

o
r 

an
d
 u

se
fu

l 

h
ea

t 
h
ar

v
es

t Thermal and 

electrical 

modeling, 

simulation, and 

parametric 

studies 
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[122] 

Conceptual 

design 

(USA; 1987) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

NA 

T
w

o
-a

x
is

 

M
o
n
o

-S
i 

Silicon oil 

flows 

through an 

ETC 

receiving 

non-PV 

suitable 

bands of 

solar 

spectrum 

and water 

flows 

through 

tubes 

embedded in 

a copper 

substrate 

below PV 

cells (S) 

5
0
-7

0
4

6
 &

 1
5
0
-2

5
0

4
7
 

(T
) 

40 NA NA NA NA 

Inclined hot 

mirror and 

evacuated 

tube receiver 

Description of 

an invention 

[123] 

Test 

prototype 

(New 

Zealand; 

2014) 

V
-t

ro
u
g
h
 b

o
o
st

er
 

re
fl

ec
to

r 

NA 

N
o
n
e 

P
o
ly

-S
i 

HTF flows 

through a 

tube below 

PV cells at 

the bottom 

of the V-

trough (P) 

NA 2.36 
53 

(E) 

150 

(E) 
NA NA 

V
-t

ro
u
g
h
 

co
n
ce

n
tr

at
o
rs

 Optical, 

thermal, and 

electrical 

modeling and 

performance 

assessment 

                                                      
46 For water 
47 For silicon oil 
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[124] 

Conceptual 

design 

(USA; 2011) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

NA 

T
w

o
-a

x
is

 

G
aI

n
P

/G
aA

s/
G

e 

Water flows 

through 

circular 

parallel 

channels 

embedded 

within a 

copper heat 

sink with PV 

cell attached 

above it (P) 

NA 600 
250 

(T) 

600 

(T) 

27 

(T) 

62 

(T) 

Micro-

channel heat 

sink and 

various cell 

types 

T
h
er

m
o
ec

o
n
o
m

ic
 

o
p
ti

m
iz

at
io

n
 a

n
d
 t

h
er

m
al

 

an
d
 e

le
ct

ri
ca

l 
m

o
d
el

in
g
 a

n
d
 

p
er

fo
rm

an
ce

 a
ss

es
sm

en
t 

an
d
 

p
ar

am
et

ri
c 

st
u
d
ie

s 

[1
2
7
] 

D
es

ig
n
 (

a)
 

Conceptual 

design 

(Japan; 2012) 

P
ar

ab
o
li

c 
m

ir
ro

r 

0
.0

7
5

 

T
w

o
-a

x
is

 

S
i 

HTF flows 

through a 

tubular 

receiver that 

receives 

non-PV-

useful bands 

of solar 

spectrum (S) 

NA 

1
0
0
 o

n
 P

V
 r

ec
ei

v
er

 a
n
d
 5

.3
 o

n
 

th
er

m
al

 r
ec

ei
v
er

 

NA NA 
7.94 

(T) 3
7
.4

5
 

(T
) 

Off-axis 

parabolic 

mirror and an 

optimized 

beam splitter 

that allows 

for different 

concentration 

ratios on the 

PV and 

thermal 

receivers 

Ray tracing and 

optical 

modeling and 

simulation 
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D
es

ig
n
 (

b
) 

Conceptual 

design 

(Japan; 2012) 
P

ar
ab

o
li

c 
m

ir
ro

rs
 

1 

T
w

o
-a

x
is

 

S
i 

HTF flows 

through a 

thermal 

receiver 

located at 

the bottom 

of a CPC 

secondary 

concentrator 

(S) 

NA 

1
3
.5

 o
n
 P

V
 r

ec
ei

v
er

 a
n
d
 9

6
.3

 o
n
 

th
er

m
al

 r
ec

ei
v
er

 

NA NA 
5.8 

(T) 

39.2 

(T) 

Six parabolic 

mirrors and 

Fresnel-type 

beam splitter 

that allows for 

different 

concentration 

ratios on the 

PV and 

thermal 

receivers 

(which has 

secondary 

CPC) 

Ray tracing and 

optical 

modeling and 

simulation 

[128] 

Operational 

prototype 

(USA; 1979) 

C
o
n
ic

al
 b

o
o
st

er
 r

ef
le

ct
o
r 

𝜋
8
0

⁄
 

O
n
e-

ax
is

 

M
o
n
o

-S
i 

Either air 

through a 

gap between 

cell surface 

and 

concentrator 

or water 

through 

tubes below 

aluminum 

extrusion on 

which the 

cell is 

attached (P) 

Rise 

of 6-

10 

(E) 

5 
7548 

(E) 
NA NA NA 

L
o
w

 c
o
n
ce

n
tr

at
io

n
 c

o
n
ic

al
 

co
n
ce

n
tr

at
o
r 

w
it

h
 t

w
o
 h

ea
t 

ex
tr

ac
ti

o
n
 

co
n
fi

g
u
ra

ti
o
n
s 

Description of 

built prototypes 

                                                      
48 Per module 
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[129] 

Conceptual 

design 

(USA; 1981) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

12 

O
n
e-

ax
is

 

N
A

 

A 50% 

water 50% 

ethylene 

glycol HTF 

flows 

through 

square 

aluminum 

tubes (P) 

Up to 

103 

(T) 

57 NA NA NA NA 

CPVT 

integrated 

with 

absorption 

chiller and 

auxiliary 

heating 

T
h
er

m
al

 a
n
d
 e

le
ct

ri
ca

l 

p
er

fo
rm

an
ce

 

as
se

ss
m

en
t 

an
d
 

th
er

m
o
ec

o
n
o
m

ic
 

co
m

p
ar

is
o
n
 w

it
h
 t

w
o
 

al
te

rn
at

iv
es

 

[130] 

Conceptual 

design 

(USA; 1984) 

L
in

ea
r 

F
re

sn
el

 

re
fl

ec
to

r 

NA 

T
w

o
-a

x
is

 

N
A

 
NA 

Up to 

99 

(T) 

NA NA NA NA NA 

Grid-

integrated 

design 

Thermoeconomic 
performance 

assessment, 

comparison 

with alternative 

systems, and 

parametric 

studies 

[131] 

Operational 

prototype 

(USA; 1985) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

2
.2

2
0
4
 

O
n
e-

ax
is

 

S
i 

A 

glycol/water 

solution 

flows 

through 

copper 

tubes/fins 

below the 

PV cells (P) 

57 

(E) 
25 

2
5
5
0

4
9
 

(E
) 

1
2
9
5
0

5
0
 

(E
) 7.7 

(E) 

39.2 

(E) 

Compact 

design of a 

fully 

operational 

system 

Thermal and 

electrical 

performance 

assessment 

                                                      
49 kWh of DC electricity per month 
50 kWh per month 
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[132] 

Conceptual 

design (Iran; 

2013) 

C
o
m

p
o
u
n
d
 p

ar
ab

o
li

c 

co
n
ce

n
tr

at
o
r 

NA 

N
o
n
e 

P
o
ly

-S
i 

Water flows 

through 

ducts 

integrated to 

an absorber 

below the 

PV module 

(P) 

NA 2 NA NA NA NA 
Stationary 

design 

Thermal and 

electrical 

modeling and 

simulation and 

parametric 

studies 

[134] 

Conceptual 

design 

(Ukraine/ 

France; 

2012) 

H
o
lo

g
ra

p
h
ic

 f
il

m
 

0
.7

3
5

 

N
o
n
e 

N
A

 

Water flows 

through 

tubes within 

an absorber 

receiving 

non-PV-

useful bands 

of solar 

spectrum 

and 

collecting 

heat from 

cells (S) 

NA 3 
106 

(T) 

572 

(T) 

10.7 

(T) 

70 

(T) 

H
o
lo

g
ra

p
h
ic

 f
il

m
 f

o
r 

b
o
th

 s
o
la

r 

co
n
ce

n
tr

at
io

n
 a

n
d
 s

p
ec

tr
u
m

 

d
ec

o
m

p
o
si

ti
o
n

 

Thermal and 

electrical 

performance 

assessment 
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[138] 

Conceptual 

design 

(Germany; 

2012) 

N
A

 

NA 

T
w

o
-a

x
is

 

M
JP

V
 

Water flows 

through a 

micro-

channel heat 

exchanger 

(P) 

1
6
0

5
1
 

(T
) 

500 NA NA 
24 

(T) 

51 

(T) 

Micro-heat 

exchanger 

Thermal and 

electrical 

modeling and 

parametric 

studies 

[139] 

Test 

prototype 

(Germany; 

1993) 

H
o
lo

g
ra

p
h
ic

 c
o
n

ce
n
tr

at
o
r 

0
.0

4
5

2
 

N
A

 

G
aA

s/
A

lG
aA

s 

A liquid 

flows 

through an 

absorber 

receiving 

non-PV-

useful bands 

of solar 

spectrum 

and 

collecting 

heat from 

cells (S) 

<
1
0
0

5
3
 

(T
) 

22.2 NA NA 
22.1 

(T) 

35.2 

(T) 

H
o
lo

g
ra

p
h
ic

 c
o
n

ce
n
tr

at
o
r 

fo
r 

b
o
th

 

so
la

r 
co

n
ce

n
tr

at
io

n
 a

n
d
 s

p
ec

tr
u
m

 

d
ec

o
m

p
o
si

ti
o
n
 a

n
d
 f

o
r 

tw
o
 t

y
p
es

 

o
f 

P
V

 c
el

ls
 Optical, 

thermal, and 

electrical 

performance 

assessment 

                                                      
51 Mean HTF temperature 
52 Per lens 
53 Cell temperature is 100 
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[153] 

Operational 

prototype 

(USA; 1986) 

C
u
rv

ed
 b

o
o
st

er
 

re
fl

ec
to

r 

2.94 

N
o
n
e 

S
i 

Water flows 

through 

copper tubes 

attached to 

aluminum 

fins with PV 

cells on top 

(P) 

~50 

(F) 
2.1 

150 

(E) 1
6
0
0
 

(E
) 

NA 
80 

(F) 

Compact and 

stationary 

design 

Thermal and 

electrical 

performance 

assessment 

[1
5
6

] 

D
es

ig
n
 (

a)
 

Conceptual 

design 

(Germany; 

1983) 

L
in

ea
r 

F
re

sn
el

 l
en

s 

NA N
A

 

S
i 

A HTF 

flows 

through a 

passage 

above the 

PV receiver 

with a filters 

layer in the 

passage (S) 

100-

200 

(T) 

NA NA NA 
10.3 

(T) 

35.7 

(T) 

A
 c

o
m

b
in

at
io

n
 

b
et

w
ee

n
 d

ir
ec

t 
H

T
F

 

ab
so

rp
ti

o
n
 a

n
d
 

sp
ec

tr
al

ly
-s

el
ec

ti
v
e 

fi
lt

er
s 

Thermal and 

electrical 

performance 

assessment 

D
es

ig
n
 (

b
) Conceptual 

design 

(Germany; 

1983) 

S
p
o
t 

F
re

sn
el

 l
en

s 

NA N
A

 

G
aA

s 

A HTF 

flows 

through a 

passage 

above the 

PV receiver 

with a filters 

layer in the 

passage (S) 

200-

400 

(T) 

NA NA NA NA NA 

A
 c

o
m

b
in

at
io

n
 

b
et

w
ee

n
 d

ir
ec

t 
H

T
F

 

ab
so

rp
ti

o
n
 a

n
d
 

sp
ec

tr
al

ly
-s

el
ec

ti
v
e 

fi
lt

er
s Description of a 

conceptual 

system 
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D
es

ig
n
 (

c)
 

Conceptual 

design 

(Germany; 

1983) 
H

el
io

st
at

 c
en

tr
al

 r
ec

ei
v
er

 

NA N
A

 

G
aA

s 
o

r 
S

i 

A central 

thermal 

receiver 

converts 

solar energy 

to thermal 

energy and a 

cooling 

circuit is 

attached to 

the PV cells 

(P) 

NA ~50 NA NA NA NA 

PV cells 

arranged 

around the 

thermal 

receiver to 

utilize 

spillage 

Description of a 

conceptual 

modification 

[146] 

Test 

prototype 

(China; 

2012) 

B
o
o
st

er
 r

ef
le

ct
o
r 

m
ir

ro
r 

NA 

T
w

o
-a

x
is

 

N
A

 

Water flows 

through 

tubes 

attached to 

the back of 

an 

aluminum 

absorber 

with PV 

cells above 

(P) 

40 

(E) 
10 

71 

(E) 
NA 

14.1 

(E) 

39.4 

(E) 

Constant 

volume 

cooling with 

cyclic pump 

operation 

Thermal and 

electrical 

modeling, 

simulation, and 

performance 

assessment 
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[147] 

Test 

prototype 

(Germany; 

2011) 
C

o
m

p
o
u
n
d
 p

ar
ab

o
li

c 

co
n
ce

n
tr

at
o
r 

NA 

N
o
n
e 

S
i 

HTF flows 

directly over 

the back of 

an 

aluminum 

absorber 

with PV 

cells 

laminated to 

it (P) 

NA 3 
3 

(E) 
NA 

14 

(T) 

78 

(T) 

Full surface 

direct HTF 

flow 

Optical, 

thermal, and 

electrical 

simulation and 

performance 

assessment 

[148] 

Test 

prototype 

(USA; 2011) 

S
p
o
t 

F
re

sn
el

 l
en

s 

0
.0

2
3
2
 

N
o
n
e 

G
aA

s 

Water flows 

through a 

copper tube 

that receives 

infrared 

solar 

radiation (S) 

NA 30 
0.6 

(E) 
NA 

15 

(E) 

35 

(E) 

Dual-film 

broadband 

holographic 

optical 

element 

Optical, 

thermal, and 

electrical 

performance 

assessment 
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[63] 

Operational 

prototype 

(USA; 1983) 

P
ar

ab
o
li

c 
tr

o
u
g
h

 

5
.5

8
5

4
 

O
n
e-

ax
is

 

N
A

 

Water flows 

through an 

aluminum 

passage with 

PV cells 

attached to 

both its front 

and back 

sides (P) 

NA 35 

9
9

-7
6
8

5
5
 

(E
) 

9
1
4

-7
0
9
3

5
6
 

(E
) 8.2 

(T) 

40 

(T) 

Fully 

operation 

system 

Description of 

an operational 

system and 

thermal and 

electrical 

performance 

assessment 

[151] 

Test 

prototype 

(China; 

2010) 

C
o
m

p
o
u
n
d
 p

ar
ab

o
li

c 

co
n
ce

n
tr

at
o
r 

0
.7

6
9

 

N
o
n
e 

M
o
n
o

-S
i 

Water flows 

through 

parallel 

rectangular 

channels 

embedded 

within an 

aluminum 

plate with 

PV cells on 

top of it (P) 

NA 5.1 
13.5 

(E) 
NA 

8 

(E) 

40 

(E) 

Q
u
as

i-
C

P
C

s 
w

it
h
 f

la
t 

m
ir

ro
r 

se
g
m

en
ts

 a
p
p
ro

x
im

at
in

g
 a

 

cu
rv

ed
 m

ir
ro

r 

Optical, 

thermal, and 

electrical 

performance 

assessment and 

parametric 

studies 

                                                      
54 Per PTC 
55 kWh per month 
56 kWh per month 
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[158] 

Conceptual 

design 

(Australia; 

2013) 

L
in

ea
r 

F
re

sn
el

 r
ef

le
ct

o
r 

3.84 

O
n
e-

ax
is

 

S
i 

Pressurized 

water flows 

through a U-

shaped 

tubular 

receiver that 

receives 

non-PV-

suitable 

radiation (S) 

NA 15 NA NA NA NA 

V-shaped 

multi-layered 

dichroic 

mirror and 

system glass 

enclosure 

Numerical 

optimization 

and optical 

simulation and 

ray tracing 

[159] 

Conceptual 

design 

(USA; 2014) 

C
o
m

p
o
u
n
d
 p

ar
ab

o
li

c 

co
n
ce

n
tr

at
o
r 

2 

N
o
n
e 

C
d
T

e 

Ethylene 

glycol flows 

through a 

tubular 

receiver 

with a 

selective 

coating that 

receives 

non-PV-

suitable 

radiation (S) 

NA 1.6 

2
7
7

5
7
 

(T
) 

1
4

5
9

5
8
 

(T
) 5.8 

(T) 

31 

(T) 

Thin-film 

PVs and CPC 

coated with 

spectrally-

selective film 

Ray tracing and 

optical, 

thermal, and 

electrical 

modeling, 

performance 

assessment, and 

parametric 

studies 

                                                      
57 kWh per year 
58 kWh per year 
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Table II-3: Summary of System Integration-Focused CPVT Studies Covered in Manuscript 

Reference Country CPVT Type 
Application 

Area 
System Integration Description 

Performance 

Indices 

[104] 
USA/ UAE 

(2012) 
NA 

Solar air 

conditioning 

A CPVT provides electric energy to drive a 

vapor compression cycle and thermal 

energy to drive a solid desiccant wheel 

cycle 

Average COP of 0.68 

[105] 

Switzerland/ 

Egypt 

(2012) 

Parabolic 

dish 

Solar 

desalination 

A CPVT provides thermal energy to drive a 

multi-effect membrane distillation (MEMD) 

cycle 

For a PSU of 37.0 the 

GOR is 3.40  

[106] 
Italy 

(2013) 

Parabolic 

trough 

Solar space 

heating and 

cooling, DHW, 

and power 

CPVTs provide thermal energy to 

regenerate a silica-gel wheel (summer) and 

pre- and post-heat process air (winter) and 

electric energy to drive auxiliary 

components and meet electric demand  

PES of 81-89% and 

CO2 avoidance of 85-

91% 

[107] 
Italy 

(2013) 

Parabolic 

dish 

Solar space 

heating and 

cooling, DHW, 

and power 

A CPVTs field provides electrical energy to 

meet electric demand and provides thermal 

energy to drive a double-effect absorption 

chiller and provide DHW and space heating 

needs 

PES of 84.4% and a 

SPP of 4.2 yr with 

feed-in-tariffs 

[108] 
Greece 

(2011) 

Parabolic 

reflector (not 

specified) 

Solar-driven 

organic 

Rankine cycle 

A CPVT provides thermal energy to 

function as the preheater and evaporator of 

an organic Rankine cycle for augmented 

electric power production (from both CPVT 

and ORC) 

Annual mean electric 

efficiency of 10.52% 

[109] 
Israel 

(2007) 

Parabolic 

dish 

Solar air 

conditioning 

A CPVT provides thermal energy to drive a 

single-effect absorption chiller 

COP between 0.6 and 

0.75 
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[110] 
Italy 

(2013) 

Parabolic 

dish 

Solar space 

heating and 

cooling and 

DHW 

A CPVT provides electrical energy to drive 

auxiliary components and provides thermal 

energy to drive a single-effect absorption 

chiller and provide DHW and space heating 

needs 

Maximum PES of 

159% 

[111] 
Israel 

(2009) 
NA 

Solar 

desalination 

and power 

A CPVT provides thermal energy to drive a 

multi-effect evaporation desalination plant 

and electrical energy to the grid 

CPVT cost of $3.7 

kW-1  to make water 

cost lower than solar 

and conventional 

alternatives 

[137] 
China 

(2010) 

Compound 

parabolic 

concentrator 

Solar-driven 

organic 

Rankine cycle 

A CPVT provides thermal energy to drive 

an organic Rankine cycle for augmented 

electric power production (from both CPVT 

and ORC) 

Maximum electric 

efficiency of 13.1% 

[133] 
UAE/ USA 

(2012) 
NA 

Solar-driven 

organic 

Rankine cycle 

A CPVT with MJPVs provides thermal 

energy to drive an organic Rankine cycle 

with micro-scale heat exchangers for 

augmented electric power production (from 

both CPVT and ORC) 

Maximum net electric 

efficiency of 

44.157% 

[135] 
China 

(2014) 
NA 

Solar-driven 

thermoelectric 

generator 

A CPVT provides heat flux to drive a 

thermoelectric generator for augmented 

electric power production (from both CPVT 

and TEG) 

Maximum electric 

efficiency of 15% 
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[115] 

Mexico/ 

Israel 

(2005) 

NA 

Solar-driven 

thermoelectric 

generator or 

heat engine 

A CPVT provides heat flux to drive a 

thermoelectric generator or a heat engine for 

augmented electric power production (from 

both CPVT and thermal generator) 

Maximum electric 

efficiency of 25-30% 

for high-temperature 

cell configuration and 

30-40% for low-

temperature cell 

configuration 

[142, 143] 
China 

(2013) 
NA 

Solar-driven 

organic 

Rankine cycle 

A CPVT provides thermal energy to drive 

an organic Rankine cycle for augmented 

electric power production (from both CPVT 

and ORC) 

ORC thermal 

efficiency of about 

17% at 130℃ 

evaporation 

temperature 

[162] 
Nigeria  

(1989) 

Linear 

Fresnel lens 

Solar DHW 

and power 

A CPVT provides thermal energy for DHW 

and electrical energy for air conditioning, 

refrigeration, and electrical appliances 

Solar heating fraction 

of about 99% 
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Table II-4: Summary of Component Improvement-Focused CPVT Studies Covered in Manuscript 

Reference Country 
CPVT 

Type 

Targeted 

Component 

Component Improvement 

Description 
Nature of Study Performance Indices 

[112] 
Greece 

(2013) 

Parabolic 

trough 

Post-

illumination 

heat extractor 

Micro-channel plate-fin heat 

sinks with stepwise variable-

width 

1D thermal resistance 

model, multi-objective 

genetic algorithm 

optimization, and 3D 

computational 

simulation 

Thermal resistances as 

low as 0.0082 K-W-1 

[113] 

Switzerland/ 

Egypt 

(2010) 

NA 

Post-

illumination 

heat extractor 

Chip-integrated silicon 

substrate embedded with 50 

μm micro-machined micro-

channels 

Experimental testing 

Heat removal load of 100 

W-cm-2 at a temperature 

difference of 12 K 

[114] 
USA 

(2013) 

Linear 

Fresnel 

lens 

Post-

illumination 

heat extractor 

Tree-shaped cooling 

channels network in a 

substrate attached to PV 

cells 

3D computational 

simulation and finite 

element fatigue life 

analysis 

~10℃ cells temperature 

drop, 14.6℃ lower 

maximum cells 

temperature difference, 

and double the cyclic 

lifetime compared to a 

straight channels network 

[60] 

Switzerland/ 

Egypt 

(2011) 

NA 

Post-

illumination 

heat extractor 

Silicon split-flow micro-

channel heat exchanger 

directly soldered to the PV 

cells 

Experimental testing 

and theoretical 

modeling using 

Shockley-Queisser 

model and real cell 

model 

At 4930X, cell 

temperature was 

maintained at 54℃ and 

electrical efficiency was 

6.4% 
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[149] 
USA/ UAE 

(2011) 

Parabolic 

trough 

Parabolic 

trough surface 

Covering the trough with 

spectrally-selective reflective 

stretched Mylar embossed 

with microstructures 

Optical simulation 

Mylar reflects visible 

radiation to PV receiver 

and infrared radiation to 

thermal receiver 

[152] 
Sweden 

(2009) 
NA 

Receiver 

surface 

coating 

Covering non-PV-covered 

parts of the receiver with a 

spectrally-selective coating 

Mathematical modeling 

and experimental 

testing 

20% thermal losses 

reduction 

[164] 
USA 

(2010) 
NA 

Reflective 

concentrator 

One square meter plastic 

non-imaging Fresnel 

reflective concentrators that 

match densely-packed PV 

receivers 

Brief discussion NA 

[145] 
USA  

(2012) 
CPC 

Encapsulation 

and CPC 

Transparent electrode layer 

of a thin film PV cell is used 

as the outermost surface to 

function as a spectrally-

selective coating in 

conjunction with external 

CPCs 

Optical simulation and 

ray tracing 
94% optical efficiency 

[167] 

Australia/ 

Germany 

(2006) 

Heliostat 

field 

Dielectric 

multilayer 

thin-film 

interference 

filter 

Flat dielectric beam splitter 

with 162 layers that radially 

vary in thickness according 

to the mean-weighted angle 

of incidence at any given 

position on the  filter 

Needle optimization 

and ray tracing 

Highly-uniform 

reflectance/transmittance 

profile for a range of 

incidence angles 



 
 

335 
 

 

Figure II-33: CPVT Studies Covered in Manuscript According to (a) Year and 

Study Type and (b) Year and Concentrator Optics 
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Figure II-34: CPVT-Focused Studies Covered in Manuscript According to (a) 

Concentration Ratio and PV Heat Extraction Method and (b) Concentration 

Ratio and Cell Type 
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that silicon is the dominant cell type for concentration ratios up to 100X due to its 

reasonable performance, low prices, and high availability compared to any other PV 

type. However, beyond 100X, the efficiency and durability of silicon PV cells 

dramatically suffer. This gives room for other more exotic PV cell types; with MJPVs 

being the PV type of choice. 

Fig. II-35 graphically represents the thermal and electrical, experimental and 

theoretical efficiencies obtained from the CPVT-focused studies covered in 

manuscript. Additionally, the figure also includes the average thermal and electrical, 

experimental and theoretical efficiency curves across the different CPVT concentrator 

optics. It is clear from the figure that there is a large discrepancy between theoretical 

and experimental efficiency results. This discrepancy is within 15-20% for thermal 

efficiency, especially for lower concentration ratios, and within 5-10% for electrical 

efficiency, especially for higher concentration ratios. CPVTs with PDCs seem to have 

the lowest discrepancy between theoretical and experimental results. While for low-

concentration CPC and booster reflector CPVTs, the discrepancy is very low for 

electrical results but very high for thermal results. Averaging all CPVT efficiency 

results yields total average thermal and electrical efficiencies of about 53% and 13%, 

respectively. 

Table II-5 breaks down CPVT studies covered in the manuscript according to 

(first) country of study. Nearly 40% of all CPVT studies have been conducted in the 

USA and China, reflecting the increasing interest and support provided to solar R&D 

in these two countries. Nevertheless, the interest in CPVT technologies started in the 

1980s in the USA unlike China where CPVT interest has been very recent. A striking 

observation deduced from Table II-5 is that only few of the countries with high 

insolation levels (most noticeably Italy, Israel, and Australia) are investing in CPVT 

technologies while some of the most interesting CPVT studies are taking place in 

countries with moderate levels of insolation (Sweden, Germany, Japan, etc.). Most of 

the countries with the highest beam insolation levels are developing countries. This 

shows the importance of collaboration between developed countries that can provide 

investments, training, and technology and developing countries that have a wealth of 

sun and land for the advancement of CPVT (and all solar) technologies. 
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Figure II-35: Thermal and Electrical Efficiencies of CPVT-Focused Studies 

Covered in Manuscript According to Extent of Study (Shape) and Concentrator 

Optics (Color) with Average Thermal/Electrical Theoretical/Experimental 

Efficiency Curves for Each Concentrator Optics Type 

 

 

Finally, Table II-6 presents a comprehensive summary of the number of CPVT 

studies covered in manuscript with respect to extent of study, concentrator optics 

utilized, year of study, concentration ratio of CPVT in study, utilized PV cell type, 

and PV heat extraction method. 
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Table II-5: Number of CPVT Studies Covered in Manuscript with Respect to 

Country 

Country Number of CPVT Studies 

USA 21 

China 17 

Italy 8 

Germany 7 

Sweden 7 

Israel 6 

India 5 

Australia 4 

Greece 3 

Japan 3 

Switzerland 3 

Holland 2 

Mexico 2 

Spain 2 

Belgium 1 

Canada 1 

Egypt 1 

France 1 

Iran 1 

Malaysia 1 

New Zealand 1 

Nigeria  1 

Serbia 1 

Tunisia 1 

Turkey 1 

UAE 1 

Ukraine 1 

 

 

 

 

  



 
 

340 
 

Table II-6: Summary of CPVT Studies Covered in Manuscript 

Category 
Types Number of CPVT 

Studies 

Extent  

of Study 

Theoretical 58 

Test Prototype 38 

Operational Prototype 9 
C

o
n

ce
n

tr
a
to

r 
O

p
ti

cs
 

Linear Fresnel Reflector 6 

Parabolic Trough Collector 17 

Linear Fresnel Lens 13 

Parabolic Dish Collector 12 

Heliostat Field 2 

Spot Fresnel Lens 6 

CPC 17 

Booster Reflector 12 

Holographic/Luminescent  3 

Not Specified 17 

Y
ea

r
 

1979-1984 12 

1985-1989 7 

1990-1994 4 

1995-1999 1 

2000-2004 4 

2005-2009 15 

2010-2014 62 

C
o
n

ce
n

tr
a
ti

o
n

 R
a
ti

o
 1 to 1.99 7 

2 to 4.99 17 

5 to 9.99 8 

10 to 19.99 13 

20 to 49.99 17 

50 to 99.99 8 

100 to 199.99 2 

200 to 499.99 11 

≥500 12 

C
el

l 
T

y
p

e Si 51 

MJPV 13 

GaAs 6 

Other 9 

Not Specified 16 

PV Heat 

Extraction 

Method 

Post-Illumination 65 

Pre-Illumination: Spectral-

Decomposition 
21 

Pre-Illumination: Direct HTF 

Absorption 
9 
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Chapter II-3. Levels of Performance Assessment for CPVT Solar Collectors 

 In this section, the performance assessment basics for a CPVT will be covered. 

This includes energy and exergy analyses in addition to optical, thermal, electrical, 

economic, environmental, and reliability assessments. The most important CPVT 

performance indices that will be discussed throughout this section are listed in Table 

II-7. 

 

 

Table II-7: CPVT Performance Indices 

Symbol Meaning Component(s) 

�̇�𝒆𝒍𝒆 Rate of electric energy output PV receiver 

�̇�𝒕𝒉 Rate of thermal energy output Thermal receiver 

𝜼𝒕𝒉 Thermal efficiency Thermal receiver 

𝜼𝒆𝒍𝒆 Electrical efficiency PV receiver 

𝑬𝒙𝒕𝒉 Thermal exergy output Thermal receiver 

𝝃𝒕𝒐𝒕 Exergy efficiency Complete CPVT 

𝜼𝒐𝒑𝒕 Optical efficiency Concentrator 

𝑳𝑪𝑵𝑷𝑽 Lifecycle net present value Complete CPVT 

𝑬𝑷𝑷 Energy payback period Complete CPVT 

𝑮𝑷𝑷 Greenhouse gas payback period Complete CPVT 

 

 

II-3.1. Energy and Exergy Assessment 

 In order to assess the performance of a CPVT, it is important to conduct an 

energy balance analysis in order to solve for the unknown parameters, evaluate the 

CPVT’s thermal and electrical performance, and identify optical and thermal loss 

mechanisms. An energy balance analysis is based on identifying the input and output 

energy flows and the energy content change (which is zero under steady-state 

operation) of an arbitrary control volume; yielding: 

∆𝐸 = ∑𝐸𝑖𝑛 − ∑𝐸𝑜𝑢𝑡        (II-1) 

The energy input for a CPVT is due to solar radiation while energy output flows could 

be divided as follows: 

𝐸𝑜𝑢𝑡 = 𝐸𝑒𝑙𝑒 + 𝐸𝑡ℎ + ∑𝐸𝑙𝑜𝑠𝑠
𝑡ℎ + ∑𝐸𝑙𝑜𝑠𝑠

𝑜𝑝𝑡 + ∑𝐸𝑙𝑜𝑠𝑠
𝑒𝑙𝑒     (II-2) 

The number of control volumes chosen to conduct an energy balance is determined by 

the number of unknowns. Assuming steady-state operation, the energy balance for a 

CPVT becomes: 
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𝐼𝑇𝐴𝑐𝑎 = 𝐸𝑒𝑙𝑒 + 𝐸𝑡ℎ + ∑𝐸𝑙𝑜𝑠𝑠
𝑡ℎ + ∑𝐸𝑙𝑜𝑠𝑠

𝑜𝑝𝑡 + ∑𝐸𝑙𝑜𝑠𝑠
𝑒𝑙𝑒     (II-3) 

Thermal losses are due to convective and radiative heat losses from different 

components to the ambient. Optical losses are due to the incidence angle variations 

and imperfect optical properties (i.e., absorptance, reflectance, and transmittance) of 

components exposed to radiation (e.g., concentrator, glazing, PV cells, etc.). Electrical 

losses are due to power conditioning losses (e.g., inverters, DC/DC converters, etc.) 

and parasitic loads (pumps, trackers, etc.). Fig. II-36 outlines the fundamental energy 

flows for a CPVT system from solar input to final useful outputs. We will 

demonstrate a zero-dimensional dynamic energy balance model in this section using a 

line-focus reflector concentrator (e.g., linear Fresnel reflector or parabolic trough) 

CPVT configuration, as shown in Fig. II-37, and its equivalent thermal circuit, as 

shown in Fig. II-38. The dynamic model could be converted into a steady-state model 

by simply taking the temperature variation of each component with time to be zero. 

 

 

 

Figure II-36: Outline of the Energy Balance for a CPVT 
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Figure II-37: Schematic of the CPVT Configuration used for Energy Balance 

 

 

The system shown in Fig. II-37 consists of an array of solar cells pasted to a 

thermal receiver using a thermally-conductive adhesive. The thermal receiver is 

connected to a channel where the HTF flows. A glass cover is fixed at the front of the 

receiver with a gap (could be evacuated or filled with air) between it and the solar cell 

array. An insulation enclosure surrounds the HTF channel to minimize heat losses. 

The optical and thermal parameters by which the different thermal capacitances and 

resistances are evaluated could be assumed constant or variable with temperature 

and/or radiation, depending on the model’s assumptions. For simplicity of analysis, 

we can assume a packing factor equal to unity (i.e., the solar cell(s) completely covers 

the thermal receiver). 

Taking the glass cover as the control volume, the input energy flux is due to 

the intercepted and absorbed concentrated direct radiation and the heat transfer from 

the solar cell by convection and radiation while the output energy flux includes the 

heat dissipated to the surroundings by convection and radiation; yielding: 

𝑚𝑔𝑐𝐶𝑔𝑐
𝑑𝑇𝑔𝑐

𝑑𝑡
= (𝐼𝐵𝐴𝑐𝑎𝜌𝑡

𝑐𝑜𝑛𝛼𝑡
𝑔𝑐
+
𝑇𝑐−𝑇𝑔𝑐

𝑅
𝑟𝑎𝑑
𝑐−𝑔𝑐 +

𝑇𝑐−𝑇𝑔𝑐

𝑅𝑐𝑜𝑛𝑣
𝑐−𝑔𝑐 ) − (

𝑇𝑔𝑐−𝑇𝑠𝑘𝑦

𝑅𝑟𝑎𝑑
𝑔𝑐−𝑠𝑘𝑦 +

𝑇𝑔𝑐−𝑇𝑎𝑚𝑏

𝑅𝑐𝑜𝑛𝑣
𝑔𝑐−𝑎𝑚𝑏 ) (II-4) 
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Figure II-38: Equivalent Thermal Circuit of the CPVT Configuration used for 

Energy Balance 

 

 

 Taking the solar cell as the control volume, the input energy flux is from the 

transmitted and absorbed concentrated direct radiation from the glass cover to the cell 

while the output energy flux includes heat transferred to the glass cover by radiation 

and convection, heat transferred to the thermal adhesive by conduction, and the 

electric energy output; yielding: 
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𝑚𝑐𝐶𝑐
𝑑𝑇𝑐

𝑑𝑡
= (𝐼𝐵𝐴𝑐𝑎𝜌𝑡

𝑐𝑜𝑛(𝜏𝛼)𝑔𝑐−𝑐) − (
𝑇𝑐−𝑇𝑔𝑐

𝑅𝑟𝑎𝑑
𝑐−𝑔𝑐 +

𝑇𝑐−𝑇𝑔𝑐

𝑅𝑐𝑜𝑛𝑣
𝑐−𝑔𝑐 +

𝑇𝑐−𝑇𝑎𝑑

𝑅𝑘
𝑐−𝑎𝑑 +

𝐼𝐵𝐴𝑐𝑎𝜌𝑡
𝑐𝑜𝑛(𝜏𝛼)𝑔𝑐−𝑐𝜂𝑒𝑙𝑒)       (II-5) 

 Taking the thermal adhesive as the control volume, the input energy flux is 

from the solar cell by conduction and the output energy flux is to the thermal receiver 

by conduction; yielding: 

𝑚𝑎𝑑𝐶𝑎𝑑
𝑑𝑇𝑎𝑑

𝑑𝑡
= (

𝑇𝑐−𝑇𝑎𝑑

𝑅𝑘
𝑐−𝑎𝑑 ) − (

𝑇𝑎𝑑−𝑇𝑟

𝑅𝑘
𝑎𝑑−𝑟 )      (II-6) 

 Taking the thermal receiver as the control volume, the input energy flux is 

from the thermal adhesive by conduction and the output energy flux includes heat loss 

to the insulation enclosure by conduction and heat transferred to the HTF channel by 

conduction; yielding: 

𝑚𝑟𝐶𝑟
𝑑𝑇𝑟

𝑑𝑡
= (

𝑇𝑎𝑑−𝑇𝑟

𝑅𝑘
𝑎𝑑−𝑟 ) − (

𝑇𝑟−𝑇𝑖𝑛𝑠

𝑅𝑘
𝑟−𝑖𝑛𝑠 +

𝑇𝑟−𝑇𝑐ℎ

𝑅𝑘
𝑟−𝑐ℎ )     (II-7) 

 Taking the HTF channel as the control volume, the input energy flux is from 

the thermal receiver by conduction and the output energy flux is to the HTF by 

convection and the insulation enclosure by conduction; yielding: 

𝑚𝑐ℎ𝐶𝑐ℎ
𝑑𝑇𝑐ℎ

𝑑𝑡
= (

𝑇𝑟−𝑇𝑐ℎ

𝑅𝑘
𝑟−𝑐ℎ ) − (

𝑇𝑐ℎ−𝑇𝐻𝑇𝐹,𝑚

𝑅𝑐𝑜𝑛𝑣
𝑐ℎ−𝐻𝑇𝐹 +

𝑇𝑐ℎ−𝑇𝑖𝑛𝑠

𝑅𝑘
𝑐ℎ−𝑖𝑛𝑠 )    (II-8) 

Where 𝑇𝐻𝑇𝐹,𝑚 is the mean temperature of the inlet and outlet HTF flow temperatures. 

Taking the insulation enclosure as the control volume and assuming its 

capacitance is negligible, the input energy flux is from the thermal receiver and HTF 

channel by conduction and the output energy flux is heat dissipated to the ambient by 

convection and radiation; yielding: 

0 = (
𝑇𝑟−𝑇𝑖𝑛𝑠

𝑅𝑘
𝑟−𝑖𝑛𝑠 +

𝑇𝑐ℎ−𝑇𝑖𝑛𝑠

𝑅𝑘
𝑐ℎ−𝑖𝑛𝑠 ) − (

𝑇𝑖𝑛𝑠−𝑇𝑠𝑘𝑦

𝑅𝑟𝑎𝑑
𝑖𝑛𝑠−𝑠𝑘𝑦 +

𝑇𝑖𝑛𝑠−𝑇𝑎𝑚𝑏

𝑅𝑐𝑜𝑛𝑣
𝑖𝑛𝑠−𝑎𝑚𝑏 )    (II-9) 

 Finally, assuming the channel’s temperature is constant; we can have the 

following relation between the channel’s temperature and the HTF’s outlet and inlet 

temperatures: 

𝑇𝑐ℎ−𝑇𝑜𝑢𝑡

𝑇𝑖𝑛−𝑇𝑐ℎ
= exp (−

𝐴𝑠,𝑖𝑛ℎ𝑐ℎ−𝐻𝑇𝐹

𝑐𝑝,𝐻𝑇𝐹�̇�𝐻𝑇𝐹
)      (II-10) 

 As established in Part I of this study, an exergy analysis and assessment is 

necessary for a multi-output device such as a CPVT. Simply speaking, exergy is the 

amount of available (i.e., harvestable) useful energy (work) that is present in a certain 

amount of energy. An exergetic assessment provides a rational figure-of-merit in 
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addition to quantitatively identifying the sources of irreversibilities. A CPVT exergy 

analysis considers the exergy flux due to the flowing fluids, electrical exergy 

(corresponding to delivered energy at MPP operation), internal and external exergy 

losses, and exergy flow due to solar radiation. Similar to Eq. II-1, an exergy balance 

follows: 

∆𝐸𝑥 = ∑𝐸𝑥𝑖𝑛 − ∑𝐸𝑥𝑜𝑢𝑡 −∑𝐸𝑥𝑙𝑜𝑠𝑠 − ∑𝐸𝑥𝑑𝑒𝑠𝑡    (II-11) 

Where 𝐸𝑥𝑙𝑜𝑠𝑠 represents the external exergy lost while 𝐸𝑥𝑑𝑒𝑠𝑡 represents the internal 

exergy destruction within the control volume. The breakdown of 𝐸𝑥𝑙𝑜𝑠𝑠 and 𝐸𝑥𝑑𝑒𝑠𝑡 

depends on the CPVT’s design layout and operation conditions, with every thermal or 

optical energy loss mechanism being responsible for part of the 𝐸𝑥𝑙𝑜𝑠𝑠 or 𝐸𝑥𝑑𝑒𝑠𝑡. For 

instance, Namjoo et al. [118] broke the 𝐸𝑥𝑙𝑜𝑠𝑠 of their air-based PVT system into two 

exergy loss sources (optical losses from concentrator to PVT receiver; heat loss from 

PVT system to the surroundings) and the 𝐸𝑥𝑑𝑒𝑠𝑡 into five exergy destruction sources 

(temperature difference between the sun and PVT collector; heat transfer from PVT 

surface to HTF at a finite temperature difference; pressure drop in air duct; variation 

of PV temperature with respect to ambient; electrical energy loss due operating at a 

voltage and current less than 𝑉𝑜𝑐 and 𝐼𝑠𝑐). The exergy efficiency (or second law 

efficiency) of a CPVT is the ratio of the sum of thermal and electrical exergy outputs 

to the sun’s radiation exergy input; yielding: 

𝜂𝑒𝑥 =
𝐴𝑟𝑒𝑐𝐸𝑥𝑡ℎ+𝐴𝑐𝐸𝑥𝑒𝑙𝑒

𝐴𝑎𝑝𝐸𝑥𝑠𝑢𝑛
        (II-12) 

Based on Eq. II-11, the exergy balance for a steady-state CPVT becomes: 

𝐸𝑥𝑠𝑢𝑛 = 𝐸𝑥𝑒𝑙𝑒 + 𝐸𝑥𝑡ℎ + ∑𝐸𝑥𝑙𝑜𝑠𝑠 + ∑𝐸𝑥𝑑𝑒𝑠𝑡    (II-13) 

Where the thermal and electrical exergy outputs per unit area are expressed as: 

𝐸𝑥𝑡ℎ = 𝐸𝑡ℎ (1 −
293

293+(𝑇𝑜𝑢𝑡−𝑇𝑎𝑚𝑏)
)      (II-14) 

𝐸𝑥𝑒𝑙𝑒 = 𝐸𝑚𝑝𝑝         (II-15) 

While the sun’s radiation exergy input per unit area using Petela’s expression is [54]: 

𝐸𝑥𝑠𝑢𝑛 = 𝐼𝐵 (1 −
4𝑇𝑎

3𝑇𝑠𝑢𝑛
+
1

3
(
𝑇𝑎

𝑇𝑠𝑢𝑛
)
4

)      (II-16) 

Finally, the concept of exergetic improvement potential, introduced by Van Gool 

[119], characterizes the maximum possible exergy improvement in each component 

or control volume, and is found when exergy destruction is a minimum; yielding: 

𝐼𝑃𝐸𝑥 = (1 − 𝜂𝑒𝑥)(𝐸𝑥𝑖𝑛 − 𝐸𝑥𝑜𝑢𝑡)      (II-17) 
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Which was used by Kandilli [53] in his CPVT system performance analysis. 

Several other elaborate CPVT energy, exergy, and life prediction models are 

available in the literature. Calise et al. [32] developed an elaborate one-dimensional 

finite-difference energy and exergy model [32]. Helmers and Kramer [49] developed 

a linearized thermal and electrical outputs performance model with linear coefficients 

obtainable from multi-linear regression using measurable data. Xu et al. [50] 

developed a life-prediction thermomechanical finite element model for assessing the 

stress field in a PV cell and the fatigue durability of the solder. Both Coventry [51] 

and Rosell et al. [52] developed and validated dynamic models taking the heat 

capacity of the different CPVT components into account. 

II-3.2. Optical Assessment 

The optical efficiency of the concentrator optics determines how much solar 

energy reaches a CPVT’s receiver. Using a simplified approach (where 𝜂𝑜𝑝𝑡 is 

assumed to be constant with respect to wavelength, incidence angle, and temperature), 

the portion of direct solar radiation that falls on the receiver 𝐼𝐵
𝑟𝑒𝑐 can then be estimated 

as: 

𝐼𝐵
𝑟𝑒𝑐 = 𝐼𝐵

𝑐𝑜𝑛𝜂𝑜𝑝𝑡𝑋        (II-18) 

Optical losses from the concentration element could be due to tracking errors, 

manufacturing imperfections, materials limitations, shading, and soiling. Tracking 

errors cause misalignments between the concentrator element and the receiver, which 

concentrates radiation off the focal line/point. Material and manufacturing 

imperfections cause scattering of incident radiation, imperfect transmittance for 

refraction optics, and imperfect reflectance for reflection optics. In case secondary 

optics are used, the same optical losses are propagated to them. Helmers et al. [138] 

expressed the optical efficiency of a CPVT with a reflector concentrator under steady-

state operation with the incorporation of optical losses from both the concentrator and 

the receiver in one term: 

𝜂𝑜𝑝𝑡 = 𝛾𝑡𝜌𝑡
𝑐𝑜𝑛𝑆(1 − 𝜌𝑡

𝑔𝑐
)(1 − 𝜌𝑡

𝑟𝑒𝑐)𝑓𝑎𝑙     (II-19) 

Where 𝑓𝑎𝑙 accounts for alignment losses due to tracking inaccuracies or misalignment 

between concentrator and receiver due to wind loads or any other factor. Brogan and 

Karlsson [94] expressed the optical efficiency by employing the fact that the 

generated short-circuit current is proportional to the utilized solar irradiance on a PV 
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cell. As such, the effective concentration ratio 𝑋𝑒𝑓𝑓 could be found by dividing 𝐼𝑠𝑐 

under concentrated illumination by 𝐼𝑠𝑐 under standard illumination. The optical 

efficiency could then be found using: 

𝜂𝑜𝑝𝑡 =
𝑋𝑒𝑓𝑓

𝑋
         (II-20) 

The concepts of concentration ratio and optical efficiency of an optical concentrator 

were both covered in Part I of this study. The optical efficiency of PTC, LFR, PDC, 

and HFCR systems were further elaborated in Part I of this study. In order to find how 

the optical properties of the concentrator, coating(s), and glass cover(s) affect the 

amount of absorbed energy by the CPVT’s receiver; developing an optical model 

becomes necessary. A common method used for the optical modeling of solar 

collectors in general is the net radiation method [117, 120]. In this method, the 

internal and external rays are grouped in net fluxes to avoid having to trace each ray. 

Using the cross-sectional schematic of a single partially-transparent layer with two 

interfaces having different reflectivities shown in Fig. II-39, we can demonstrate the 

net radiation method. The net outlet radiation fluxes are found from: 

𝑞𝑜1 = 𝑟1𝑞𝑖1 + (1 − 𝑟1)𝑞𝑖2       (II-21) 

𝑞𝑜2 = 𝑟1𝑞𝑖2 + (1 − 𝑟1)𝑞𝑖1       (II-22) 

𝑞𝑜3 = 𝑟2𝑞𝑖3 + (1 − 𝑟2)𝑞𝑖4       (II-23) 

𝑞𝑜4 = 𝑟2𝑞𝑖4 + (1 − 𝑟2)𝑞𝑖3       (II-24) 

While the layer’s absorptivity could be used to relate inner layer radiation fluxes: 

𝑞𝑖2 = (1 − 𝑎)𝑞𝑜3        (II-25) 

𝑞𝑖3 = (1 − 𝑎)𝑞𝑜2        (II-26) 

Assuming the radiation fluxes are normalized (i.e., 𝑞𝑖1 = 1) and that no flux is 

incident from below the layer (i.e., 𝑞𝑖4 = 0), the system of linear equations above 

could be solved to find the layer’s overall optical properties: 

𝜏𝑡 = 𝑞𝑜4 =
(1−𝑟1)(1−𝑟2)(1−𝑎)

1−𝑟1𝑟2(1−𝑎)2
       (II-27) 

𝜌𝑡 = 𝑞𝑜1 =
𝑟1+𝑟2(1−2𝑟1)(1−𝑎)

2

1−𝑟1𝑟2(1−𝑎)2
       (II-28) 

𝛼𝑡 = 1 − 𝜏𝑡 − 𝜌𝑡 =
𝑎(1+𝑟2(1−𝑎))(1−𝑟1)

1−𝑟1𝑟2(1−𝑎)2
     (II-29) 
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Figure II-39: Cross-Sectional View of a Single Layer with Different Interface 

Reflectivities 

 

 

Usually, the investigation of the flux distribution density both spectrally and 

spatially on different elements in a CPVT requires a ray-tracing algorithm [36, 38-40, 

44]. Nonetheless, Helmers et al. used a distribution profile factor to account for 

electric losses due to illumination non-uniformities [58, 138]. 

II-3.3. Thermal Assessment 

 For the evaluation of the thermal performance of a CPVT, where needed data 

could be obtained using the proper measuring devices, the thermal energy output rate 

could be found from: 

𝑃𝑡ℎ = 𝐶𝑝,𝐻𝑇𝐹�̇�𝐻𝑇𝐹(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)      (II-30) 

Alternatively, and similar to the analysis of a flat plate STC that was conducted in 

Part I of this study, 𝑃𝑡ℎ could be expressed by slightly modifying the Hottel-Whillier-

Bliss equation [55] to become: 

𝑃𝑡ℎ = 𝐹𝑅
′𝐴𝑠[𝑘𝜃(𝜏𝛼)𝑛𝐼𝑇(1 − 𝜂𝑒𝑙𝑒) − 𝑈𝐿

′(𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏)]    (II-31) 

While the thermal efficiency could be found from: 

𝜂𝑡ℎ =
𝑃𝑡ℎ

𝐼𝐵𝐴𝑐𝑎
         (II-32) 

II-3.4. Electrical Assessment 

 For the evaluation of the electrical performance of a CPVT, where needed data 

could be obtained using the proper measuring devices, the electric energy output rate 

could be found from: 

𝑃𝑒𝑙𝑒 = 𝑉𝑚𝑝𝑝𝐼𝑚𝑝𝑝        (II-33) 
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The effective electrical energy output is found after accounting for parasitic loads: 

𝑃𝑒𝑙𝑒
𝑒𝑓𝑓

= 𝑃𝑒𝑙𝑒 − 𝑃𝑝𝑎𝑟        (II-34) 

While the electrical efficiency could be found from: 

𝜂𝑒𝑙𝑒 =
𝑃𝑒𝑙𝑒

𝐼𝐵
𝑟𝑒𝑐𝐴𝑟𝑎

         (II-35) 

Alternatively, the current-voltage characteristics of a PV cell based on an analytical 

single-diode equivalent-circuit model with cell temperature and illumination level 

accounted for were covered in Part I of this study. Relating the electric efficiency to 

cell temperature is usually taken to be a linear relation, where the linear coefficients 

need to be found experimentally or provided by the manufacturer. It is important to 

remember that a PV module’s efficiency is usually 10-20% lower than a PV cell’s 

primarily due to the formation of hotspots and the resulting current mismatch. In order 

to evaluate the amount of thermal energy released by a PV cell under steady-state 

operation with a glass cover above it, we need to find the difference between the solar 

energy absorbed by the PV cell and the electrical energy generated by it; yielding: 

𝑃𝑡ℎ
𝑐 = (𝛼𝑡

𝑐 − 𝜂𝑒𝑙𝑒)𝜏𝑡
𝑔𝑐
𝐼𝑐𝑜𝑛       (II-36) 

With the term (𝛼𝑡
𝑐 − 𝜂𝑒𝑙𝑒) sometimes called the effective PV absorption factor. 

Modeling the performance of a PV cell under realistic non-uniform 

illumination helps in optimizing the cell’s shape, concentration ratio, doping level, 

and cell type. Proell et al. [147] developed a finite element thermal and electrical 

model in order to quantify the effect of non-uniform illumination on electrical 

performance. Assuming negligible contribution of grid lines to series resistance and a 

fixed mean concentration level, Benitez and Minano [41] proposed using a set of 

differential parallel-connected unit cells to approximate the effect of illumination non-

uniformities on a cell’s performance (see Ref. [41] for a full description of model 

assumptions and derivation). Results give us the following expression for a PV cell’s 

current-voltage curve under non-uniform illumination: 

𝐼 = 𝑋𝑎𝑣𝑔𝐼𝑝ℎ𝑜𝑡𝑜,𝑠𝑢𝑛 − 𝐼0 exp (
𝑞𝑉

𝜅𝑇
) ∫ exp (

𝑞𝐽(𝑋,𝑉)

𝜅𝑇
) 𝐹(𝑋)𝑑𝑋

∞

0
   (II-37) 

Where 𝐽(𝑋, 𝑉) is the photogenerated current density across a differential area 

illuminated with a local concentration level 𝑋 at an applied voltage 𝑉, found from: 

𝐽(𝑋, 𝑉) = 𝑋𝐽𝑝ℎ𝑜𝑡𝑜,𝑠𝑢𝑛 − 𝐽0 exp (
𝑞(𝑉+𝐽(𝑋,𝑉)𝑟𝑠)

𝜅𝑇
)    (II-38) 
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II-3.5. Economic Assessment 

A wide variety of economic indices found in the principles of energy 

economics could be adopted for the economic assessment of a CPVT. The simplest of 

which, naturally, is the simple payback period (SPP), defined as the time it takes for 

the system’s cumulative cost savings to amount to the investment (including initial 

and running) cost. The SPP could then be expressed as: 

𝑆𝑃𝑃 =
∑ 𝐶𝑖𝑛𝑣(𝑗)
𝑛
𝑗=1

𝐶𝑠𝑎𝑣,𝑦𝑟
        (II-39) 

Where 𝑗 denotes year (or any other periodic interval of time) and 𝑛 is the number of 

operational years. Nevertheless, since power generation technologies (conventional 

and renewable) are usually built to stay functional for many decades, the time-value 

of money starts becoming an important factor and the SPP cannot be used to yield 

accurate results. This leads to the concept of the lifecycle net present value (LCNPV) 

in which all future cash flows are converted to their present value. The conversion of 

a future cash flow into its present value is accomplished by: 

𝑃𝑟 = 𝐹(1 + 𝑖)−𝑛        (II-40) 

Steps to find the LCNPV of a CPVT are: 

1. Find annual costs. This includes investment (in PV cells, thermal receiver, 

concentrator optics, auxiliary systems, and assembly), interest, installation, 

maintenance, and operation costs. 

2. Find the summation of the NPVs of the annual costs over the CPVT’s lifetime. 

3. Find annual savings. Savings are due to the replacement of energy supply 

from the conventional power source (e.g., the grid for electric energy and 

natural gas for thermal energy) with energy supply from the CPVT. 

4. Find the summation of the NPV of the annual savings over the CPVT’s 

lifetime. 

5. Subtract the value found in step (2) from the value found in step (4) to find the 

LCNPV. 

This could be put in equation form as: 

𝐿𝐶𝑁𝑃𝑉 = ∑
𝑆(𝑗)

(𝑖+1)𝑛
𝑛
𝑗=1 − ∑

𝐶(𝑗)

(𝑖+1)𝑛
𝑛
𝑗=1       (II-41) 

Where 𝑆 denotes the savings, 𝐶 denotes the costs, and 𝑗 and 𝑛 have been defined 

above. If the lifecycle net present value is positive at the end of the CPVT’s lifetime, 
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this means the system is economically-feasible. However, if it’s negative, this means 

the system is not economically-feasible. 

II-3.6. Environmental Assessment 

 It is possible to adopt the concepts of energy payback period (EPP) and 

greenhouse gas payback period (GPP) as environmental performance indices for a 

CPVT. The EPP of a CPVT is defined as the ratio of the energy investment required 

to manufacture, install, and maintain a complete CPVT system over its lifetime to the 

average annual thermal and electrical energy generated by the CPVT; yielding: 

𝐸𝑃𝑃 =
∑ 𝐸𝑖𝑛𝑣(𝑗)
𝑛
𝑗=1

𝐸𝑠𝑎𝑣,𝑦𝑟
        (II-42) 

The net energy gain (NEG) of a CPVT could then be defined as the difference 

between the cumulative annual energy generated and the cumulative annual energy 

investment during the CPVT’s lifetime, yielding: 

𝑁𝐸𝐺 = ∑ 𝐸𝑠𝑎𝑣(𝑗)
𝑛
𝑗=1 −∑ 𝐸𝑖𝑛𝑣(𝑗)

𝑛
𝑗=1       (II-43) 

Nevertheless, since a CPVT is a multi-output energy generation device, it would be 

more representative to define an exergy payback period (ExPP) defined as the ratio of 

the exergy required to manufacture and install the complete CPVT system to the 

average annual thermal and electrical exergy generated by the CPVT; yielding: 

𝐸𝑥𝑃𝑃 =
∑ 𝐸𝑥𝑖𝑛𝑣(𝑗)
𝑛
𝑗=1

𝐸𝑥𝑠𝑎𝑣,𝑦𝑟
        (II-44) 

As such, the thermal and electrical energies “value” difference would be accounted 

for. Similarly, the GPP of a CPVT is defined as the ratio of the greenhouse gas 

emissions during the manufacturing, assembly, installation, operation, and 

maintenance phases to the average annual avoided greenhouse gas emissions from the 

conventional alternative electrical and thermal power generation systems; yielding: 

𝐺𝑃𝑃 =
∑ 𝐺𝑖𝑛𝑣(𝑗)
𝑛
𝑗=1

𝐺𝑠𝑎𝑣,𝑦𝑟
        (II-45) 

Finally, the concept of PES that was discussed in Part I of this study could also be 

used as an environmental figure-of-merit. 

II-3.7. Reliability Assessment 

 A study conducted by Vivar et al. [30] concluded that there’s a lack of 

standards for the reliability and durability evaluation of CPVTs. The authors then 

proceeded to propose expansions and modifications to existing PV and STC test 
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standards. Modifications include specifying a maximum outlet temperature and a 

maximum HTF temperature difference for any CPVT certification. CPVT reliability 

tests include stagnation temperature resistance, external and internal thermal shock, 

electrical insulation, wet insulation, ultraviolet radiation, and prolonged outdoor 

exposure. For durability prediction and assessment, computational finite element 

modeling and simulation is usually required. A finite element, multiphysics 

computational fatigue life model to predict the failure modes under different operation 

conditions was developed by Xu et al. [50]. It was found that obtaining higher HTF 

outlet temperature comes at the expense of the durability of the CPVT system. 
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Chapter II-4. Prospects and Outlook of the CPVT Technology 

II-4.1. Application Areas 

Several factors determine the possible application areas of a CPVT. The most 

important of which are the outlet temperature, tracking requirements, and system size. 

Sectors in which both electrical and thermal energies are required are ideal candidates 

for CPVT integration. Low-concentration CPVTs are usually intended for residential 

and commercial (hotels, public pools, hospitals, shopping malls, etc.) building 

integration in which DHW, space heating, and direct floor heating require relatively 

low HTF supply temperatures within the range of 40 to 60℃. The system size and 

tracking requirements then determine whether the building integration could be 

façade-mounted, roof-mounted, or ground-mounted. A façade-mounted system 

dictates the use of compact, non-tracking systems; while roof- and ground-mounting 

allow for larger system sizes with tracking. Ground-mounting; however, is only 

feasible for residential villas or residences with unoccupied and unshaded spaces. An 

additional design variable a CPVT meant for building integration must account for is 

the aesthetics of the design, as per the discussion in Part I of this study. Furthermore, 

another application area suitable for low-concentration CPVTs is solar drying with 

very few CPVTs used for this purpose [74, 144]. 

High-concentration CPVTs have a much wider range of applications primarily 

due to their larger thermal outputs and higher HTF supply temperatures. Those 

applications include district heating, district cooling, thermally-driven air 

conditioning, industrial process heat, thermally-driven water desalination, power 

generation (using a Stirling engine, an organic Rankine cycle, or a thermoelectric 

generator), and high temperature water electrolysis for pure hydrogen production 

(using both electrical and thermal CPVT outputs). Unfortunately, very few high-

concentration CPVTs have been integrated within such application. This is mainly 

due to high cost and complexity of such configurations and the lack of mature and 

reliable high-concentration CPVT technologies. 

Table II-8 summarizes CPVTs application areas and the most important 

factors that govern the suitability of a CPVT for an application. Fig. II-40 illustrates 

how CPVT outputs are utilized in industrial, commercial, and residential sectors. 
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Table II-8: Factors that Govern the Suitability of a CPVT System to a Certain 

Application and Common CPVT Application Areas 

Application Factors Application Areas 

HTF supply temperature Building integration 

Daily thermal output District heating & cooling 

Daily electrical output Solar drying 

System size Thermally-driven air conditioning 

Tracking requirements Thermally-driven water desalination 

Reliability and durability Industrial process heat 

Cost and complexity Power generation 

Thermal energy demand quantity and quality High temperature hydrogen production 

 

 

II-4.2. Niche Markets and Early Commercial Systems 

Currently, most built CPVT systems are for research and demonstration 

purposes. Nevertheless, few early commercial systems and vendors are available. The 

authors conducted a comprehensive survey for commercial companies with CPVT 

solutions and found 6 companies; namely--Cogenra, Quadra Solar, SolVar, SunCore, 

Chromasun, and Absolicon. 

 Absolicon Solar Concentrator is a Swedish company found in 2007 with a 

wide experience in solar concentration systems. The company’s Absolicon X10 PVT 

unit [98] is a parabolic trough-based CPVT system with 10X concentration ratio and 

the capability of producing thermal energy up to 75℃. Several units have been 

successfully installed and operated. This includes a 200 m2 field with 20 Absolicon 

X10 PVT units installed at Härnösand, Sweden. The installation was made on June, 

2011 using ground concrete blocks and produces 80 kW of thermal energy and 20 kW 

of electrical energy. Another installation was made in June, 2012 on roof of a hospital 

in Mohali, India with 50 m2 of Absolicon X10 PVT units. A single Absolicon X10 

PVT test unit was installed Koukfarm, Greece for a diary factory. Three other on-

going installations are taking place for a high school, folk high school, and psychiatry 

center. 

Chromasun is an California based company found in 2008 with a specialty in 

rooftop solar solutions. As was covered in Section II-2.1.1, Chromasun in 

collaboration with the  
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Figure II-40: CPVTs Application Areas and Market Sectors 

 

 

Center for Sustainable Energy Systems (CSES) of the Australian National University 

(ANU) [17, 23, 24] developed the micro-concentrator (MCT) LFR-based CPVT 

system [99]. The MCT is a low profile, compact, and lightweight system with no 

external moving parts (tracking is enclosed within the unit’s cover) designed 

specifically for rooftop integration. The MCT’s aluminum enclosure provides 
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protection against dust and weathering effects. The MCT has a concentration ratio of 

20X, weighs about 100 kg, has a total area of 4.15 m2, is capable of producing a peak 

2.2 kW thermal output, has a maximum output temperature of 200℃, and has an 

aperture of 3.5 m2. The high output temperature allows the MCT to drive double-

effect absorption chillers. For example, a 600 m2 rooftop space with 120 MCT units 

can produce 100 refrigeration tons with a COP of 1.35. The company is currently 

engaged in multi-million dollar MCT deployment projects worldwide including 60 

MCT units at the Santa Clara University and 27 MCT units at Abu Dhabi Distribution 

Company (ADDC) Distribution Management Centre.  

 Cogenra Solar, a California based company, offers a unit called the Cogenra 

T14 [100] that the company claims achieves the lowest system cost in the large-scale, 

ground-mounted PV market. The Cogenra T14 is a parabolic trough-based CPV with 

a concentration ratio of 14X. This CPV system has the option of waste heat recovery 

from the PV cells, which converts it into a CPVT system. Recovered heat could have 

temperatures as high as 120℃, enabling the integration of thermal desalination, 

wastewater treatment, district heating, district cooling, or thermal energy storage 

functions. The T14 unit utilizes flat glass concentrators and one-axis tracking, has a 

ground coverage of 3-5 acres per MW, and produces 13.1-17 kW of power output. 

Each unit consists of 18 crystalline silicon PV module receivers with water flowing 

through the modules in a closed-loop for heat recovery and rugged, steal-backed 

mirrors for solar concentration. Recovered heat is then either dissipated (by a radiator) 

or utilized (by a heat exchanger), depending on the chosen system configuration. The 

company completed more than 35 installations worldwide. 

 Quadra Solar, based in Ontario, Canada, is a company specialized in 

concentrated solar technology. The company’s iPyramid™ [101] unit is flat rooftop 

with a remarkable electrical efficiency of 32.2% and thermal efficiency of 30.5%. The 

system is capable of CCHP operation and is designed to minimize space requirements 

and tracking power consumption. 

 SolVar Systems is an Armenian company created by the State Engineering 

University of Armenia with a specialty in solar engineering software development and 

solar energy systems. The company developed an 8 m2 aperture LFR-based CPVT 

system [102]. The system is capable of generating 1.2 kWh of electric power per day 
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and 5.55 kWh of thermal power per day. The thermal output is in the form of 160 L of 

hot water at a 30℃ elevated temperature above inelt. 

 SunCore Photovoltaic Technology is a Chinese company specialized in 

terrestrial CPV solutions. SunCore offers a unique high-concentration parabolic dish-

based system called the Z10 [103]. The Z10 uses a two-axis solar tracker, has a 12 m2 

collector aperture area, and features a receiver with MJPV cells and a heat exchanger. 

According to SunCore, the Z10’s combined efficiency is above 72% with a maximum 

outlet HTF temperature of 100℃. Maximum thermal and DC electrical outputs are 5.5 

kW and 2.25 kW, respectively. The unit requires only 25 m2 of area, weighs 500 kg, 

and is designed for 20 yr of service. The thermal energy output from the Z10 is 

suitable for DHW, district heating, thermally-driven cooling, or process heat. 

The development of international standards for the evaluation and testing of 

CPVTs will prove crucial to the development and penetration of CPVTs in the future. 

The reliability and durability of a CPVT on both component-level and system-level 

are vital to assure the customer of the quality of a CPVT solution. As such, more 

efforts similar to the ones held at the Australian National University (ANU) to adapt 

current CPV, CST, and STC standards to the requirements of a CPVT are required 

[30]. 

  



 
 

359 
 

Chapter II-5. Future Research Directions and Concluding Remarks 

 Due to their multi-output nature, high first and second law efficiencies, quiet 

and semi-static operation, modularity, and compactness; CPVT technologies have 

proven to be one of the most promising renewable-based distributed generation 

technologies. The interrelation between design considerations, maturity of constituent 

technologies, and wide variety of theoretical and experimental designs and 

modifications show that there is significant room for improvement and innovation in 

CPVT studies. 

Part II of this study thoroughly covered published CPVT studies, including 

conceptual designs, testing prototypes, and operational prototypes. Despite a number 

of highly successful test prototypes and promising conceptual designs, it was clear 

that there is an obvious lack of operational experience and field deployment initiatives 

for the CPVT technology. This calls for more effort from the academic community in 

order to resolve the main technical issues still facing CPVT solar collectors as well as 

more attention from policy makers and the private sector to support and fund more 

development and deployment projects. 

 A number of issues exist that need to be fully addressed by researchers and 

developers in order for CPVT solar collectors to become a commercially-available 

and reliable alternative to current fossil-based energy solutions. These issues and their 

possible solutions include, but are not limited to: 

 Performing long-term field tests on CPVTs to prove the reliability and 

robustness of the technology is a major requirement if they are to become 

economically-competitive. As previously stressed, the constituent technologies 

that comprise a CPVT are commercially-available with 20+ lifetimes. This 

calls for funding pilot projects and initiatives to enable CPVTs to reach their 

commercial potential. 

 A shift of research, development, and deployment focus from low- and 

moderate-concentration CPVTs to high-concentration CPVT due to the 

remarkable efficiency and applications advantage they possess. This requires 

tackling issues such as high-precision tracking, illumination uniformity, 

developing micro-channel heat exchangers with very high heat removal 

factors, and coming up with MJPV fabrication techniques suitable for large-

scale production. 
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 The effect of spatially and spectrally non-uniform illumination and non-

uniform temperature distribution across the PV receivers in a CPVT system 

are important design considerations neglected in CPVT designs more often 

than not. Using the appropriate modeling techniques could help quantify these 

effects. Non-uniform illumination could be reduced by the design and 

fabrication of optimized secondary flux homogenizers for high concentration 

ratios, using bypass diodes in-parallel with PV cells, and optimizing the design 

of solar concentrators to achieve spectral and spatial uniformity under 

different angles of incidence. 

 Developing exergetic analysis models and optimization of exergy efficiency 

rather than energy efficiency in order to account for the grade difference 

between a CPVT’s thermal and electrical outputs. Alternatively, the economic 

value of each output with respect to a specific application could also serve as 

an excellent grade-difference equalizer and performance indicator. 

 Optimizing spectrally-effective filters and direct absorption pure and 

nanoparticle-suspended HTFs in accordance with the spectral response of 

different PV materials. This is guaranteed to promote the use of pre-

illumination PV heat extraction CPVTs which offer significantly higher HTF 

outlet temperatures without sacrificing electrical efficiency. This would 

noticeably broaden the spectrum of CPVT system-integration options. 

 Developing CPVT dynamic models and then conducting long-term (diurnal 

and seasonal) field tests for model validation. Most CPVT models in the 

literature assume steady-state operation, which is not a practical assumption if 

we are to assess the system’s performance under real environment and demand 

fluctuations (e.g., solar irradiance, wind velocity, ambient temperature, 

relative humidity, DHW demand, electricity demand, etc.). 

 Conducting more CPVT component improvement-focused studies. This is 

especially true for high-concentration CPVTs with point-focus concentrators 

and dense-array receivers that require heat extraction elements with very high 

heat removal factors (e.g., micro-channel heat exchangers with two-phase 

flow); HTFs with large heat capacities and favorable thermodynamic 

properties; durable PV encapsulation materials; durable selective coatings; and 
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thermally-conductive, mechanically- and chemically-stable, and electrically-

insulating adhesives. 

 A sharp lack of CPVT system-level integration studies is clearly noticed in the 

literature. One of the most promising application areas in which a CPVT could 

be an ideal candidate is distributed polygeneration for the residential, 

commercial, and industrial sectors. A wide room for innovation with respect to 

system-level integration options and configurations is available in this 

research area. 

 Investigating the causes of the high discrepancy between theoretical 

evaluations and experimental testing results by separately and clearly 

characterizing optical, thermal, and electrical loss sources. 

 Standardizing CPVT experimental testing and characterization procedures as 

well as the definitions of different performance indices (e.g., efficiency, 

concentration ratio, etc.) to facilitate the comparison of different CPVT 

systems. 

Finally, it is important to stress that a thorough technical investigation of a 

CPVT system considers both optical analysis on the one hand and energy analysis on 

the other. Optical analysis usually aims to explore the spectral and special flux 

distribution, optical efficiency, and concentration ratio. This is possible using ray-

tracing algorithms. Energy analysis usually considers the energy balance and the 

thermal and electrical performance characterization of the system. Optical 

performance of a CPVT directly affects its thermal and electrical behavior. Therefore, 

a complete-picture approach for the technical analysis of a CPVT design would 

consider both optical and energy modeling and simulation. Yet, when choosing 

between different system components and integration options, a thermoeconomic 

approach should be followed rather than a purely technical one in order to take into 

account economic and environmental factors. A highly-efficient CPVT design could 

be economically-unfeasible if it contains extravagant components such as high-

efficiency MJPV cells or high-reflectance concentrator optics. Often, multi-objective 

lifecycle optimizations are necessary to settle the trade-off between cost and 

efficiency. While for long-term commercial-scale projects, durability and reliability 

prediction and assessment become vital. This usually necessitates the use of 

computational finite element life prediction simulations. 
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Chapter III-1. Introduction to Part III 

Based on the background and comprehensive literature reviews covered in the 

first two parts of this report, two CPVT systems are designed, optimized, and 

analyzed. Two conceptual densely-packed CPVT configurations are optically, 

electrically, thermally, environmentally, and exergoeconomically analyzed and 

compared. The designs are composed of parabolic dish concentrators, multi-junction 

PV cells, segmented thermoelectric generators with interconnectors, and finned 

minichannel heat extractors. In configuration I, these components are connected 

thermally in-series. In configuration II, the components are connected thermally in-

parallel. Optimization and performance comparisons between the two configurations 

are conducted under UAE weather conditions. 
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Chapter III-2. Description of Conceptual Designs 

Two CPVT conceptual designs are analyzed in this study. Both designs are 

composed of multi-junction photovoltaic (MJPV) cells, segmented thermoelectric 

generators (sTEGs), and minichannel heat extractors (mHXs). Both design have 

receivers with 0.04×0.04 m yz cross-sectional dimensions. All MJPV cells and 

sTEGs have yz cross-sectional dimensions of 0.005×0.005 m. As shown in Fig. III-1, 

in configuration I, the MJPV cells, segmented TEGs, and mHX are thermally-

connected in-series—in that back-to-back order. 52 MJPV cells act as the only direct 

receivers of solar power in this configuration with equal cross-sectional areas of an 

individual MJPV cell, single segmented TEG couple, and a mHX unit. The four 

corners of the receiver are not covered with MJPV cells (Fig. III-1a). As shown in 

Fig. III-2, in configuration II, the MJPV cells, segmented TEGs thermal absorbers, 

and mHX3 thermal absorbers are thermally-connected in-parallel—in that innermost 

to outermost order. Thus, there are three direct receivers of solar power for 

configuration II with each having their own mHX attached to their back. A total of 16 

MJPV cells, 20 sTEG thermal absorbers, and 4 mHX3 thermal absorbers occupy the 

front surface of this configuration’s receiver. We will name the medial sTEG’s mHX 

as mHX1, the innermost MJPV cell’s mHX as mHX2, and the outermost mHX 

directly attached to the thermal absorber as mHX3. The input to mHX1 and mHX2 is 

from the HTF source. The input to mHX3 is from the output of mHX1 and mHX2. 

To avoid current-matching losses and limitations if the segmented TEGs and MJPVs 

are connected in-series, their power outputs are separately utilized, stored, and/or 

regulated—a common practice in the literature [20-21]. 

More details on each design configuration and the types of electrical 

connections within them are covered in Sections III-5.1, III-5.2, and III-5.3.  
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Figure III-1: (a) Three-Dimensional Mid-Section View, (b) Top yz View, and (c) 

Front xy Schematic of the Thermally in-Series (Configuration I) Receiver 

Assembly (Dimensions not to Scale) 



 
 

365 
 

 

Figure III-2: Top yz View of the Thermally in-Parallel (Configuration II) 

Receiver Assembly (Dimensions not to Scale) 
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Chapter III-3. Optical and Geometrical Simulation and Analysis 

A parabolic dish (or more accurately, a paraboloid of revolution) is formed by 

circulating a truncated planar parabolic curve about its axis of symmetry. A solar 

parabolic dish exploits the reflective property of a parabola (which dictates that light 

that enters a parabola parallel to its axis of symmetry is reflected to its focus) by using 

an inner reflective surface to concentrate solar beam radiation. A parabolic dish is a 

point-focus concentrator that exhibits the highest optical efficiency of all concentrator 

optics and requires two-axis tracking to maintain parallelism between incoming rays 

and the axis of symmetry. A paraboloid with its axis of symmetry aligned with the z-

axis in Cartesian coordinates is defined by: 

𝑧(𝑥, 𝑦) =
𝑥2+𝑦2

4𝑓𝐿
        (III-1) 

 In this section, details of the geometrical design; ray trace simulation; and 

optical performance evaluation for the parabolic dish concentrator, resulting focal 

image, and optical receiver will be presented. A number of parametric studies will 

also be conducted in order to capture the effect of main geometrical and optical 

design variables on different optical performance aspects. 

III-3.1. Modeling of the Solar Source 

Using TracePro®, a generalized ray tracing optical simulation software based 

on the Monte Carlo method, a solid model was built using the software’s solid 

modeling engine and the optical performance of the parabolic dish system could be 

evaluated. The Monte Carlo ray tracing method simulates the interaction of light with 

surfaces and within the bulk of materials by tracing the propagation of light rays 

starting from a source and ending when the rays’ energy is (almost) completely 

expanded. The type of light/surface interaction depends on the surface’s optical 

properties (e.g., specular reflectance, absorptance, etc.) which usually vary with 

respect to wavelength, temperature, incidence angle, surrounding medium, etc. 

TracePro® was chosen after experimenting with several ray trace programs; including 

ZEMAX®, SolTrace®, Tonatiuh®, ASAP®, and OptiCAD®. The extensive built-in 

models and materials library and the user-friendly solid modeling interface were the 

main reasons for choosing TracePro®. The sun is not approximated as a point source 

in this study, a common simplification in the literature, since in reality it does not 

emit parallel light rays. Rather, the sun is simulated by creating a circular surface 
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source with a diameter equal to the aperture area of the paraboloid at a far distance 

from the system with TracePro’s® built-in real angular distribution of the sun which 

takes into account the sun’s limb darkening effect. The spectral profile of the sun, on 

the other hand, is represented by a number of discrete wavelengths from 0.17 to 3.5 

μm (where most of the UV, visible, and IR radiations are enclosed) manually 

imported into TracePro® from the AM1.5D spectrum. Fig. III-3 shows the utilized 

normalized AM1.5D spectrum using the chosen representative discrete wavelengths. 

 

 

 

Figure III-3: The Utilized AM1.5D Solar Spectrum (0.17-3.5 μm) Utilized in the 

Ray Trace Simulation Normalized to Unity 

 

 

III-3.2. Parabolic Dish Geometry 

The main parameters defining a parabolic dish concentrator are the focal 

length 𝑓𝐿, rim angle 𝜓, and aperture diameter 𝜙𝑐𝑜𝑛. By having two of these three 

geometrical parameters, a truncated planar parabolic curve is geometrically defined 

[1]. The rim angle is defined as the angle between the axis of symmetry and the line 

connecting the parabola’s focus and the parabola’s rim. For any parabolic 

reflector, 𝜓, 𝑓𝐿, and 𝜙𝑐𝑜𝑛 are related by: 

tan𝜓 =
8𝑓𝐿𝜙𝑐𝑜𝑛

16𝑓𝐿
2−𝜙𝑐𝑜𝑛

2         (III-2) 
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Where 𝑐𝑜𝑛 denotes the parabolic concentrator. A fourth parameter, the parabola’s 

height 𝐻𝑐𝑜𝑛 (distance from its vortex to its aperture surface), could then be calculated 

using 𝜙𝑐𝑜𝑛 and 𝑓𝐿 using: 

𝐻𝑐𝑜𝑛 =
𝜙𝑐𝑜𝑛
2

16𝑓𝐿
         (III-3) 

In Fig. III-4, the diameter is fixed to 5.8 m and the effect of changing the rim angle on 

the paraboloid’s focal length and height is clearly shown from a two-dimensional side 

view of the paraboloid. A 𝜓 beyond 90° requires a two-sided receiver. 

The surface (denoted by 𝑠) area of a paraboloid 𝐴𝑐𝑜𝑛,𝑠 in terms of 𝑓𝐿 and 𝜙𝑐𝑜𝑛 

is found from [2]: 

𝐴𝑐𝑜𝑛,𝑠 =
8𝜋𝑓𝐿

2

3
(([

𝜙𝑐𝑜𝑛

4𝑓𝐿
]
2

+ 1)
3 2⁄

− 1)     (III-4) 

While its aperture (denoted by 𝑎) area 𝐴𝑐𝑜𝑛,𝑎 is simply: 

𝐴𝑐𝑜𝑛,𝑎 =
𝜋𝜙𝑐𝑜𝑛

2

4
         (III-5) 

The geometric concentration ratio 𝑋𝑔𝑚 is defined as the ratio between the 

concentrator’s aperture area and the receiver’s surface area, and is expressed as: 

𝑋𝑔𝑚 =
𝐴𝑐𝑜𝑛,𝑎

𝐴𝑟𝑒𝑐
         (III-6) 

With the maximum geometric concentration ratio 𝑋𝑔𝑚,𝑚𝑎𝑥 achievable for a flat 

receiver in a parabolic dish assuming perfect tracking given by [52]: 

𝑋𝑔𝑚,𝑚𝑎𝑥 =
sin2𝜓cos2(𝜓+𝜃𝑠)

sin2(𝜃𝑠)
       (III-7) 

Where 𝜃𝑠 is the sun’s radiation cone half-angle found from [53]: 

𝜃𝑠 = tan
−1 (

𝜙𝑠𝑢𝑛 2⁄

𝐿0
)        (III-8) 

Where 𝜙𝑠𝑢𝑛 is the sun’s apparent diameter (≈ 1.392 × 109 m) and 𝐿0 is the sun-earth 

center-to-center apparent distance (≈ 1.496 × 1011 m) resulting in 𝜃𝑠 ≈

4.65 mrad (0.267°) [53]. Thus, the ideal reflected radiation cone intercepted by the 

receiver has an angular width of 2𝜃𝑠. Ideally, the maximum geometric concentration 

ratio for a parabolic dish is 11,600X for flat and spherical receivers at 𝜓 = 45° and 

90°, respectively [1], under perfect tracking with no dispersion from the reflector. 

The geometric concentration ratio is different than the flux concentration ratio 𝑋𝑓 

which is defined as the ratio between the irradiance intercepted by the receiver 𝐼𝑖𝑛𝑡 to 

the irradiance on the paraboloid’s surface (not aperture) 𝐼𝑐𝑜𝑛,𝑠, as follows: 
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Figure III-4: Geometric Representation of the Effect of Changing the Rim Angle on the Paraboloid’s Height and Focal Length with all 

Parabolas Having a Common Focal Point 
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𝑋𝑓 =
𝐼𝑖𝑛𝑡

𝐼𝑐𝑜𝑛,𝑠
         (III-9) 

Where both 𝐼𝑖𝑛𝑡 and 𝐼𝑐𝑜𝑛,𝑠 are power fluxes in W m-2. 

Finding the size and flux distribution of the focal image is generally achieved 

using cone optics or ray tracing [55]. For a parabolic point-focus concentrator, the 

focal image is composed of a series of overlapping ellipses [54], each ellipse 

originating from a differential surface element on the concentrator, with a central 

semi-circle where all ellipses overlap, as shown in Fig. III-5. The diameter of this 

semi-central circle 𝜙𝑟𝑒𝑓
𝑚𝑖𝑛𝑜𝑟, or the minor axis of the overlapping ellipses, is well-

approximated by: 

𝜙𝑟𝑒𝑓
𝑚𝑖𝑛𝑜𝑟 =

𝜙𝑐𝑜𝑛 𝑠𝑖𝑛(𝜃𝑠)

4 𝑡𝑎𝑛(
𝜓

2
)

        (III-10) 

The major axis of the overlapping ellipses 𝜙𝑟𝑒𝑓
𝑚𝑎𝑗𝑜𝑟

, or the diameter of the biggest 

semi-circle, is found to be equal to [56]: 

𝜙𝑟𝑒𝑓
𝑚𝑎𝑗𝑜𝑟

= 𝜙𝑟𝑒𝑓
𝑚𝑖𝑛𝑜𝑟(1 + cos(𝜓))      (III-11) 

The material used for the surface of the parabolic dish is the Vega-WR193 

reflective mirror composed of 99.99% pure reflective aluminum on an anodized 

aluminum substrate [5]. Fig. III-6 shows the Vega-WR193 specular and diffuse 

reflectance with respect to wavelength superimposed on the normalized AM1.5D 

spectrum. 

The utilized concentrator is a continuous paraboloid of revolution internally 

covered with the Vega-WR193 reflective mirror. The concentrator’s solid model is 

shown in Fig. III-7 from different views. In order to initially size the concentrator, we 

follow a procedure in which the set of Eqs. III-2 through III-11 are combined in a 

single implicit equation where the only unknown is 𝜓 with a given desired 𝑋𝑓 = 

1,000× and a desired 𝜙𝑟𝑒𝑓
𝑚𝑎𝑗𝑜𝑟

= 0.04 m. The average specular reflectance of the 

mirror 𝜌𝑐𝑜𝑛
𝑎𝑣𝑔

 is used in Eq. III-9, such that: 

𝑋𝑓 = 𝜌𝑐𝑜𝑛
𝑎𝑣𝑔

(
𝐴𝑐𝑜𝑛,𝑠

𝐴𝑟𝑒𝑐
)        (III-12) 
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Figure III-5: Idealized Focal Image of a Point-Focus Parabolic Dish 

Concentrator 

 

 

For a receiver when 𝐼𝑖𝑛𝑡 = 𝐼𝑟𝑒𝑓 (i.e., intercept factor of unity). The resulting implicit 

equation is very lengthy and cannot be explicitly solved analytically. Thus, it is 

solved numerically using the bisection method coded in MATLAB after using the 

graphical approach to identify the range where the implicit equation’s root lies, as 

shown in Fig. III-8. The solution results in the 𝜓 value that meets the desired 𝑋𝑓 and 

𝜙𝑟𝑒𝑓
𝑚𝑎𝑗𝑜𝑟

 values. The corresponding 𝑓𝐿 and 𝜙𝑐𝑜𝑛 values are then easily found. It is 

found that 𝜓 = 10.1557°, 𝜙𝑐𝑜𝑛 = 1.5375 m, 𝑓𝐿 = 4.3257 m, and 𝐻𝑐𝑜𝑛 = 0.1791 m. 

However, these analytical results are only used to generally guide the design. The 

final geometrical design is based on the ray trace simulation results. 

Fig. III-9 shows the paths rays take from source to receiver using a 0.5% 

sample of the total rays. Red rays are the ones emanated from the source while green 

rays are reflected from the concentrator to the receiver. Using five million rays and a 

resolution of 200 pixels with Gaussian smoothing (with 
image width

200
 m waist radius 

and 128×128 fast Fourier transform data grid) of the resulting images, the incident 

solar irradiance on the parabolic dish is shown in Fig. III-10. The total power, average
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Figure III-6: Specular and Diffuse Reflectance of the Vega-WR193 Reflective Mirror Superimposed on the Normalized AM1.5D 

Spectrum 
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Figure III-7: Three- and Two-Dimensional Views of the Parabolic Dish 

Concentrator and Flat Square Receiver 

 

 

irradiance, and maximum local irradiance incident on the dish surface are 1,266 W, 

681.86 W m-2, and 1,009 W m-2, respectively. Both limb darkening and receiver 

shadowing can be seen in Fig. III-10. 

In order to identify the effect the number of rays has on the simulation’s 

accuracy, we investigate in Fig. III-11 how different numbers of rays affect the total 

intercepted power, average intercepted irradiance, and maximum local irradiance on 

the receiver’s surface. Generally speaking, for most ray trace simulations, as the  
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Figure III-8: Graphical Approach to Identify a Range for the Bisection Method 

in Solving the Rim Angle’s Combined Implicit Equation 

 

 

number of rays increases so does the simulation accuracy. However, this is at the 

expense of the computation time and memory requirements. As seen from Fig. III-11, 

beyond one million rays, reasonable convergence occurs and results stabilize. Five 

million rays are used from here on unless otherwise stated. 

III-3.3. Focal Plane Shifts and Receivers’ Irradiance Profiles 

The focal length of the parabolic dish was calculated in the previous section. 

However, it is found from the ray trace simulations that the optimum focal plane 

where the intercepted radiation reaches its maximum is slightly different than the 

dish’s focal length. This effective focal plane is 𝑓𝐿
𝑒𝑓𝑓

= 4.3307 m (i.e., a 5.0 mm 

shift from 𝑓𝐿). 

Fig. III-12 shows the resulting irradiance profile at the effective focal plane 𝑓𝐿
𝑒𝑓𝑓

 of 

the concentrator. A total of 1,095.2 W is reflected to the optimum focal plane of the 

concentrator with average and maximum irradiances of 6.845 × 105 and  
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Figure III-9: Parabolic Concentrator with Ray Paths from Source to Receiver 

for a Sample of Rays 

 

 

1.4836 × 106 W m-2, respectively. Clearly, a close resemblance between the 

idealized focal image in Fig. III-5 and the simulated focal image in Fig. III-12 exists 

knowing that the calculated 𝜙𝑟𝑒𝑓
𝑚𝑖𝑛𝑜𝑟 is equal to 0.0202 m. From Fig. III-12, we 

observe almost an order of magnitude difference in irradiance between the central and 

largest circles. Thus, we attempt to better homogenize the flux by slightly shifting the 

receiver from the effective focal plane of the concentrator, as will be shown below. 

In order to investigate the effects of focal plane shifts 𝑍𝑓 from  𝑓𝐿
𝑒𝑓𝑓

, we need 

to define two closely-related quantities. First, the intercept factor 𝛾𝑡, which is defined 

as: 

𝛾𝑡 =
∫ 𝑃𝑟𝑒𝑓(𝑥) 𝑑𝑥
𝐵
𝐴

∫ 𝑃𝑟𝑒𝑓(𝑥) 𝑑𝑥
+∞
−∞

=
𝑃𝑖𝑛𝑡

∫ 𝑃𝑟𝑒𝑓(𝑥) 𝑑𝑥
+∞
−∞

      (III-13) 

Where the limits A and B denote the receiver’s finite dimensions. Second, the spatial  

non-uniformity factor 𝜔, which is defined as [4]: 

𝜔 =
𝐼𝑖𝑛𝑡,𝑚𝑎𝑥−𝐼𝑖𝑛𝑡,𝑚𝑖𝑛

𝐼𝑖𝑛𝑡,𝑚𝑎𝑥+𝐼𝑖𝑛𝑡,𝑚𝑖𝑛
        (III-14) 

Where 𝑚𝑎𝑥 denotes maximum, 𝑚𝑖𝑛 denotes minimum, and the value of 𝜔 varies  
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Figure III-10: Irradiance Profile of the Incident Radiation on the Parabolic Dish 

Surface 

 

 

between zero and one. A value of zero indicates a perfectly uniform irradiance and as 

it increases it indicates more irradiance non-uniformities. A trade-off between 𝛾𝑡 and 

𝜔 is expected for a fixed receiver dimensions when we move away (in either 

direction) from the focal plane. The closer we get to the focal plane, the higher the 

intercept factor but the higher the irradiance non-uniformities. A higher intercept 

factor results in a higher optical efficiency; however, intercepted irradiance non-

uniformities degrade series-connected MJPV cells module’s efficiency. A 0.04 square 

flat receiver is chosen since MJPVs are manufactured in rectangular and square 

dimensions due to fabrication limitations. 

Using one million rays per ray trace, the plot in Fig. III-13 shows how shifting 

the focal plane in both the negative (closer to dish) and positive (farther from dish) 

directions affects 𝜔. Using MATLAB’s curve fitting toolbox, it was found that a  
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Figure III-11: Number of Simulated Rays Effect on Total Intercepted Power, 

Average Intercepted Irradiance, and Maximum Local Irradiance on the 

Receiver’s Surface 

 

 

Gaussian distribution with eight terms perfectly fits the relation between 𝑍𝑓 and 𝛾𝑡. 

The Gaussian curve is described by: 

𝛾𝑡 = ∑ (𝑎𝑖 exp (−
𝑍𝑓−𝑏𝑖

𝑐𝑖
)
2

)8
𝑖=1       (III-15) 

Using this Gaussian distribution function, the effect of any positive or negative 𝑍𝑓 on 

the system’s 𝛾𝑡 is modeled, as shown in Fig. III-14. The Gaussian fit curve’s 

coefficient of determination is 𝑅2 = 1.0000 with a root mean square error (RMSE) of 

0.3921. The RMSE is defined as: 

𝑅𝑀𝑆𝐸 = √
∑ (𝑦𝑖−𝑥𝑖)

2𝑛
𝑖=1

𝑛
       (III-16) 

Where 𝑛 is the number of data points, 𝑥𝑖 are data points, and 𝑦𝑖 are the fit points. The 

Gaussian coefficients 𝑎𝑖, 𝑏𝑖, and 𝑐𝑖 in Eq. III-15 are listed under Table III-1. From 

Figs. III-13 and III-14, we observe that under fixed receiver dimensions, slightly 

shifting from the focal plane can noticeably improve the irradiance homogeneity with 

a moderate intercept factor drop. However, for larger focal shifts, the intercept factor 

drop becomes exceedingly large and the irradiance homogeneity is not always 

guaranteed. As such, in order to avoid optical losses and design complexities when 

adding secondary optical element(s) (e.g., kaleidoscope light pipe homogenizers,  

 

10
4

10
5

10
6

1070

1080

1090

1100

T
o

ta
l 
In

te
rc

e
p

te
d

 
P

o
w

e
r 

(W
)

10
4

10
5

10
6

5.3

5.35

5.4

5.45
x 10

5

A
v
e

ra
g

e
 I
n

te
rc

e
p

te
d

 

Ir
ra

d
ia

n
c
e

 (
W

/m
2
)

10
4

10
5

10
6

1

2

3

4

5
x 10

6

Number of Rays

M
a

x
im

u
m

 L
o

c
a

l 

Ir
ra

d
ia

n
c
e

 (
W

/m
2
)



 
 

378 
 

 

Figure III-12: Irradiance Profile at the Effective Focal Plane of the Parabolic 

Dish Concentrator 

 

 

dielectric total internal reflection elements) to homogenize the intercepted irradiance, 

some authors suggest a slight shift from the optimal focal plane [8]. 

With the help of Figs. III-13 and III-14, we shift the receiver a distance of 

0.04 m from 𝑓𝐿
𝑒𝑓𝑓

 along the z-direction to achieve better irradiance homogeneity. The 

resulting irradiance profile, three-dimensional irradiance profile, and irradiance 

profile variations along the horizontal and vertical center lines on the receiver are 

shown in Figs. III-15 through III-17, respectively. A total of 1081.8 W is intercepted 

with average and maximum irradiances of 6.7611 × 105 and 1.4195 × 106 W m-2, 

respectively. 

For configuration I, the normalized (with respect to local irradiance) 

irradiance profiles on every MJPV cell receiver are depicted in Fig. III-18 with the 

average irradiance and total intercepted power per cell listed under Table III-2. Each  
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Figure III-13: Effect of Effective Focal Plane Shifts on the Spatial Non-

Uniformity Factor 

 

 

Table III-1: Coefficients for the Focal Plane Shift Eight-Terms Gaussian 

Distribution Fit Curve 

𝒂𝒊 Value 𝒃𝒊 Value 𝒄𝒊 Value 

𝒂𝟏 -0.428 𝒃𝟏 -0.005549 𝒄𝟏 0.007849 

𝒂𝟐 -6.791 𝒃𝟐 0.249 𝒄𝟐 0.05703 

𝒂𝟑 108.8 𝒃𝟑 0.05184 𝒄𝟑 0.2073 

𝒂𝟒 4.425E14 𝒃𝟒 -17.73 𝒄𝟒 3.296 

𝒂𝟓 -2.993E5 𝒃𝟓 -4.251 𝒄𝟓 1.501 

𝒂𝟔 -23.08 𝒃𝟔 0.1261 𝒄𝟔 0.1682 

𝒂𝟕 -10.71 𝒃𝟕 0.02754 𝒄𝟕 0.05969 

𝒂𝟖 0 𝒃𝟖 -3.544 𝒄𝟖 0.2076 

 

 

MJPV cell receiver has a cross-sectional area of 0.005×0.005 m. Similarly, for 

configuration II, the normalized (with respect to local irradiance) irradiance profiles 

on all three types of receivers are depicted in Fig. III-19 with the average irradiance 

and total intercepted power per receiver listed under Table III-3. Each MJPV cell and  
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Figure III-14: Eight-Terms Gaussian Fit Curve for the Effect of Effective Focal 

Plane Shifts on the Intercept Factor 

 

 

sTEG receiver have a cross-sectional area of 0.005×0.005 m while each thermal 

absorber receiver has a cross-sectional area of 0.005× 0.035 m. 

III-3.4. Shading Effect and Total Optical Efficiency 

Intuitively, the receiver blocks a portion of the incident on the dish’s aperture 

area 𝐴𝑐𝑜𝑛,𝑎 from reaching the dish’s surface area 𝐴𝑐𝑜𝑛,𝑠. This portion is usually very 

small since most parabolic dish concentrators operate at very high (>500X) geometric 

concentration ratios. In Fig. III-20, using one million rays per ray trace, we observe 

how increasing the flat square receiver’s edge width, which decreases the 

concentration ratio, results in a somewhat more pronounced shading effect. This is 

shown for a number of rim angles while holding the paraboloid’s diameter constant 

and placing the receiver at the concentrator’s calculated focal length. Nevertheless, 

shading effects could be considerable for line-focus concentrators (e.g., parabolic 

trough) that operate on low concentration ratios and have linear receivers that extend 

to cover the entire aperture of the concentrator. 
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Figure III-15: Irradiance Profile of the Intercepted Radiation on the Receiver 

 

 

A shading factor 𝑆𝑓 is defined as the ratio between solar power blocked by the 

receiver 𝑃𝑠ℎ to the total incident solar power on the concentrator’s aperture 𝑃𝑐𝑜𝑛,𝑎, as 

follows: 

𝑆𝑓 =
𝑃𝑠ℎ

𝑃𝑐𝑜𝑛,𝑎
         (III-17) 

Finally, the optical efficiency 𝜂𝑜𝑝𝑡 of the proposed concentrator is defined 

here as the ratio between the power intercepted by the receiver 𝑃𝑖𝑛𝑡 to the power 

incident on the paraboloid’s aperture 𝑃𝑐𝑜𝑛,𝑎. This could be simply expressed as: 

𝜂𝑜𝑝𝑡 =
𝑃𝑖𝑛𝑡

𝑃𝑐𝑜𝑛,𝑎
= 𝜌𝑐𝑜𝑛𝛾𝑡(1 − 𝑆𝑓)      (III-18) 

 A summary of the concentrator’s and receiver’s main design and performance 

parameters covered in current and previous sections is listed under Table III-4. 
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Figure III-16: Three-Dimensional Irradiance Profile of the Intercepted 

Radiation on the Receiver 

 

 

III-3.5. Incidence Angle Deviations 

The parabolic dish’s surface receives the maximum amount of solar radiation 

when the incidence angle is 0° with the aperture’s normal (or equivalently, when the 

sun’s zenith angle is equal to the dish’s title angle). The optical efficiency of a solar 

concentrator is strongly dependent on the angle of incidence. Moreover, the shape and 

size of the image profile generated at the receiver sharply change when the incidence 

angle deviates from the aperture’s normal in either the transverse or longitudinal 

directions. In fact, deviation from the concentrator’s acceptance angle could result in 

drastic electrical performance drops due to the formation of hot spots and the reduced  
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Figure III-17: Intercepted Irradiance Variations along the Horizontal and 

Vertical Center Lines on the Receiver 

 

 

intensity of the photons flux impinging on the PV receiver surface. Additionally, the 

receiver’s intercept factor greatly suffers as a result of the enlarged and shifted image 

profiles [3] affecting both thermal and electrical outputs. The resulting image of the 

irradiance profile on the reflector’s and receiver’s surfaces is shown in Fig. III-21 for 

the cases of a 0.05° deviation around the x-axis and in Fig. III-22 for the case of a  
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Figure III-18: Normalized Irradiance Profiles over the 52 MJPV Cell Receivers 

in Configuration I 

 

 

0.05° deviation around the y-axis. As seen from Figs. III-21 and III-22 (top), most of 

the incident is still captured by the parabolic dish with hardly any irradiance profile 

changes. Nonetheless, the captured irradiance by the parabolic dish is then reflected 

to a new shifted focal location as a result of the non-zero incidence angle by which 

the receiver’s location was determined. The result is a drastic decrease in the intercept 

factor, concentration ratio, and optical efficiency and a strongly-shifted image on the 

receiver’s surface (as seen from Figs. III-21 and III-22 (bottom)). 

The effects on intercepted power by the receiver in addition to optical 

efficiency and flux concentration ratio are shown in Fig. III-23 for a range of 

incidence angle deviations from the normal to aperture vector using one million rays 

per ray trace. The effect of angular deviations in both the longitudinal and transverse 

directions on optical performance is identical due to the rotational symmetry of a 

paraboloid of revolution in the xy plane. As seen from Fig. III-23, it is clear that a  
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Figure III-19: Normalized Irradiance Profiles over the 16 MJPV Cell, 20 sTEG, 

and 4 mHX Receivers in Configuration II 

 

 

parabolic dish, being a point-focus concentrator, is very sensitive to any tracking 

misalignments or any other causes for incidence angle deviations. For the current 

parabolic dish geometry, deviation beyond 0.025° are intolerable. 

A bidirectional incidence angle modifier is usually experimentally found and 

used to model the effect tracking misalignments have on the optical efficiency [6]. 

We will define the bidirectional incidence angle modifier as the ratio of the optical 

efficiency at a certain off-normal incidence angle in the x- or y-directions to the 

optical efficiency at normal incidence. Using MATLAB’s curve fitting toolbox, the 

bidirectional incidence angle modifier 𝑘𝜃 has been devised using a cubic fit for the 

range of absolute incidence angle deviations 0° ≤ 𝜃 ≤ 0.25° along either the x or y 

axes, such that: 

𝑘𝜃 = 𝑐0𝜃
3 + 𝑐1𝜃

2 + 𝑐2𝜃 + 𝑐3      (III-19) 
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Table III-2: Total Intercepted Power and Average Irradiance on the Surface of 

each MJPV Cell Receiver in Configuration I 

Cell # 

Intercepted  

Power 

(W) 

Average  

Irradiance 

(W m-2) 

Cell # 

Intercepted  

Power 

(W) 

Average  

Irradiance 

(W m-2) 

1 8.1435 3.2574E5 27 11.858 4.7434E5 

2 11.777 4.7107E5 28 24.908 9.963E5 

3 11.876 4.7504E5 29 30.387 1.2155E6 

4 8.0828 3.2331E5 30 31.644 1.2658E6 

5 11.849 4.7395E5 31 31.519 1.2607E6 

6 20.721 8.2883E5 32 31.319 1.2127E6 

7 24.793 9.9172E5 33 25.036 1.0015E6 

8 25.118 1.0047E6 34 11.799 4.7196E5 

9 20.612 8.2449E5 35 8.099 3.2396E5 

10 11.911 4.7644E5 36 20.697 8.2787E5 

11 8.0342 3.2137E5 37 28.336 1.1335E6 

12 20.911 8.3645E5 38 30.484 1.2194E6 

13 28.217 1.1287E6 39 30.414 1.2166E6 

14 30.476 1.219E6 40 28.25 1.13E6 

15 30.405 1.2162E6 41 20.653 8.2612E5 

16 28.508 1.1403E6 42 8.0413 3.2165E5 

17 20.71 8.2841E5 43 11.861 4.7443E5 

18 8.0984 3.2394E5 44 20.723 8.2892E5 

19 11.857 4.7427E5 45 25.038 1.0015E6 

20 25.005 1.0002E6 46 25.158 1.0063E6 

21 30.422 1.2169E6 47 20.713 8.2852E5 

22 31.635 1.2654E6 48 11.784 4.7135E5 

23 31.53 1.2612E6 49 7.991 3.1964E5 

24 30.436 1.2174E6 50 11.984 4.7937E5 

25 25.035 1.0014E6 51 11.819 4.7278E5 

26 11.829 4.7316E5 52 8.0688 3.2275E5 

 

 

The polynomial coefficients are listed under Table III-5. Any angular deviation above 

0.25° results in a zero value. The fit curve’s coefficient of determination is 𝑅2 = 

1.000 with a RMSE of 9.3723 × 10−4. Multiplying 𝑘𝜃 with the optical efficiency at 

normal incidence models the effect of angular deviations from the normal of the xy 

aperture. The data points and incidence angle modifier cubic fitting curve for the 

effective range of angular deviations are plotted in Fig. III-24. Material properties 

(reflectance, absorptance, etc.) variations with the incidence angle are not accounted 

for here since the very small range of incidence angle deviations applicable to this 

system (0° ≤ 𝜃 ≤ 0.25°) will result in negligible material property variations. 
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Table III-3: Total Intercepted Power and Average Irradiance on the Surface of 

each Receiver in Configuration II 

Cell # Intercepted Power (W) Average Irradiance (W m-2) 

1 28.214 1.1285E6 

2 30.472 1.2189E6 

3 30.4 1.216E6 

4 28.502 1.1401E6 

5 30.416 1.2166E6 

6 31.628 1.2651E6 

7 31.525 1.261E6 

8 30.431 1.2172E6 

9 30.382 1.2153E6 

10 31.638 1.2655E6 

11 31.514 1.2606E6 

12 30.313 1.2125E6 

13 28.33 1.1332E6 

14 30.48 1.2192E6 

15 30.408 1.2163E6 

16 28.245 1.1298E6 

sTEG # Intercepted Power (W) Average Irradiance (W m-2) 

1 11.845 4.738E5 

2 20.717 8.2868E5 

3 24.788 9.9152E5 

4 25.11 1.0044E6 

5 20.61 8.244E5 

6 11.905 4.7622E5 

7 20.704 8.2817E5 

8 25.03 1.0012E6 

9 25.032 1.0013E6 

10 20.649 8.2597E5 

11 11.779 4.7118E5 

12 20.708 8.2831E5 

13 25.154 1.0062E6 

14 25.031 1.0012E6 

15 20.716 8.2865E5 

16 11.857 4.7428E5 

17 20.692 8.2768E5 

18 24.904 9.9615E5 

19 24.999 9.9995E5 

20 20.906 8.3625E5 

mHX # Intercepted Power (W) Average Irradiance (W m-2) 

1 45.578 2.6045E5 

2 45.493 2.5996E5 

3 45.601 2.6058E5 

4 45.602 2.6058E5 
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Figure III-20: Variation of the Percentage of Power Shaded by the Receiver with 

Receiver’s Edge Width for Different Concentrator Rim Angles 
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Table III-4: Summary of the System’s Main Design and Performance Optical 

Parameters 

Parameter Value Unit 

𝝍 10.1557 deg 

𝝓𝒄𝒐𝒏 1.5375 m 

𝑯𝒄𝒐𝒏 0.1791 m 

𝒇𝑳 4.3257 m 

𝒇𝑳
𝒆𝒇𝒇

 4.3307 m 

𝒁𝒇 0.04 m 

𝑾𝒓𝒆𝒄 0.04 m 

𝑨𝒄𝒐𝒏,𝒂 1.8566 m2 

𝑨𝒄𝒐𝒏,𝒔 1.8603 m2 

𝑨𝒓𝒆𝒄 0.0016 m2 

𝑷𝒄𝒐𝒏,𝒂 1,267.85 W 

𝑷𝒄𝒐𝒏,𝒔 1,266.40 W 

𝑷𝒓𝒆𝒇 1095.20 W 

𝑷𝒊𝒏𝒕 1081.80 W 

𝑰𝒄𝒐𝒏,𝒂 682.89 W m-2 

𝑰𝒄𝒐𝒏,𝒔 681.86 W m-2 

𝑰𝒓𝒆𝒇 6.845 × 105 W m-2 

𝑰𝒊𝒏𝒕 6.7611 × 105 W m-2 

𝝆𝒄𝒐𝒏 0.8648 - 

𝑺𝒇 0.0011 - 

𝜸𝒕 0.9878 - 

𝜼𝒐𝒑𝒕 0.8533 - 

𝑿𝒈𝒎 1,160.4 - 

𝑿𝒇 993.19 - 
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Figure III-21: Effect of 0.05° Angular Deviation along the x-Axis on the 

Irradiance Profiles at the Reflector’s (Top) and Receiver’s (Bottom) Surfaces 
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Figure III-22: Effect of 0.05° Angular Deviation along the y-Axis on the 

Irradiance Profiles at the Reflector’s (Top) and Receiver’s (Bottom) Surfaces 
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Figure III-23: Effect of Incidence Angle Deviations from the Normal on 

Intercepted Power, Flux Concentration Ratio, and Optical Efficiency 

 

 

 

Figure III-24: Incidence Angle Modifier using Cubic Fit Curve for both x- and y-

Direction Angular Deviations 
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Table III-5: Polynomial Coefficients for the Bidirectional Incidence Angle 

Modifier 

Polynomial Coefficient Value 

𝒄𝟎 116.2 

𝒄𝟏 -45.38 

𝒄𝟐 0.1294 

𝒄𝟑 0.9999 
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Chapter III-4. Component-Level Thermodynamic Modeling and Analysis 

In this section, models for the three building blocks in this study (i.e., MJPV 

cells, segmented TEGs, and mHXs) will be thoroughly explained. These models will 

then be employed in the energy and exergy analysis (Chapter III-5) and solution and 

optimization procedures (Chapter III-6). The effect of different design variables and 

input parameters will also be separately investigated and discussed for each 

component in this section. It is noteworthy that all modeling and simulation efforts in 

this and coming sections are conducted under steady-state operation. This is justified 

and commonly practiced in the literature when the objective is to optimize the 

energy/exergy yields from a system over a certain period of time, as is the case with 

this study. 

III-4.1. InGaP/InGaAs/Ge Multi-Junction PV Cell 

In conventional single-junction cells, the optical energy of a photon is 

absorbed by an electron at the valence band (bound state). The electron is then 

excited by this energy to the conduction band (free state). This creates an electron-

hole free carrier pair (electron at the conduction band and a hole at the valence band) 

that results in conduction throughout the semiconductor. The issue with conventional 

single-junction cells lies in the fact that only solar photons that meet or exceed the 

energy difference between the valence and conduction bands (termed as the bandgap 

energy, which depends on the semiconductor material) could be used for electron 

excitation in the semiconductor. Thus, photons with lower bandgap energies are not 

absorbed while the extra energy in photons with higher bandgap energies is converted 

to heat.  

A multi-junction photovoltaic cell (MJPV) mitigates this spectral mismatch 

issue in single-junction cells. Simply put, the MJPV concept exploits two facts. The 

first is that different PV cell materials have different bandgap energies while different 

bands of the solar spectrum also possess different energies. The second is that a 

junction functions as a low-pass filter that transmits unabsorbed sub-bandgap 

photons. Therefore, the concept of a MJPV is to match the energies of each spectrum 

band with an appropriate PV material. Thus, by stacking these cells on top of each 

other, such that the bandgap decreases from top to bottom, the fundamental spectral 
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mismatch efficiency losses (thermalization and non-absorption losses) are minimized. 

The typical structure of the InGaP/InGaAs/Ge cell is shown in Fig. III-25. 

 

 

 

Figure III-25: Layered Structure of a Lattice-Matched InGaP/InGaAs/Ge 

Triple-Junction Solar Cell 
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III-4.1.1. Two-diode equivalent circuit model. 

The two-diode equivalent circuit lumped model developed by Segev et al. [9] 

is adopted and modified in this study for the performance evaluation of an individual 

Spectrolab C1MJ lattice-matched multi-junction InGaP/InGaAs/Ge cell. The C1MJ 

cell is already in production by Spectrolab since 2006 [10-11]. The external quantum 

efficiency (EQE) of each subcell in the C1MJ is shown in Fig. III-26 superimposed 

on the normalized AM1.5D spectrum. The EQE is a measure of the spectral response 

of a solar cell and is defined as the probability of collecting an electron-hole pair 

generated by an incident photon of a certain energy taking into account optical losses 

(i.e., reflection and transmission losses) from the cell’s surface. This is unlike the 

internal quantum efficiency which is defined with respect to absorbed photons by the 

cell, and is thus naturally greater than the EQE. In other words, the EQE is a direct 

measure of the electron-hole pairs generation rate (inversely proportional to the 

photons absorption depth) and collection probability (directly proportional to the 

electrons/holes diffusion length) in a solar cell. As such, we can express the EQE as: 

𝐸𝑄𝐸(𝜆) =
𝐽𝑠𝑐(𝜆) 𝑞⁄

𝐼𝑖𝑛𝑡 𝐸𝑝ℎ(𝜆)⁄
= (

ℎ0𝑐

𝑞𝐼𝑖𝑛𝑡
) ∙

𝐽𝑠𝑐(𝜆)

𝜆
     (III-20) 

Where 𝐽𝑠𝑐 is the short-circuit current density, 𝑞 is the electronic charge, 𝐼𝑖𝑛𝑡 is the 

intercepted solar irradiance, 𝐸𝑝ℎ is the energy of a photon, ℎ0 is Planck’s constant, 𝑐 

is the speed of light, and 𝜆 is the wavelength. As can be seen from the figure, the 

EQE of each subcell is zero for photons with energies (i.e., wavelengths) below its 

bandgap. The reason for the well-known EQE curved shape instead of an ideal square 

shape is due to premature recombination of the generated electron-hole pairs at the 

surface, bulk, and rear before they could be collected to contribute to the generated 

current. 

The adopted equivalent circuit model in this study has been validated against 

experimental data with an excellent fit and is relatively simple. Equivalent circuit 

lumped models produce good results with very little computational effort as 

compared to the cumbersome distributed cell models that divide the cell into 

hundreds of elements. Equivalent circuit models are sufficient and widely used for an 

engineering-level analysis. The adopted model takes into account performance and 

material properties variations with respect to both temperature and (flux) 

concentration ratio. 
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Figure III-26: External Quantum Efficiency of each Subcell in the C1MJ Triple-

Junction Cell Superimposed on the Normalized AM1.5D Spectrum 

 

 

The model’s assumptions are as follows: 

 Temperature variations across the cell’s sun-facing surface are neglected. 

 Shunt resistance is large enough to be neglected. 

 The alloy composition of the top and middle subcells is taken to be 

𝐼𝑛0.49𝐺𝑎0.51𝑃 and 𝐼𝑛0.01𝐺𝑎0.99𝐴𝑠, respectively. 

 The illumination falling on an individual cell is assumed to be uniform and is 

taken as the average of the irradiance profile on that cell. 

 Tunnel diodes between subcells are modeled as resistors. 

 The diode ideality factor is assumed to be constant with concentration ratio 

and temperature. 

 The total series resistance is assumed to be constant with concentration ratio 

and temperature and is evenly divided between the subcells. 

Other assumptions will be stated and justified wherever necessary. 

In this model, the reverse saturation currents due to recombination in the 

depletion and the quasi-neutral regions are separated and represented by separate 

diodes for each junction. The resulting equivalent circuit is shown in Fig. III-27. 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Wavelength (um)

E
x
te

rn
a
l 
Q

u
a
n
tu

m
 E

ff
ic

ie
n
c
y
/N

o
rm

a
liz

e
d
 I

rr
a
d
ia

n
c
e

 

 

Normalized AMD1.5 Irradiance

InGaP Subcell EQE

InGaAs Subcell EQE

Ge Subcell EQE



 
 

398 
 

According to Fig. III-27, the load current density 𝐽𝐿 in each subcell could be 

expressed as: 

𝐽𝐿 = 𝐽𝑠𝑐,𝑖 − 𝐽�̅�1,𝑖 − 𝐽�̅�2,𝑖       (III-21) 

Where 𝑖 is the cell number (1 for top, 2 for middle, and 3 for bottom cells), 𝐽�̅�1,𝑖 is the 

quasi-neutral region diode current density, and 𝐽�̅�2,𝑖 is the depletion region diode 

current density. For a two-terminal setup, the J-V relation for each subcell as per Eq. 

III-21 is expressed as [9]: 

𝐽𝐿 = 𝐽𝑠𝑐,𝑖 − 𝐽𝐷1,𝑖 [exp (
2𝑞(𝑉𝑖+𝐽𝐿𝑅𝑠,𝑖𝐴𝑃𝑉)

𝑛𝑖𝜅𝐵𝑇
) − 1] − 𝐽𝐷2,𝑖 [exp (

𝑞(𝑉𝑖+𝐽𝐿𝑅𝑠,𝑖𝐴𝑃𝑉)

𝑛𝑖𝜅𝐵𝑇
) − 1](III-22) 

Where 𝑉 is voltage, 𝑅𝑠 is series resistance, 𝐴𝑃𝑉 is the cross-sectional area of an 

individual MJPV cell, 𝑛 is the diode ideality factor (2 for single level trap, 1 for 

radiative, and 2/3 for Auger recombinations), 𝜅𝐵 is Boltzmann’s constant, and 𝑇 is 

the absolute temperature. The two diode dark saturation current densities are 

expressed as [9]: 

𝐽𝐷1,𝑖 = 𝜅1,𝑖𝑇
6

𝑛𝑖 exp (−
2𝐸𝑔,𝑖

𝑛𝑖𝜅𝐵𝑇
)       (III-23) 

𝐽𝐷2,𝑖 = 𝜅2,𝑖𝑇
3

𝑛𝑖 exp (−
𝐸𝑔,𝑖

𝑛𝑖𝜅𝐵𝑇
)       (III-24) 

Where 𝜅1 and 𝜅2 are empirical constants and 𝐸𝑔 is the bandgap energy. Finding a 

relation that relates the ideality factor to the concentration ratio should increase the 

model’s accuracy since the dependence of the diode dark saturation currents on the 

concentration ratio and the recombination mechanism will be accounted for. 

However, as a general approximation, the ideality factor moves from a value of 2 to 

2/3 as the concentration ratio increases. In order to increase the model’s accuracy, the 

bandgap energy dependence on temperature is taken into account, as follows [11]: 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝑇+𝜎
        (III-25) 

Where 𝛼 and 𝜎 are material-dependent constants. However, since Eq. III-25 

expresses 𝐸𝑔 for a pure material, an expression of 𝐸𝑔 for a 𝐴1−𝑥𝐵𝑥 alloy is needed for 

the top and middle subcells, as follows [44]: 

𝐸𝑔,𝐴1−𝑥𝐵𝑥(𝑇) = (1 − 𝑥)𝐸𝑔,𝐴 + 𝑥𝐸𝑔,𝐵 − 𝑥(1 − 𝑥)𝑝    (III-26) 

Where 𝑝 is an alloy-dependent constant. 
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Figure III-27: Equivalent Circuit of the Two-Diode Triple-Junction PV Cell 

Model 

 

 

 Since the subcells are series-connected using tunnel diodes, we can express 

the cell’s total voltage as: 

𝑉 = ∑ 𝑉𝑖
3
𝑖=1          (III-27) 

Using Eq. III-22, we can use MATLAB to explicitly express 𝑉𝑖, which yields: 

𝑉𝑖 = (
𝑛𝑖𝜅𝐵𝑇

𝑞
) ln(−

𝐽𝐷2,𝑖−√4𝐽𝐷1,𝑖
2+𝐽𝐷2,𝑖

2+4𝐽𝐷1,𝑖𝐽𝐷2,𝑖−4𝐽𝐷1,𝑖𝐽𝐿+4𝐽𝐷1,𝑖𝐽𝑠𝑐,𝑖

2𝐽𝐷1,𝑖
) − 𝐽𝐿𝐴𝑃𝑉𝑅𝑠,𝑖 

          (III-28) 

Substituting Eq. III-28 into Eq. III-27 and simplifying yields: 

𝑉 = (
𝜅𝐵𝑇

𝑞
) [𝑛1 ln (−

𝐽𝐷2,1−√4𝐽𝐷1,1
2+𝐽𝐷2,1

2+4𝐽𝐷1,1𝐽𝐷2,1−4𝐽𝐷1,1𝐽𝐿+4𝐽𝐷1,1𝐽𝑠𝑐,1

2𝐽𝐷1,1
)+

𝑛2 ln (−
𝐽𝐷2,2−√4𝐽𝐷1,2

2+𝐽𝐷2,2
2+4𝐽𝐷1,2𝐽𝐷2,2−4𝐽𝐷1,2𝐽𝐿+4𝐽𝐷1,2𝐽𝑠𝑐,2

2𝐽𝐷1,2
)+

𝑛3 ln (−
𝐽𝐷2,3−√4𝐽𝐷1,3

2+𝐽𝐷2,3
2+4𝐽𝐷1,3𝐽𝐷2,3−4𝐽𝐷1,3𝐽𝐿+4𝐽𝐷1,3𝐽𝑠𝑐,3

2𝐽𝐷1,3
)] − 𝐽𝐿𝐴𝑃𝑉𝑅𝑠,𝑡𝑜𝑡 (III-29) 
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Where 𝑅𝑠,𝑡𝑜𝑡 represents the total series resistance in all subcells due to series 

resistance in the P-N junctions, tunnel junctions, and contacts; as follows: 

𝑅𝑠,𝑡𝑜𝑡 = 𝑅𝑠,1 + 𝑅𝑠,2 + 𝑅𝑠,3       (III-30) 

We can obtain an expression for the cell’s open-circuit voltage 𝑉𝑜𝑐 by setting 𝐽𝐿 = 0 in 

Eq. III-29, as follows: 

𝑉𝑜𝑐 = (
𝜅𝐵𝑇

𝑞
) [𝑛1 ln(−

𝐽𝐷2,1−√4𝐽𝐷1,1
2+𝐽𝐷2,1

2+4𝐽𝐷1,1𝐽𝐷2,1+4𝐽𝐷1,1𝐽𝑠𝑐,1

2𝐽𝐷1,1
) +

𝑛2 ln (−
𝐽𝐷2,2−√4𝐽𝐷1,2

2+𝐽𝐷2,2
2+4𝐽𝐷1,2𝐽𝐷2,2+4𝐽𝐷1,2𝐽𝑠𝑐,2

2𝐽𝐷1,2
)+

𝑛3 ln (−
𝐽𝐷2,3−√4𝐽𝐷1,3

2+𝐽𝐷2,3
2+4𝐽𝐷1,3𝐽𝐷2,3+4𝐽𝐷1,3𝐽𝑠𝑐,3

2𝐽𝐷1,3
)]    (III-31) 

Whereas the cell’s short-circuit current is the minimum 𝐽𝑠𝑐,𝑖 due to the current-

matching limitation for the series-connected subcells. 

In order to find the current density and voltage at the maximum power point 

flux (i.e., power per unit area) 𝐼𝑚𝑝𝑝 for an individual MJPV cell, we have to set 
𝑑𝐼

𝑑𝐽𝐿
 = 

0; where: 

𝐼 = 𝑉𝐽𝐿         (III-32) 

And 𝑉 is substituted from Eq. III-29. Symbolically differentiating Eq. III-32 with 

respect to 𝐽𝐿 using MATLAB produces a very complicated expression that has to then 

be solved numerically in order to find 𝐽𝑚𝑝𝑝. This was done using the bisection 

method coded in MATLAB. 𝑉𝑚𝑝𝑝 is then found by substituting 𝐽𝑚𝑝𝑝 back into Eq. 

III-29. For an individual MJPV cell, the power output 𝑃𝑒𝑙𝑒
𝑃𝑉 then becomes: 

𝑃𝑒𝑙𝑒
𝑃𝑉 = 𝐴𝑃𝑉𝐽𝑚𝑝𝑝𝑉𝑚𝑝𝑝        (III-33) 

We can now define an individual MJPV cell’s electrical conversion efficiency as the 

ratio between the output DC power at the MPP to the solar power intercepted by an 

individual MJPV cell 𝑃𝑖𝑛𝑡: 

𝜂𝑒𝑙𝑒
𝑃𝑉 =

𝑃𝑒𝑙𝑒
𝑃𝑉

𝑃𝑖𝑛𝑡
         (III-34) 

It is important to notice the difference between the aforementioned MJPV cell 

electrical conversion efficiency definition and the total CPVT system electrical 

efficiency that will be defined later on in which the output will also include power 
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from the segmented TEGs and parasitic losses while the input will be the total solar 

power incident on the concentrator’s aperture area. The model’s inputs are listed in 

Table III-6 for Spectrolab’s C1MJ cell. The J-V curve for the entire cell is shown in 

Fig. III-28 along with the J-V curves for each subcell individually. It is clear how the 

Ge subcell loses a considerable portion of its current due to current mismatch with the 

top subcells. 

III-4.1.2. Effect of recombination mechanism. 

The ideality factor is determined by the dominant recombination mechanism. 

The ideality factor is 2 for single level trap, 1 for radiative, and 2/3 for Auger 

recombinations. Finding a relation that relates the ideality factor to the concentration 

ratio should increase the model’s accuracy since the dependence of the diode dark 

saturation currents on the concentration ratio and the recombination mechanism will 

be accounted for. However, as a general approximation, the ideality factor moves 

from a value of 2 to 2/3 as the concentration ratio increases. Fig. III-29 shows how 

the open-circuit voltage and maximum power density behave when different diode 

ideality factors are used for a range of concentration ratios at a cell temperature of 

25℃. 

III-4.1.3. Effect of temperature. 

Fig. III-30 shows the variation of the bandgap energy for each subcell with 

respect to temperature using Eqs. III-25 through III-26. Fig. III-31 displays the 

efficiency temperature coefficient 𝛽𝜂 for various concentration ratios. The penalty of 

elevated temperature on efficiency decreases as the concentration ratio increases in a 

semi-logarithmic fashion, as seen from the figure. As such, the following logarithmic 

relation anticipates 𝛽𝜂 as a function of 𝑋𝑓 with 𝑅2 of 0.9905: 

𝛽𝜂 = 0.0056 ln(𝑋𝑓) − 0.0871      (III-35) 

This logarithmic fit is also shown on Fig. III-31. According to Ju et al. [12], the open-

circuit voltage temperature coefficient 𝛽𝑉𝑜𝑐 can be expressed as: 

𝛽𝑉𝑜𝑐 = 𝛽𝑉𝑜𝑐,𝑟 + (
𝑛𝜅𝐵

𝑞
) ln𝑋𝑓       (III-36) 

Eq. III-36 has been experimentally validated by Braun et al. [13] with two 𝑛 values 

for two ranges of 𝑋𝑓 (4.2 for up to 800X and 3.0 for up to 5,600X). The value of 𝛽𝑉𝑜𝑐,𝑟 

for the C1MJ cell is -6.4 mV K-1 [11] while 𝑛 is taken to be 3.73 [12] in this case.  
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Figure III-28: J-V Curves for the InGaP/InGaAs/Ge MJPV Cell and its Subcells 

for the Cell at T = 25℃ and 1X 

 

 

Fig. III-32 shows the variation of 𝛽𝑉𝑜𝑐 for various concentration ratios. Comparing 

Figs. III-31 and III-32, it can be concluded that the reduced penalty of elevated 

temperature on efficiency for higher concentration ratios is a direct result of the 

reduced 𝑉𝑜𝑐 drop with temperature under higher concentration ratios. As for 𝐽𝑠𝑐, Ju et 

al. [12] showed that 𝛽𝐽𝑠𝑐 linearly increases with 𝑋𝑓, such that: 

𝛽𝐽𝑠𝑐 = 𝑋𝑓𝛽𝐽𝑠𝑐,𝑟         (III-37) 

With 𝛽𝐽𝑠𝑐,𝑟  calculated to be 0.0076 mA K-1 using the data in Table III-6. Using the 

expression in Eq. III-37, we can estimate 𝐽𝑠𝑐 at any working temperature according 

to: 

𝐽𝑠𝑐(𝑇) = 𝐽𝑠𝑐,𝑟 + 𝛽𝐽𝑠𝑐(𝑇 − 𝑇𝑟)       (III-38) 

For the top and middle subcells 𝛽𝐽𝑠𝑐,𝑟 is also 0.0076 mA K-1 while for the bottom 

subcell 𝛽𝐽𝑠𝑐,𝑟 is equal to 0.0061 mA K-1. Finally, it is important to note that all the 

aforementioned temperature coefficients are generated using data fitting and should  
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Table III-6: Input Electrical Parameters for the MJPV Cell Two-Diode Circuit 

Parameter Value Unit 

𝒙𝟏 0.49 - 

𝒙𝟐 0.01 - 

𝒑𝟏 1.157 eV 

𝒑𝟐 2.909 eV 

𝑬𝒈,𝑮𝒂𝑷(𝟎) 2.857 eV 

𝑬𝒈,𝑰𝒏𝑷(𝟎) 1.411 eV 

𝑬𝒈,𝑮𝒂𝑨𝒔(𝟎) 1.519 eV 

𝑬𝒈,𝑰𝒏𝑨𝒔(𝟎) 0.42 eV 

𝑬𝒈,𝑮𝒆(𝟎) 0.7437 eV 

𝜶𝑮𝒂𝑷 5.771 × 10−4 eV K-1 

𝜶𝑰𝒏𝑷 3.630 × 10−4 eV K-1 

𝜶𝑮𝒂𝑨𝒔 5.405 × 10−4 eV K-1 

𝜶𝑰𝒏𝑨𝒔 4.190 × 10−4 eV K-1 

𝜶𝑮𝒆 4.774 × 10−4 eV K-1 

𝝈𝑮𝒂𝑷 372 K 

𝝈𝑰𝒏𝑷 162 K 

𝝈𝑮𝒂𝑨𝒔 204 K 

𝝈𝑰𝒏𝑨𝒔 271 K 

𝝈𝑮𝒆 235 K 

𝑨𝒄𝒆𝒍𝒍 1.00×1.00 cm2 

𝒏𝟏 2.00 - 

𝒏𝟐 2.00 - 

𝒏𝟑 2.00 - 

𝒒 1.60217657 × 10−19 C 

𝜿𝑩 1.3806488 × 10−23 J K-1 

𝜿𝟏,𝟏 0.31 mA m-2 

𝜿𝟐,𝟏 28.76 mA m-2 

𝜿𝟏,𝟐 0.66 mA m-2 

𝜿𝟐,𝟐 38.54 mA m-2 

𝜿𝟏,𝟑 16.75 mA m-2 

𝜿𝟐,𝟑 1.34 mA m-2 

𝑹𝒔,𝒕𝒐𝒕 0.0245 × 10−3 kΩ 

𝑱𝒔𝒄,𝟏 

298 K 12.6 mA cm-2 

318 K 12.8 mA cm-2 

338 K 12.9 mA cm-2 

348 K 13.0 mA cm-2 

𝑱𝒔𝒄,𝟐 

 

298 K 12.7 mA cm-2 

318 K 12.9 mA cm-2 

338 K 13.0 mA cm-2 

348 K 13.1 mA cm-2 

𝑱𝒔𝒄,𝟑 

298 K 19.0 mA cm-2 

318 K 19.2 mA cm-2 

338 K 19.3 mA cm-2 

348 K 19.3 mA cm-2 
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Figure III-29: Effect of Dominant Recombination Mechanism Represented by 

Diode Ideality Factor on Open-Circuit Voltage (Top) and Maximum Power 

Density (Bottom) for a Range of Concentration Ratios 

 

 

 

Figure III-30: Variation of Subcells Bandgap Energies with Temperature 

 

 

not be used for modeling purposes but rather for overall approximations. For any 

concentration ratio, we can simply multiply the expression in Eq. III-38 by 𝑋𝑓. 
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From a physical point of view, the bandgap energy in a solar cell in inversely 

proportional to cell temperature. An elevated temperature results in lattice expansion 

and weakened interatomic bonds. Thus, a lower bandgap resulting from an elevated 

cell temperature means that more photons can generate free charge carriers since the 

photonic energy required to liberate a free charge carrier is now lowered. This is 

translated into a larger flow of electrons (i.e., a higher current and a positive 𝛽𝐽𝑠𝑐) with 

lower energies (i.e., a lower voltage and a negative 𝛽𝑉𝑜𝑐). However, the drop in 

voltage is more drastic than the increase in current and the result is lower MPP power, 

fill factor, and conversion efficiency (as will be seen in the next section). 

 

 

 

Figure III-31: Efficiency Temperature Coefficient as a Function of 

Concentration Ratio and the Resulting Logarithmic Fit Function 

 

 

III-4.1.4. Effect of concentration ratio. 

Fig. III-33a shows the conversion efficiency dependence on (flux) 

concentration ratio for a number of operation temperatures on a semi-log scale. It can 

be seen that the maximum conversion efficiency range is between 300 and 600X. The 

smooth drop of conversion efficiency beyond this range is an operational merit due to 

the frequent formation of local concentration ratio hotspots under real operation  
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Figure III-32: Open-Circuit Voltage Temperature Coefficient as a Function of 

Concentration Ratio 

 

 

conditions that might go beyond the nominal concentration ratio [14]. Fig. III-33b 

shows the effect of concentration ratio on fill factor, which is defined as: 

𝐹𝐹 =
𝑉𝑚𝑝𝑝𝐽𝑚𝑝𝑝

𝑉𝑜𝑐𝐽𝑠𝑐
        (III-39) 

The fill factor is a measure of the electrical quality of a PV cell and is used to 

represent the area under the current-voltage curve that contributes to the maximum 

achievable power. Fill factor losses are a result of the type of recombination process, 

semiconductor material, series resistance, and shunt resistance. As such, the fill factor 

starts to decrease after the optimum range of 300-600X due to the pronounced effect 

of parasitic series resistance as concentration ratio increases. This reflects on the 

conversion efficiency which starts to more noticeably drop beyond this range. The 

logarithmic relation between open-circuit voltage and concentration ratio is shown in 

Fig. III-33d. This is in contrast to the linear relation between short-circuit current and 

concentration ratio in which: 

𝐽𝑠𝑐(𝑋𝑓) = 𝑋𝑓 ∙ 𝐽𝑠𝑐(1)        (III-40) 

This simple linear relation between 𝐽𝑠𝑐 and 𝑋𝑓 is validated for the C1MJ cell by 

Kinsey et al. [11] and is widely utilized as a means for indirectly measuring the 
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effective (flux) concentration ratio. It is also the mean reason for the linear relation 

between power output and concentration ratio as shown in Fig. III-33c. 

 

 

 

Figure III-33: Effect of Concentration Ratio on (a) Conversion Efficiency, (b) Fill 

Factor, (c) Maximum Power Point Output, and (d) Open-Circuit Voltage for a 

Range of Cell Temperatures 

 

 

 From a physical point of view, the higher number of photons impinging on the 
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a higher current. The effect on open-circuit voltage could be considered negligible 
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previously mentioned, this allows us to use the short-circuit current as a measure of 
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MJPV cells, standardized testing conditions for temperature, irradiance level, 
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III-4.1.5. Double-layered anti-reflection coating. 

A customized anti-reflection coating (ARC) for top cell current-limited triple-

junction PV cells (as is the case with the utilized C1MJ cell in this study) was 

developed by Homier et al. [19] such that reflection losses are minimized over the 

effective solar spectrum. This SiO2/LFSiN double-layer ARC uses silicon nitride 

deposited by low-frequency plasma-enhanced chemical vapor deposition (LFSiN). 

This material also functions as an encapsulation coating for the cell due to its 

excellent mechanical properties [19]. The reflectance profile of the combined Air-

SiO2/LFSiN-AlInP-GaInP structure used on the triple-junction PV cell is shown in 

Fig. III-34 where AlInP represents the window layer for the top subcell GaInP. The 

ARC was optimized for current-matched conditions with a SiO2 thickness of 63 nm 

and LFSiN thickness of 48 nm [19]. It is assumed in this study that the C1MJ cells 

use an ARC with this reflectance profile. The wavelength-weighed reflectance of this 

ARC 𝜌𝐴𝑅𝐶 was found using TracePro when coupled with the utilized AM1.5D 

spectrum to be 0.05793. 

 

 

 

Figure III-34: Reflectance Profile of the Double-Layer ARC Superimposed on 

C1MJ Subcells External Quantum Efficiency and the Normalized AM1.5D 

Spectrum 
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III-4.2. Segmented Thermoelectric Generator with Interconnector 

A thermoelectric generator (TEG) can convert thermal energy directly into 

electrical energy via the Seebeck effect. A TEG is a solid-state device that is static, 

silent, reliable, and virtually requires no maintenance. According to the Seebeck 

effect, applying a temperature gradient across a conductor results in the diffusion of 

electrons from the hot to the cold junctions. As such, a potential difference is created 

that opposes the diffusion current flow. Connecting n-type and p-type conductors 

electrically in-series and thermally in-parallel while maintaining a temperature 

gradient across the junctions results in an open-circuit voltage given by: 

𝑉𝑜𝑐 = 𝑆∆𝑇         (III-41) 

Where 𝑆 is a material property called the Seebeck coefficient. The value of 𝑆 is 

appreciable in semiconductors compared to conductors. If connected to a load, the 

generated voltage can drive a current and electrical power is directly generated from 

thermal power. As shown in Fig. III-35a, the proposed dual-leg TEG element consists 

of n-type (denoted by 𝑛) and p-type (denoted by 𝑝) semiconductors connected 

electrically in-series and thermally in-parallel while being sandwiched between 

electrically-conductive copper connectors. A copper interconnector is placed in the 

middle of each leg replacing part of the expensive semiconductor material creating 

what is called a segmented TEG (sTEG). Fig. III-35b shows the equivalent thermal 

resistance network for a segmented TEG couple while Fig. III-35c shows its electrical 

resistance network. 

A one-dimensional steady-state segmented TEG analytical model is developed 

taking into account thermal and electrical contact resistances between the 

thermoelectric legs and the copper connectors and interconnectors, variation of 

material properties with boundary temperatures for each element, variation of 

thermoelectric properties and heat flows between the n- and p-legs, and Peltier and 

Thomson effects. The basics of the TEG model presented in this section is modified 

from the works of Reddy et al. [15-16], Gou et al. [25], and Meng et al. [26]. 
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Figure III-35: (a) Schematic, Notation of Surface/Interface Temperatures, (b) 

Equivalent Thermal Resistance Network, and (c) Electrical Resistance Network 

of Dual-Leg Segmented Thermoelectric Generator Couple with Interconnector 

 

 

In order to treat the analysis of two-dimensional steady-state heat transfer in 

composite structures with different thermal conductivities, such as with our current 

scenario, as one-dimensional without a loss of accuracy, the method known as 

separately-series equivalent thermal resistance network will be adopted [24, 49]. 

Unlike the conventional parallel thermal resistance analogy employed in composite 

structures in which all surfaces parallel to the heat conduction direction are assumed 

to be isothermal, the separately-series technique imposes adiabatic surfaces extending 

from all horizontal interfaces between different adjacent materials. The conventional 
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parallel thermal resistance analogy has been proven to yield significant errors 

whereas the separately-series technique gives fairly acceptable results [49]. As such, 

and by assuming the gap between the n- and p-sides to be perfectly insulated with a 

negligible width, an adiabatic surface is assumed to exist between the two sides. 

Thus, no radiation or convection heat transfer losses exist within the segmented TEG 

module [24-25]. This yields the equivalent thermal resistance network in Fig. III-35b 

in which different interfacial temperatures exist at the n- and p-sides since the 

conventional isothermal parallel surfaces assumption is not applied here. In each 

adiabatic section, the temperature is assumed not to vary over the yz-plane. The 

separately-series technique will be further used in other sections of this study. In 

addition to these assumptions and approximations, the following will also be assumed 

in the following sections: 

 Steady-state operation. 

 One-dimensional conduction heat transfer along the x-direction. 

 Constant averaged material properties over the boundary working 

temperatures of each element. 

 Joule and Thomson heating are both treated as internal heat generation. 

 All thermoelectric elements have the same length 𝐿𝑠𝑒, where 𝑠𝑒 denotes 

semiconductor. 

 Both n- and p-side interconnectors have the same length 𝐿𝑙𝑒𝑔 − 2𝐿𝑠𝑒, where 

𝑙𝑒𝑔 denotes TEG leg. 

 Thermal contact impedance �̅�𝑐𝑜 is the same between all copper/thermoelectric 

interfaces. 

 All elements have the same depth 𝐷. 

 All materials are homogeneous and isotropic. 

Other assumptions will be stated and justified wherever necessary. 

III-4.2.1. One-dimensional heat diffusion equations. 

By considering the Thomson thermoelectric effect, Joule heating, and the 

thermal and electrical contact resistances; we can describe the segmented TEG couple 

shown in Fig. III-35. An energy balance over the top (denoted by 𝑡) and bottom 

(denoted by 𝑏) n- and p-type semiconductors yields the following heat diffusion 

equations [24]: 
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𝜕

𝜕𝑥
(𝑘𝑛,𝑡𝐴𝑛

𝜕𝑇

𝜕𝑥
|
𝑛,𝑡
) +

𝜎𝑛,𝑡𝑖
2

𝐴𝑛
− Γ𝑛,𝑡𝑖

𝜕𝑇

𝜕𝑥
|
𝑛,𝑡
= Λ𝑛,𝑡𝐶𝑛,𝑡𝐴𝑛

𝜕𝑇

𝜕𝑡
|
𝑛,𝑡

   (III-42a) 

𝜕

𝜕𝑥
(𝑘𝑛,𝑏𝐴𝑛

𝜕𝑇

𝜕𝑥
|
𝑛,𝑏
) +

𝜎𝑛,𝑏𝑖
2

𝐴𝑛
− Γ𝑛,𝑏𝑖

𝜕𝑇

𝜕𝑥
|
𝑛,𝑏
= Λ𝑛,𝑏𝐶𝑛,𝑏𝐴𝑛

𝜕𝑇

𝜕𝑡
|
𝑛,𝑏

  (III-42b) 

𝜕

𝜕𝑥
(𝑘𝑝,𝑡𝐴𝑝

𝜕𝑇

𝜕𝑥
|
𝑝,𝑡
) +

𝜎𝑝,𝑡𝑖
2

𝐴𝑝
− Γ𝑝,𝑡𝑖

𝜕𝑇

𝜕𝑥
|
𝑝,𝑡
= Λ𝑝,𝑡𝐶𝑝,𝑡𝐴𝑝

𝜕𝑇

𝜕𝑡
|
𝑝,𝑡

   (III-42c) 

𝜕

𝜕𝑥
(𝑘𝑝,𝑏𝐴𝑝

𝜕𝑇

𝜕𝑥
|
𝑝,𝑏
) +

𝜎𝑝,𝑏𝑖
2

𝐴𝑝
− Γ𝑝,𝑏𝑖

𝜕𝑇

𝜕𝑥
|
𝑝,𝑏
= Λ𝑝,𝑏𝐶𝑝,𝑏𝐴𝑝

𝜕𝑇

𝜕𝑡
|
𝑝,𝑏

  (III-42d) 

Where 𝜎 is the electrical resistivity, 𝑘 is the thermal conductivity, 𝑖 is current, Λ is 

density, 𝐶 is specific heat capacity, 𝑡 is time, and Γ is the Thomson coefficient (a 

positive value indicates heat absorption and a negative value indicates heat 

liberation). The first, second, and third terms to the left are the Fourier heat 

conduction, Joule resistive heating, and Thomson effect heating, respectively. Joule 

resistive heating and the Thomson effect are both treated as internal heat generation 

(i.e., energy source/sink terms) according to this analysis. The term to the right is the 

time rate of change of the sensible energy content. Putting Eqs. III-42a through III-

42d in standard form and applying steady-state (i.e., 𝜕𝑇 𝜕𝑡⁄ = 0) conditions yields: 

𝑑2𝑇

𝑑𝑥2
|
𝑛,𝑡
−

Γ𝑛,𝑡𝑖

𝑘𝑛,𝑡𝐴𝑛

𝑑𝑇

𝑑𝑥
|
𝑛,𝑡
+

𝜎𝑛,𝑡𝑖
2

𝑘𝑛,𝑡𝐴𝑛
2 = 0      (III-43a) 

𝑑2𝑇

𝑑𝑥2
|
𝑛,𝑏
−

Γ𝑛,𝑏𝑖

𝑘𝑛,𝑏𝐴𝑛

𝑑𝑇

𝑑𝑥
|
𝑛,𝑏
+

𝜎𝑛,𝑏𝑖
2

𝑘𝑛,𝑏𝐴𝑛
2 = 0      (III-43b) 

𝑑2𝑇

𝑑𝑥2
|
𝑝,𝑡
−

Γ𝑝,𝑡𝑖

𝑘𝑝,𝑡𝐴𝑝

𝑑𝑇

𝑑𝑥
|
𝑝,𝑡
+

𝜎𝑝,𝑡𝑖
2

𝑘𝑝,𝑡𝐴𝑝
2 = 0      (III-43c) 

𝑑2𝑇

𝑑𝑥2
|
𝑝,𝑏
−

Γ𝑝,𝑏𝑖

𝑘𝑝,𝑏𝐴𝑝

𝑑𝑇

𝑑𝑥
|
𝑝,𝑏
+

𝜎𝑝,𝑏𝑖
2

𝑘𝑝,𝑏𝐴𝑝
2 = 0      (III-43d) 

Similarly, an energy balance over the top and bottom copper connector (denoted by 𝑐) 

and the copper interconnector (denoted by 𝑖𝑐) at the n- and p-type semiconductor 

sides yields the following heat diffusion equations: 

𝑑2𝑇

𝑑𝑥2
|
𝑐,𝑡,𝑛

+
𝜎𝑐,𝑡,𝑛𝑖

2

𝑘𝑐,𝑡,𝑛𝐴𝑐,𝑠𝑖𝐴𝑛
= 0       (III-44a) 

𝑑2𝑇

𝑑𝑥2
|
𝑐,𝑡,𝑝

+
𝜎𝑐,𝑡,𝑝𝑖

2

𝑘𝑐,𝑡,𝑝𝐴𝑐,𝑠𝑖𝐴𝑝
= 0       (III-44b) 

𝑑2𝑇

𝑑𝑥2
|
𝑐,𝑏,𝑛

+
𝜎𝑐,𝑏,𝑛𝑖

2

𝑘𝑐,𝑏,𝑛𝐴𝑐,𝑠𝑖𝐴𝑛
= 0       (III-44c) 

𝑑2𝑇

𝑑𝑥2
|
𝑐,𝑏,𝑝

+
𝜎𝑐,𝑏,𝑝𝑖

2

𝑘𝑐,𝑏,𝑝𝐴𝑐,𝑠𝑖𝐴𝑝
= 0       (III-44d) 

𝑑2𝑇

𝑑𝑥2
|
𝑖𝑐,𝑛

+
𝜎𝑖𝑐,𝑛𝑖

2

𝑘𝑖𝑐,𝑛𝐴𝑛
2 = 0        (III-44e) 
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𝑑2𝑇

𝑑𝑥2
|
𝑖𝑐,𝑝

+
𝜎𝑖𝑐,𝑝𝑖

2

𝑘𝑖𝑐,𝑝𝐴𝑝
2 = 0        (III-44f) 

Where 𝑠𝑖 denotes side. 

III-4.2.2. Spatial one-dimensional temperature profiles. 

We can now analytically solve the linear second-order inhomogeneous ODEs 

described by Eqs. III-43a through III-43d when a boundary condition of 𝑇(0) = 𝑇ℎ𝑜𝑡 

and 𝑇(𝐿) = 𝑇𝑐𝑜𝑙𝑑 is imposed over the length (taken from 0 to 𝐿) of every respective 

element. After some algebraic manipulation, this yields the following expressions for 

the spatial one-dimensional temperature profile in the top and bottom n- and p-type 

semiconductors: 

𝑇𝑛,𝑡(𝑥) = 𝑇𝑛,𝑡
ℎ𝑜𝑡 +

𝐶𝑛,𝑡𝑥

𝐵𝑛,𝑡
+
𝐶𝑛,𝑡𝐿𝑠𝑒+𝐵𝑛,𝑡(𝑇𝑛,𝑡

ℎ𝑜𝑡−𝑇𝑛,𝑡
𝑐𝑜𝑙𝑑)+(𝐵𝑛,𝑡𝑇𝑛,𝑡

𝑐𝑜𝑙𝑑−𝐵𝑛,𝑡𝑇𝑛,𝑡
ℎ𝑜𝑡−𝐶𝑛,𝑡𝐿𝑠𝑒) exp(𝐵𝑛,𝑡𝑥)

𝐵𝑛,𝑡(exp(𝐵𝑛,𝑡𝐿𝑠𝑒)−1)
 

          (III-45a) 

𝑇𝑛,𝑏(𝑥) = 𝑇𝑛,𝑏
ℎ𝑜𝑡 +

𝐶𝑛,𝑏𝑥

𝐵𝑛,𝑏
+
𝐶𝑛,𝑏𝐿𝑠𝑒+𝐵𝑛,𝑏(𝑇𝑛,𝑏

ℎ𝑜𝑡−𝑇𝑛,𝑏
𝑐𝑜𝑙𝑑)+(𝐵𝑛,𝑏𝑇𝑛,𝑏

𝑐𝑜𝑙𝑑−𝐵𝑛,𝑏𝑇𝑛,𝑏
ℎ𝑜𝑡−𝐶𝑛,𝑏𝐿𝑠𝑒) exp(𝐵𝑛,𝑏𝑥)

𝐵𝑛,𝑏(exp(𝐵𝑛,𝑏𝐿𝑠𝑒)−1)

          (III-45b) 

𝑇𝑝,𝑡(𝑥) = 𝑇𝑝,𝑡
ℎ𝑜𝑡 +

𝐶𝑝,𝑡𝑥

𝐵𝑝,𝑡
+
𝐶𝑝,𝑡𝐿𝑠𝑒+𝐵𝑝,𝑡(𝑇𝑝,𝑡

ℎ𝑜𝑡−𝑇𝑝,𝑡
𝑐𝑜𝑙𝑑)+(𝐵𝑝,𝑡𝑇𝑝,𝑡

𝑐𝑜𝑙𝑑−𝐵𝑝,𝑡𝑇𝑝,𝑡
ℎ𝑜𝑡−𝐶𝑝,𝑡𝐿𝑠𝑒) exp(𝐵𝑝,𝑡𝑥)

𝐵𝑝,𝑡(exp(𝐵𝑝,𝑡𝐿𝑠𝑒)−1)
 

          (III-45c) 

𝑇𝑝,𝑏(𝑥) = 𝑇𝑝,𝑏
ℎ𝑜𝑡 +

𝐶𝑝,𝑏𝑥

𝐵𝑝,𝑏
+
𝐶𝑝,𝑏𝐿𝑠𝑒+𝐵𝑝,𝑏(𝑇𝑝,𝑏

ℎ𝑜𝑡−𝑇𝑝,𝑏
𝑐𝑜𝑙𝑑)+(𝐵𝑝,𝑏𝑇𝑝,𝑏

𝑐𝑜𝑙𝑑−𝐵𝑝,𝑏𝑇𝑝,𝑏
ℎ𝑜𝑡−𝐶𝑝,𝑏𝐿𝑠𝑒) exp(𝐵𝑝,𝑏𝑥)

𝐵𝑝,𝑏(exp(𝐵𝑝,𝑏𝐿𝑠𝑒)−1)

          (III-45d) 

Where the coefficients 𝐵 and 𝐶 are defined as: 

𝐵𝑛,𝑡 =
Γ𝑛,𝑡𝑖

𝑘𝑛,𝑡𝐴𝑛
         (III-45e) 

𝐵𝑛,𝑏 =
Γ𝑛,𝑏𝑖

𝑘𝑛,𝑏𝐴𝑛
         (III-45f) 

𝐵𝑝,𝑡 =
Γ𝑝,𝑡𝑖

𝑘𝑝,𝑡𝐴𝑝
         (III-45g) 

𝐵𝑝,𝑏 =
Γ𝑝,𝑏𝑖

𝑘𝑝,𝑏𝐴𝑝
         (III-45h) 

𝐶𝑛,𝑡 =
𝜎𝑛,𝑡𝑖

2

𝑘𝑛,𝑡𝐴𝑛
2          (III-45i) 

𝐶𝑛,𝑏 =
𝜎𝑛,𝑏𝑖

2

𝑘𝑛,𝑏𝐴𝑛
2          (III-45j) 

𝐶𝑝,𝑡 =
𝜎𝑝,𝑡𝑖

2

𝑘𝑝,𝑡𝐴𝑝
2          (III-45k) 
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𝐶𝑝,𝑏 =
𝜎𝑝,𝑏𝑖

2

𝑘𝑝,𝑏𝐴𝑝
2         (III-45l) 

Similarly, solving Eqs. III-44a through III-44f with the same boundary conditions, 

and after some algebraic manipulation, yields the following spatial one-dimensional 

temperature profile expressions in the top and bottom copper connectors and the 

copper interconnector at the n- and p-type semiconductor sides: 

𝑇𝑐,𝑡,𝑛(𝑥) = 𝑇𝑐,𝑡,𝑛
ℎ𝑜𝑡 −

𝐷𝑐,𝑡,𝑛𝑥
2

2
+
𝑥(𝐷𝑐,𝑡,𝑛𝐿𝑐

2−2𝑇𝑐,𝑡,𝑛
ℎ𝑜𝑡+2𝑇𝑐,𝑡,𝑛

𝑐𝑜𝑙𝑑)

2𝐿𝑐
    (III-46a) 

𝑇𝑐,𝑡,𝑝(𝑥) = 𝑇𝑐,𝑡,𝑝
ℎ𝑜𝑡 −

𝐷𝑐,𝑡,𝑝𝑥
2

2
+
𝑥(𝐷𝑐,𝑡,𝑝𝐿𝑐

2−2𝑇𝑐,𝑡,𝑝
ℎ𝑜𝑡+2𝑇𝑐,𝑡,𝑝

𝑐𝑜𝑙𝑑)

2𝐿𝑐
    (III-46b) 

𝑇𝑐,𝑏,𝑛(𝑥) = 𝑇𝑐,𝑏,𝑛
ℎ𝑜𝑡 −

𝐷𝑐,𝑏,𝑛𝑥
2

2
+
𝑥(𝐷𝑐,𝑏,𝑛𝐿𝑐

2−2𝑇𝑐,𝑏,𝑛
ℎ𝑜𝑡 +2𝑇𝑐,𝑏,𝑛

𝑐𝑜𝑙𝑑)

2𝐿𝑐
   (III-46c) 

𝑇𝑐,𝑏,𝑝(𝑥) = 𝑇𝑐,𝑏,𝑝
ℎ𝑜𝑡 −

𝐷𝑐,𝑏,𝑝𝑥
2

2
+
𝑥(𝐷𝑐,𝑏,𝑝𝐿𝑐

2−2𝑇𝑐,𝑏,𝑝
ℎ𝑜𝑡 +2𝑇𝑐,𝑏,𝑝

𝑐𝑜𝑙𝑑)

2𝐿𝑐
   (III-46d) 

𝑇𝑖𝑐,𝑛(𝑥) = 𝑇𝑖𝑐,𝑛
ℎ𝑜𝑡 −

𝐷𝑖𝑐,𝑛𝑥
2

2
+
𝑥(𝐷𝑖𝑐,𝑛(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

2
−2𝑇𝑖𝑐,𝑛

ℎ𝑜𝑡+2𝑇𝑖𝑐,𝑛
𝑐𝑜𝑙𝑑)

2(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
   (III-46e) 

𝑇𝑖𝑐,𝑝(𝑥) = 𝑇𝑖𝑐,𝑝
ℎ𝑜𝑡 −

𝐷𝑖𝑐,𝑝𝑥
2

2
+
𝑥(𝐷𝑖𝑐,𝑝(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

2
−2𝑇𝑖𝑐,𝑝

ℎ𝑜𝑡+2𝑇𝑖𝑐,𝑝
𝑐𝑜𝑙𝑑)

2(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
   (III-46f) 

Where 𝐿𝑙𝑒𝑔 is the total leg length, 𝐿𝑐 is the copper connector length, and the 

coefficients 𝐷 are defined as: 

𝐷𝑐,𝑡,𝑛 =
𝜎𝑐,𝑡,𝑛𝑖

2

𝑘𝑐,𝑡,𝑛𝐴𝑐,𝑠𝑖𝐴𝑛
        (III-46g) 

𝐷𝑐,𝑡,𝑝 =
𝜎𝑐,𝑡,𝑝𝑖

2

𝑘𝑐,𝑡,𝑝𝐴𝑐,𝑠𝑖𝐴𝑝
        (III-46h) 

𝐷𝑐,𝑏,𝑛 =
𝜎𝑐,𝑏,𝑛𝑖

2

𝑘𝑐,𝑏,𝑛𝐴𝑐,𝑠𝑖𝐴𝑛
        (III-46i) 

𝐷𝑐,𝑏,𝑝 =
𝜎𝑐,𝑏,𝑝𝑖

2

𝑘𝑐,𝑏,𝑝𝐴𝑐,𝑠𝑖𝐴𝑝
        (III-46j) 

𝐷𝑖𝑐,𝑛 =
𝜎𝑖𝑐,𝑛𝑖

2

𝑘𝑖𝑐,𝑛𝐴𝑛
2        (III-46k) 

𝐷𝑖𝑐,𝑝 =
𝜎𝑖𝑐,𝑝𝑖

2

𝑘𝑖𝑐,𝑝𝐴𝑝
2         (III-46l) 

The areas used in Eqs. III-45 through III-46 for an individual segmented TEG couple 

are: 

𝐴𝑛 = 𝑊𝑛𝐷         (III-47a) 

𝐴𝑝 = 𝑊𝑝𝐷         (III-47b) 

𝐴𝑐,𝑠𝑖 = 𝐿𝑐𝐷         (III-47e) 
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Where 𝑊 denotes width. 

III-4.2.3. Boundary conditions and surface/interface temperatures. 

Using the spatial one-dimensional temperature profiles developed in Eqs. III-

45 through III-46 along with substituting the 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑 values with the 

appropriate boundary temperatures in accordance with the notation in Fig. III-35a and 

the equivalent thermal resistance network in Fig. III-35b, we can derive explicit 

equations for the ten surface and interface temperatures at both n- and p-sides by 

conducting energy balances at all boundaries and interfaces to identify surface and 

interface boundary conditions. 

For configuration I, a boundary condition at the interface between the top 

copper connector and ceramic insulator (denoted by 𝑐𝑖) substrate, assuming 

negligible thermal contact resistance, dictates that the two conduction thermal power 

fluxes must be equal; yielding: 

−𝑘𝑐𝑖
𝑑𝑇

𝑑𝑥
|
𝑐𝑖,𝑛

=
(𝑇𝑃𝑉−𝑇1𝑛)

�̅�𝑘
𝑃𝑉−𝑐,𝑡 = −𝑘𝑐,𝑡,𝑛

𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑛

     (III-48a) 

−𝑘𝑐𝑖
𝑑𝑇

𝑑𝑥
|
𝑐𝑖,𝑝

=
(𝑇𝑃𝑉−𝑇1𝑝)

�̅�𝑘
𝑃𝑉−𝑐,𝑡 = −𝑘𝑐,𝑡,𝑝

𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑝

     (III-48b) 

Where �̅�𝑘
𝑃𝑉−𝑐,𝑡

 is the conductive thermal impedance (in K m2 W-1) between the front 

surface of the MJPV cell and the front surface of the segmented TEG top copper 

connector (see Section III-5.1.1). Employing Eqs. III-46a and III-46b into Eqs. III-

48a and III-48b and after some algebraic simplifications we obtain: 

𝑇1𝑛 =
𝑇𝑃𝑉+

𝑘𝑐,𝑡,𝑛�̅�𝑘
𝑃𝑉−𝑐,𝑡

𝐿𝑐
[𝑇2𝑛+

𝐷𝑐,𝑡,𝑛𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑡,𝑛�̅�𝑘

𝑃𝑉−𝑐,𝑡

𝐿𝑐

      (III-48c) 

𝑇1𝑝 =
𝑇𝑃𝑉+

𝑘𝑐,𝑡,𝑝�̅�𝑘
𝑃𝑉−𝑐,𝑡

𝐿𝑐
[𝑇2𝑝+

𝐷𝑐,𝑡,𝑝𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑡,𝑝�̅�𝑘

𝑃𝑉−𝑐,𝑡

𝐿𝑐

      (III-48d) 

As for configuration II, the same boundary condition as above yields: 

−𝑘𝑐𝑖
𝑑𝑇

𝑑𝑥
|
𝑐𝑖,𝑛

=
(𝑇𝑡𝑎,1−𝑇1𝑛)

�̅�𝑘
𝑡𝑎,1−𝑐,𝑡 = −𝑘𝑐,𝑡,𝑛

𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑛

     (III-48e) 

−𝑘𝑐𝑖
𝑑𝑇

𝑑𝑥
|
𝑐𝑖,𝑝

=
(𝑇𝑡𝑎,1−𝑇1𝑝)

�̅�𝑘
𝑡𝑎,1−𝑐,𝑡 = −𝑘𝑐,𝑡,𝑝

𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑝

     (III-48f) 

Where �̅�𝑘
𝑡𝑎,1−𝑐,𝑡

 is the conductive thermal impedance between the front surface of the 

thermal absorber (denoted by 𝑡𝑎, 1) and the front surface of the segmented TEG top 
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copper connector (see Section III-5.2.2). Employing Eqs. III-46a and III-46b into Eqs. 

III-48e and III-48f and after some algebraic simplifications we obtain: 

𝑇1𝑛 =
𝑇𝑡𝑎,1+

𝑘𝑐,𝑡,𝑛�̅�𝑘
𝑡𝑎,1−𝑐,𝑡

𝐿𝑐
[𝑇2𝑛+

𝐷𝑐,𝑡,𝑛𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑡,𝑛�̅�𝑘

𝑡𝑎,1−𝑐,𝑡

𝐿𝑐

      (III-48g) 

𝑇1𝑝 =
𝑇𝑡𝑎,1+

𝑘𝑐,𝑡,𝑝�̅�𝑘
𝑡𝑎,1−𝑐,𝑡

𝐿𝑐
[𝑇2𝑝+

𝐷𝑐,𝑡,𝑝𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑡,𝑝�̅�𝑘

𝑡𝑎,1−𝑐,𝑡

𝐿𝑐

      (III-48h) 

Similarly, the boundary condition at the interface between the bottom copper 

connector and the thermal adhesive (denoted by 𝑎𝑑) layer, assuming negligible 

thermal contact resistance, dictates that the two conduction thermal power fluxes 

must be equal; yielding: 

−𝑘𝑐,𝑏,𝑛
𝑑𝑇

𝑑𝑥
|
𝑐,𝑏,𝑛

= −𝑘𝑎𝑑
𝑑𝑇

𝑑𝑥
|
𝑎𝑑,𝑛

=
(𝑇10𝑛−𝑇𝐻𝑇𝐹

𝑖𝑛 )

�̅�𝑡𝑜𝑡
𝑒𝑓𝑓     (III-49a) 

−𝑘𝑐,𝑏,𝑝
𝑑𝑇

𝑑𝑥
|
𝑐,𝑏,𝑝

= −𝑘𝑎𝑑
𝑑𝑇

𝑑𝑥
|
𝑎𝑑,𝑝

=
(𝑇10𝑝−𝑇𝐻𝑇𝐹

𝑖𝑛 )

�̅�𝑡𝑜𝑡
𝑒𝑓𝑓      (III-49b) 

Where �̅�𝑡𝑜𝑡
𝑒𝑓𝑓

 is the total effective thermal impedance in the mHX and 𝑇𝐻𝑇𝐹
𝑖𝑛  is the 

HTF’s inlet temperature (see Section III-4.3.1). Employing Eqs. III-46c and III-46d 

into Eqs. III-49a and III-49b and after some algebraic simplifications we obtain: 

𝑇10𝑛 =
𝑇𝐻𝑇𝐹
𝑖𝑛 +

𝑘𝑐,𝑏,𝑛�̅�𝑡𝑜𝑡
𝑒𝑓𝑓

𝐿𝑐
[𝑇9𝑛+

𝐷𝑐,𝑏,𝑛𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑏,𝑛�̅�𝑡𝑜𝑡

𝑒𝑓𝑓

𝐿𝑐

      (III-49c) 

𝑇10𝑝 =
𝑇𝐻𝑇𝐹
𝑖𝑛 +

𝑘𝑐,𝑏,𝑝�̅�𝑡𝑜𝑡
𝑒𝑓𝑓

𝐿𝑐
[𝑇9𝑝+

𝐷𝑐,𝑏,𝑝𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑏,𝑝�̅�𝑡𝑜𝑡

𝑒𝑓𝑓

𝐿𝑐

      (III-49d) 

When we assume the bottom surface temperature to be equal between the n- and p-

sides (in order to simplify the heat transfer problem, as will be shown in Chapter III-

5), it is found from an energy balance at the interface (in terms of power not power 

flux) as follows: 

𝑇10 =
𝑇𝐻𝑇𝐹
𝑖𝑛 +

𝐴𝑛𝑘𝑐,𝑏,𝑛�̅�𝑡𝑜𝑡
𝑒𝑓𝑓

𝐿𝑐
[𝑇9𝑛+

𝐷𝑐,𝑏,𝑛𝐿𝑐
2

2
]+
𝐴𝑝𝑘𝑐,𝑏,𝑝�̅�𝑡𝑜𝑡

𝑒𝑓𝑓

𝐿𝑐
[𝑇9𝑝+

𝐷𝑐,𝑏,𝑝𝐿𝑐
2

2
]

1+
𝐴𝑛𝑘𝑐,𝑏,𝑛�̅�𝑡𝑜𝑡

𝑒𝑓𝑓

𝐿𝑐
+
𝐴𝑝𝑘𝑐,𝑏,𝑝�̅�𝑡𝑜𝑡

𝑒𝑓𝑓

𝐿𝑐

   (III-49e) 

At the interface between the top thermoelectric semiconductor and top copper 

connector, an energy balance on the top copper connector side considering thermal 

contact resistance yields the following boundary condition: 
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−𝑘𝑐,𝑡,𝑛
𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑛

=
𝑇2𝑛−𝑇3𝑛

�̅�𝑐𝑜
       (III-50a) 

−𝑘𝑐,𝑡,𝑝
𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑝

=
𝑇2𝑝−𝑇3𝑝

�̅�𝑐𝑜
       (III-50b) 

Where �̅�𝑐𝑜 is the thermal contact impedance. Employing Eqs. III-46a and III-46b into 

Eqs. III-50a and III-50b and after some algebraic simplifications we obtain: 

𝑇2𝑛 =
𝑇3𝑛+

𝑘𝑐,𝑡,𝑛�̅�𝑐𝑜

𝐿𝑐
[𝑇1𝑛+

𝐷𝑐,𝑡,𝑛𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑡,𝑛�̅�𝑐𝑜

𝐿𝑐

       (III-50c) 

𝑇2𝑝 =
𝑇3𝑝+

𝑘𝑐,𝑡,𝑝�̅�𝑐𝑜

𝐿𝑐
[𝑇1𝑝+

𝐷𝑐,𝑡,𝑝𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑡,𝑝�̅�𝑐𝑜

𝐿𝑐

       (III-50d) 

Similarly, at the interface between the bottom thermoelectric semiconductor and 

bottom copper connector, an energy balance on the bottom copper connector side 

considering thermal contact resistance yields the following boundary condition: 

𝑇8𝑛−𝑇9𝑛

�̅�𝑐𝑜
= −𝑘𝑐,𝑏,𝑛

𝑑𝑇

𝑑𝑥
|
𝑐,𝑏,𝑛

       (III-51a) 

𝑇8𝑝−𝑇9𝑝

�̅�𝑐𝑜
= −𝑘𝑐,𝑏,𝑝

𝑑𝑇

𝑑𝑥
|
𝑐,𝑏,𝑝

       (III-51b) 

Employing Eqs. III-46c and III-46d into Eqs. III-51a and III-51b and after some 

algebraic simplifications we obtain: 

𝑇9𝑛 =
𝑇8𝑛+

𝑘𝑐,𝑏,𝑛�̅�𝑐𝑜

𝐿𝑐
[𝑇10𝑛+

𝐷𝑐,𝑏,𝑛𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑏,𝑛�̅�𝑐𝑜

𝐿𝑐

      (III-51c) 

𝑇9𝑝 =
𝑇8𝑝+

𝑘𝑐,𝑏,𝑝�̅�𝑐𝑜

𝐿𝑐
[𝑇10𝑝+

𝐷𝑐,𝑏,𝑝𝐿𝑐
2

2
]

1+
𝑘𝑐,𝑏,𝑝�̅�𝑐𝑜

𝐿𝑐

      (III-51d) 

At the interface between the top thermoelectric semiconductor and top copper 

connector, an energy balance on the top thermoelectric semiconductor side 

considering thermal contact resistance and taking into account Peltier effect heating at 

the top junction yields the following boundary condition: 

𝑇2𝑛−𝑇3𝑛

�̅�𝑐𝑜
= −𝑘𝑛,𝑡

𝑑𝑇

𝑑𝑥
|
𝑛,𝑡
+
|𝑆𝑛,𝑡|𝑇3𝑛𝑖

𝐴𝑛
      (III-52a) 

𝑇2𝑝−𝑇3𝑝

�̅�𝑐𝑜
= −𝑘𝑝,𝑡

𝑑𝑇

𝑑𝑥
|
𝑝,𝑡
+
|𝑆𝑝,𝑡|𝑇3𝑝𝑖

𝐴𝑝
       (III-52b) 

Employing Eqs. III-45a and III-45c into Eqs. III-52a and III-52b and after some 

algebraic simplifications we obtain: 
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𝑇3𝑛 =
𝑇2𝑛+

�̅�𝑐𝑜𝑘𝑛,𝑡𝐶𝑛,𝑡
𝐵𝑛,𝑡

+
�̅�𝑐𝑜𝑘𝑛,𝑡(𝐵𝑛,𝑡𝑇4𝑛−𝐶𝑛,𝑡𝐿𝑠𝑒)

exp(𝐵𝑛,𝑡𝐿𝑠𝑒)−1

1+
|𝑆𝑛,𝑡|�̅�𝑐𝑜𝑖

𝐴𝑛
+

�̅�𝑐𝑜𝑘𝑛,𝑡𝐵𝑛,𝑡

exp(𝐵𝑛,𝑡𝐿𝑠𝑒)−1

     (III-52c) 

𝑇3𝑝 =
𝑇2𝑝+

�̅�𝑐𝑜𝑘𝑝,𝑡𝐶𝑝,𝑡

𝐵𝑝,𝑡
+
�̅�𝑐𝑜𝑘𝑝,𝑡(𝐵𝑝,𝑡𝑇4𝑝−𝐶𝑝,𝑡𝐿𝑠𝑒)

exp(𝐵𝑝,𝑡𝐿𝑠𝑒)−1

1+
|𝑆𝑝,𝑡|�̅�𝑐𝑜𝑖

𝐴𝑝
+

�̅�𝑐𝑜𝑘𝑝,𝑡𝐵𝑝,𝑡

exp(𝐵𝑝,𝑡𝐿𝑠𝑒)−1

     (III-52d) 

Similarly, at the interface between the bottom thermoelectric semiconductor and 

bottom copper connector, an energy balance on the bottom thermoelectric 

semiconductor side considering thermal contact resistance and taking into account 

Peltier effect heating at the bottom junction yields the following boundary condition: 

−𝑘𝑛,𝑏
𝑑𝑇

𝑑𝑥
|
𝑛,𝑏
−
|𝑆𝑛,𝑏|𝑇8𝑛𝑖

𝐴𝑛
=
𝑇8𝑛−𝑇9𝑛

�̅�𝑐𝑜
      (III-53a) 

−𝑘𝑝,𝑏
𝑑𝑇

𝑑𝑥
|
𝑝,𝑏
−
|𝑆𝑝,𝑏|𝑇8𝑝𝑖

𝐴𝑝
=
𝑇8𝑝−𝑇9𝑝

�̅�𝑐𝑜
      (III-53b) 

Employing Eqs. III-45b and III-45d into Eqs. III-53a and III-53b and after some 

algebraic simplifications we obtain: 

𝑇8𝑛 =
𝑇9𝑛−

�̅�𝑐𝑜𝑘𝑛,𝑏𝐶𝑛,𝑏
𝐵𝑛,𝑏

+
�̅�𝑐𝑜𝑘𝑛,𝑏 exp(𝐵𝑛,𝑏𝐿𝑠𝑒)(𝐵𝑛,𝑏𝑇7𝑛+𝐶𝑛,𝑏𝐿𝑠𝑒)

exp(𝐵𝑛,𝑏𝐿𝑠𝑒)−1

1−
|𝑆𝑛,𝑏|�̅�𝑐𝑜𝑖

𝐴𝑛
+
�̅�𝑐𝑜𝑘𝑛,𝑏𝐵𝑛,𝑏 exp(𝐵𝑛,𝑏𝐿𝑠𝑒)

exp(𝐵𝑛,𝑏𝐿𝑠𝑒)−1

    (III-53c) 

𝑇8𝑝 =
𝑇9𝑝−

�̅�𝑐𝑜𝑘𝑝,𝑏𝐶𝑝,𝑏

𝐵𝑝,𝑏
+
�̅�𝑐𝑜𝑘𝑝,𝑏 exp(𝐵𝑝,𝑏𝐿𝑠𝑒)(𝐵𝑝,𝑏𝑇7𝑝+𝐶𝑝,𝑏𝐿𝑠𝑒)

exp(𝐵𝑝,𝑏𝐿𝑠𝑒)−1

1−
|𝑆𝑝,𝑏|�̅�𝑐𝑜𝑖

𝐴𝑝
+
�̅�𝑐𝑜𝑘𝑝,𝑏𝐵𝑝,𝑏 exp(𝐵𝑝,𝑏𝐿𝑠𝑒)

exp(𝐵𝑝,𝑏𝐿𝑠𝑒)−1

    (III-53d) 

At the interface between the top thermoelectric semiconductor and copper 

interconnector, an energy balance on the top thermoelectric semiconductor side 

considering thermal contact resistance and taking into account Peltier effect heating at 

the bottom junction yields the following boundary condition: 

−𝑘𝑛,𝑡
𝑑𝑇

𝑑𝑥
|
𝑛,𝑡
−
|𝑆𝑛,𝑡|𝑇4𝑛𝑖

𝐴𝑛
=
𝑇4𝑛−𝑇5𝑛

�̅�𝑐𝑜
      (III-54a) 

−𝑘𝑝,𝑡
𝑑𝑇

𝑑𝑥
|
𝑝,𝑡
−
|𝑆𝑝,𝑡|𝑇4𝑝𝑖

𝐴𝑝
=
𝑇4𝑝−𝑇5𝑝

�̅�𝑐𝑜
      (III-54b) 

Employing Eqs. III-45a and III-45c into Eqs. III-54a and III-54b and after some 

algebraic simplifications we obtain: 

𝑇4𝑛 =
𝑇5𝑛−

�̅�𝑐𝑜𝑘𝑛,𝑡𝐶𝑛,𝑡
𝐵𝑛,𝑡

+
�̅�𝑐𝑜𝑘𝑛,𝑡 exp(𝐵𝑛,𝑡𝐿𝑠𝑒)(𝐵𝑛,𝑡𝑇3𝑛+𝐶𝑛,𝑡𝐿𝑠𝑒)

exp(𝐵𝑛,𝑡𝐿𝑠𝑒)−1

1−
|𝑆𝑛,𝑡|�̅�𝑐𝑜𝑖

𝐴𝑛
+
�̅�𝑐𝑜𝑘𝑛,𝑡𝐵𝑛,𝑡 exp(𝐵𝑛,𝑡𝐿𝑠𝑒)

exp(𝐵𝑛,𝑡𝐿𝑠𝑒)−1

    (III-54c) 
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𝑇4𝑝 =
𝑇5𝑝−

�̅�𝑐𝑜𝑘𝑝,𝑡𝐶𝑝,𝑡

𝐵𝑝,𝑡
+
�̅�𝑐𝑜𝑘𝑝,𝑡 exp(𝐵𝑝,𝑡𝐿𝑠𝑒)(𝐵𝑝,𝑡𝑇3𝑝+𝐶𝑝,𝑡𝐿𝑠𝑒)

exp(𝐵𝑝,𝑡𝐿𝑠𝑒)−1

1−
|𝑆𝑝,𝑡|�̅�𝑐𝑜𝑖

𝐴𝑝
+
�̅�𝑐𝑜𝑘𝑝,𝑡𝐵𝑝,𝑡 exp(𝐵𝑝,𝑡𝐿𝑠𝑒)

exp(𝐵𝑝,𝑡𝐿𝑠𝑒)−1

    (III-54d) 

Similarly, at the interface between the bottom thermoelectric semiconductor and 

copper interconnector, an energy balance on the bottom thermoelectric semiconductor 

side considering thermal contact resistance and taking into account Peltier effect 

heating at the top junction yields the following boundary condition: 

𝑇6𝑛−𝑇7𝑛

�̅�𝑐𝑜
= −𝑘𝑛,𝑏

𝑑𝑇

𝑑𝑥
|
𝑛,𝑏
+
|𝑆𝑛,𝑏|𝑇7𝑛𝑖

𝐴𝑛
      (III-55a) 

𝑇6𝑝−𝑇7𝑝

�̅�𝑐𝑜
= −𝑘𝑝,𝑏

𝑑𝑇

𝑑𝑥
|
𝑝,𝑏
+
|𝑆𝑝,𝑏|𝑇7𝑝𝑖

𝐴𝑝
      (III-55b) 

Employing Eqs. III-45b and III-45d into Eqs. III-55a and III-55b and after some 

algebraic simplifications we obtain: 

𝑇7𝑛 =
𝑇6𝑛+

�̅�𝑐𝑜𝑘𝑛,𝑏𝐶𝑛,𝑏
𝐵𝑛,𝑏

+
�̅�𝑐𝑜𝑘𝑛,𝑏(𝐵𝑛,𝑏𝑇8𝑛−𝐶𝑛,𝑏𝐿𝑠𝑒)

exp(𝐵𝑛,𝑏𝐿𝑠𝑒)−1

1+
|𝑆𝑛,𝑏|�̅�𝑐𝑜𝑖

𝐴𝑛
+

�̅�𝑐𝑜𝑘𝑛,𝑏𝐵𝑛,𝑏

exp(𝐵𝑛,𝑏𝐿𝑠𝑒)−1

     (III-55c) 

𝑇7𝑝 =
𝑇6𝑝+

�̅�𝑐𝑜𝑘𝑝,𝑏𝐶𝑝,𝑏

𝐵𝑝,𝑏
+
�̅�𝑐𝑜𝑘𝑝,𝑏(𝐵𝑝,𝑏𝑇8𝑝−𝐶𝑝,𝑏𝐿𝑠𝑒)

exp(𝐵𝑝,𝑏𝐿𝑠𝑒)−1

1+
|𝑆𝑝,𝑏|�̅�𝑐𝑜𝑖

𝐴𝑝
+

�̅�𝑐𝑜𝑘𝑝,𝑏𝐵𝑝,𝑏

exp(𝐵𝑝,𝑏𝐿𝑠𝑒)−1

     (III-55d) 

At the interface between the top thermoelectric semiconductor and copper 

interconnector, an energy balance on the interconnector side considering thermal 

contact resistance yields the following boundary condition: 

𝑇4𝑛−𝑇5𝑛

�̅�𝑐𝑜
= −𝑘𝑖𝑐,𝑛

𝑑𝑇

𝑑𝑥
|
𝑖𝑐,𝑛

       (III-56a) 

𝑇4𝑝−𝑇5𝑝

�̅�𝑐𝑜
= −𝑘𝑖𝑐,𝑝

𝑑𝑇

𝑑𝑥
|
𝑖𝑐,𝑝

       (III-56b) 

Employing Eqs. III-46e and III-46f into Eqs. III-56a and III-56b and after some 

algebraic simplifications we obtain: 

𝑇5𝑛 =

𝑇4𝑛+
𝑘𝑖𝑐.𝑛�̅�𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
[𝑇6𝑛+

𝐷𝑖𝑐,𝑛(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
2

2
]

1+
𝑘𝑖𝑐,𝑛�̅�𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

     (III-56c) 

𝑇5𝑝 =

𝑇4𝑝+
𝑘𝑖𝑐.𝑝�̅�𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
[𝑇6𝑝+

𝐷𝑖𝑐,𝑝(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
2

2
]

1+
𝑘𝑖𝑐,𝑝�̅�𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

     (III-56d) 
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Similarly, at the interface between the bottom thermoelectric semiconductor and 

copper interconnector, an energy balance on the interconnector side considering 

thermal contact resistance yields the following boundary condition: 

−𝑘𝑖𝑐,𝑛
𝑑𝑇

𝑑𝑥
|
𝑖𝑐,𝑛

=
𝑇6𝑛−𝑇7𝑛

�̅�𝑐𝑜
       (III-57a) 

−𝑘𝑖𝑐,𝑝
𝑑𝑇

𝑑𝑥
|
𝑖𝑐,𝑝

=
𝑇6𝑝−𝑇7𝑝

�̅�𝑐𝑜
       (III-57b) 

Employing Eqs. III-46e and III-46f into Eqs. III-57a and III-57b and after some 

algebraic simplifications we obtain: 

𝑇6𝑛 =

𝑇7𝑛+
𝑘𝑖𝑐.𝑛�̅�𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
[𝑇5𝑛+

𝐷𝑖𝑐,𝑛(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
2

2
]

1+
𝑘𝑖𝑐,𝑛𝑟𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

     (III-57c) 

𝑇6𝑝 =

𝑇7𝑝+
𝑘𝑖𝑐.𝑝�̅�𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
[𝑇5𝑝+

𝐷𝑖𝑐,𝑝(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)
2

2
]

1+
𝑘𝑖𝑐,𝑝𝑟𝑐𝑜

(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

     (III-57d) 

III-4.2.4. Conversion efficiency and power output. 

In order to achieve the maximum segmented TEG electrical power output 

𝑃𝑒𝑙𝑒, 𝑊𝑝 is found using an arbitrary 𝑊𝑛 value as follows [16]: 

𝑊𝑝 = 𝑊𝑛√
(𝜎𝑝,𝑡+𝜎𝑝,𝑏)𝐿𝑠𝑒+𝜎𝑖𝑐,𝑝(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)+4𝑅𝑐𝑜

(𝜎𝑛,𝑡+𝜎𝑛,𝑏)𝐿𝑠𝑒+𝜎𝑖𝑐,𝑛(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)+4𝑅𝑐𝑜
     (III-58) 

In which 𝑅𝑐𝑜 is the electrical contact resistance in Ω ∙ m2 present at four interfaces in 

each leg. 𝑊𝑛 is chosen such that the sum of 𝑊𝑛 and 𝑊𝑝 is equal to 𝑊 = 1.00 cm 

while the depth 𝐷 is chosen to be equal to 1.00. The electrical current 𝑖 is found from: 

𝑖 =
𝑆𝑝,𝑡(𝑇3𝑝−𝑇4𝑝)+𝑆𝑝,𝑏(𝑇7𝑝−𝑇8𝑝)−𝑆𝑛,𝑡(𝑇3𝑛−𝑇4𝑛)−𝑆𝑛,𝑏(𝑇7𝑛−𝑇8𝑛)

𝑅𝑡𝑜𝑡+𝑅𝐿
   (III-59) 

Where the total internal resistance 𝑅𝑡𝑜𝑡, as per the electrical resistance network in Fig. 

III-35c, is found from: 

𝑅𝑡𝑜𝑡 = 𝑅𝑚 + 4𝑅𝑐𝑜 (
1

𝐴𝑛
+

1

𝐴𝑝
)       (III-60) 

While the material resistance 𝑅𝑚, as per the electrical resistance network in Fig. III-

35c, is found from: 

𝑅𝑚 =
(𝜎𝑛,𝑡+𝜎𝑛,𝑏)𝐿𝑠𝑒+𝜎𝑖𝑐,𝑛(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

𝐴𝑛
+
(𝜎𝑝,𝑡+𝜎𝑝,𝑏)𝐿𝑠𝑒+𝜎𝑖𝑐,𝑝(𝐿𝑙𝑒𝑔−2𝐿𝑠𝑒)

𝐴𝑝
+

(𝜎𝑐,𝑡,𝑛+𝜎𝑐,𝑏,𝑛)𝑊𝑛+(𝜎𝑐,𝑡,𝑝+𝜎𝑐,𝑏,𝑝)𝑊𝑝

𝐴𝑐,𝑠𝑖
       (III-61) 
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And the load resistance 𝑅𝐿 is equated to 𝑅𝑡𝑜𝑡 for maximum segmented TEG electrical 

power output 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺  [25, 65] since TEG act as voltage sources. Finally, the conversion 

efficiency 𝜂𝑒𝑙𝑒
𝑇𝐸𝐺  is found from: 

𝜂𝑒𝑙𝑒
𝑇𝐸𝐺 =

𝑃𝑒𝑙𝑒
𝑇𝐸𝐺

𝑃ℎ𝑜𝑡
         (III-62) 

Where 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺  is given by: 

𝑃𝑒𝑙𝑒
𝑇𝐸𝐺 = 𝑖2𝑅𝐿         (III-63) 

And the thermal power input from the hot side of a single segmented TEG 𝑃ℎ𝑜𝑡 is 

given by: 

𝑃ℎ𝑜𝑡 = −𝐴𝑛𝑘𝑐,𝑡,𝑛
𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑛

− 𝐴𝑝𝑘𝑐,𝑡,𝑝
𝑑𝑇

𝑑𝑥
|
𝑐,𝑡,𝑝

     (III-64) 

III-4.2.5. Thermoelectric and thermophysical properties. 

The temperature-dependent thermoelectric and thermophysical properties of 

highly-dense n-type bismuth-telluride (Bi2Te3) with 0.1%-volume of nano-dispersed 

SiC particles [17], p-type nanocrystalline bismuth antimony telluride (BiSbTe) bulk 

alloy [18], and copper connectors and interconnectors [15] as a function of 

temperature are fitted using the polynomial coefficients listed in Table III-7 in 

accordance with the following polynomial equation: 

𝑥 = ∑ 𝑐𝑖𝑇
6−𝑖6

𝑖=0         (III-65) 

Where 𝑥 denotes the corresponding thermoelectric or thermophysical property. 

Thomson coefficients are related to Seebeck coefficients according to the second 

Kelvin relation: 

Γ = 𝑇
𝑑𝑆

𝑑𝑇
         (III-66) 

Fig. III-36 shows the variation of the n- and p-type semiconductor thermoelectric 

properties and material figure-of-merit 𝑍 with temperature, where 𝑍 is defined as: 

𝑍 =
𝑆2

𝑘𝜎
𝑇𝑎𝑣𝑔         (III-67) 

And 𝑇𝑎𝑣𝑔 is the average between the hot and cold boundary temperatures of the 

semiconductor segment. Table III-8 lists the input parameters used for the execution 

of the developed segmented TEG model in the previous sections. 
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Figure III-36: Variation of Thermoelectric Material Properties and Material 

Figure of Merit for (a) n-type and (b) p-type Thermocouples 

 

 

III-4.2.6. Effect of heat source and heat sink. 

 In this section, we will investigate how the temperature (𝑇𝑃𝑉 or 𝑇𝑡𝑎,1) and 

thermal impedance (�̅�𝑘
𝑃𝑉−𝑐,𝑡

 or �̅�𝑘
𝑡𝑎,1−𝑐,𝑡

) from the heat source as well as the 

temperature (𝑇𝐻𝑇𝐹
𝑖𝑛 ) and thermal impedance (�̅�𝑡𝑜𝑡

𝑒𝑓𝑓
) to the heat sink affect the 

segmented TEG performance. 

 Fig. III-37 shows the effect of the heat source temperature for different 

thermal impedances from the source on electrical power output, thermal power input, 

and conversion efficiency when the heat sink temperature and thermal impedance are 

held constant (25℃ and 0.1 K ∙ m2 ∙ W−1, respectively). The higher the heat source 

temperature, the higher the hot junction’s temperature at each semiconductor segment 

and the higher the Seebeck open-circuit voltage as a result of the higher temperature 

gradient across a semiconductor segment. Thus, electrical power output and 

conversion efficiency both increase with an increase in the heat source temperature. 

Similarly, Fig. III-38 shows the effects of the heat sink temperature for different 

thermal impedances from the sink on electrical power output, thermal power input, 

and conversion efficiency when the heat source temperature is held constant (150℃  

(a)                                                                                   (b) 
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Table III-7: Polynomial Coefficients for the Temperature-Dependent 

Thermoelectric Properties of n- and p-type Semiconductors and Copper (𝐓 in 𝐊, 

𝐒 in 𝐕 𝐊⁄ , 𝛔 in 𝛀 ∙ 𝐦, and 𝐤 in 𝐖 (𝐦 ∙ 𝐊)⁄ ) 

Coefficient 𝑺𝒏 (𝟑𝟐𝟓 ≤ 𝑻 ≤ 𝟓𝟐𝟓) Coefficient 𝑺𝒑 (𝟐𝟗𝟖 ≤ 𝑻 ≤ 𝟓𝟐𝟑)  

𝒄𝟎 0 𝒄𝟎 1.58056299934325E-18  

𝒄𝟏 0 𝒄𝟏 - 3.78968798391493E-15  

𝒄𝟐 -1.66767879777137E-13 𝒄𝟐 3.75290265847941E-12  

𝒄𝟑 2.85948899613767E-10 𝒄𝟑 - 1.96519414722555E-9  

𝒄𝟒 - 1.8107765793619E-7 𝒄𝟒 5.72300513063798E-7  

𝒄𝟓 5.0079272678583E-5 𝒄𝟓 - 8.7201441125863E-5  

𝒄𝟔 - 5.22492118918461E-3 𝒄𝟔 5.55886664624054E-3  

Coefficient 𝝈𝒏 (𝟑𝟐𝟓 ≤ 𝑻 ≤ 𝟓𝟐𝟓) Coefficient 𝝈𝒑 (𝟐𝟗𝟖 ≤ 𝑻 ≤ 𝟓𝟐𝟑)  

𝒄𝟎 0 𝒄𝟎 0  

𝒄𝟏 0 𝒄𝟏 2.96621935099516E-17  

𝒄𝟐 -3.70708183343125E-15 𝒄𝟐 - 5.96262818756225E-14  

𝒄𝟑 6.2361564687335E-12 𝒄𝟑 4.70910468914791E-11  

𝒄𝟒 - 3.83947138550598E-9 𝒄𝟒 - 1.82184888437293E-8  

𝒄𝟓 1.04487110747069E-6 𝒄𝟓 3.50040656741498E-6  

𝒄𝟔 - 9.90079230060796E-5 𝒄𝟔 - 2.62924409843198E-4  

Coefficient 𝒌𝒏 (𝟑𝟐𝟓 ≤ 𝑻 ≤ 𝟓𝟐𝟓) Coefficient 𝒌𝒑 (𝟐𝟗𝟖 ≤ 𝑻 ≤ 𝟓𝟐𝟑)  

𝒄𝟎 0 𝒄𝟎 0  

𝒄𝟏 0 𝒄𝟏 1.87233586567747E-12  

𝒄𝟐 1.66411476305934E-10 𝒄𝟐 - 4.39897766449023E-9  

𝒄𝟑 - 2.92519532018024E-7 𝒄𝟑 4.03071111470837E-6  

𝒄𝟒 1.99432498145248E-4 𝒄𝟒 - 1.78863008517168E-3  

𝒄𝟓 - 6.1223726028289E-2 𝒄𝟓 3.83072447780181E-1  

𝒄𝟔 7.86748440516972 𝒄𝟔 - 30.5817619750723  

Coefficient 𝝈𝒄 (𝟐𝟗𝟖 ≤ 𝑻 ≤ 𝟗𝟐𝟑) Coefficient 𝒌𝒄 (𝟐𝟗𝟖 ≤ 𝑻 ≤ 𝟏𝟎𝟕𝟑)  

𝒄𝟎 0 𝒄𝟎 0  

𝒄𝟏 0 𝒄𝟏 0  

𝒄𝟐 0 𝒄𝟐 0  

𝒄𝟑 0 𝒄𝟑 0  

𝒄𝟒 0 𝒄𝟒 0  

𝒄𝟓 7.122E-11 𝒄𝟓 - 6.874E-2  

𝒄𝟔 1.5113E-8 𝒄𝟔 402.104  

 

 

and 1 × 10−5 K ∙ m2 ∙ W−1). The lower the heat sink temperature, the lower the cold 

junction’s temperature at each semiconductor segment and the higher the Seebeck 

voltage as a result of the higher temperature gradient across a semiconductor 

segment. Thus, the increase in electrical power output and conversion efficiency with 

a heat source temperature decrease. An observation common to Figs. III-37 and III-38 

is that at higher source temperatures and lower sink temperatures, the thermal 

impedance effect from/to the heat source/sink becomes significantly more   
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Table III-8: Geometrical and Thermophysical Input Parameters for the 

Segmented Thermoelectric Generator 

Parameter Value Unit 

Error  

Criterion 
1 × 10−10 - 

𝑾𝒏 4.75 mm 

𝑹𝒄𝒐 1 × 10−8 Ω ∙ m2 

𝑳𝒍𝒆𝒈 10.00 mm 

𝑳𝒔𝒆 2.5 mm 

𝑫 10.00 mm 

𝑳𝒄 1.00 mm 

𝒓𝒄𝒐 1 × 10−6 K ∙ m2 ∙ W−1 

 

 

 

Figure III-37: Effect of Heat Source Temperature on Electrical Power Output, 

Thermal Power Input, and Conversion Efficiency for Different Thermal 

Impedances from the Heat Source 

 

 

pronounced. Nonetheless, beyond a certain value, further decrease in the thermal 

impedance negligibly improves performance. This value, as evident from the figures, 

is approximately 1 × 10−4 K ∙ m2 ∙ W−1 for the high heat source temperature and low 

heat sink temperature regions. For the low heat source temperature and high heat sink 

temperature regions, changing the source/sink thermal impedance weakly affects 

performance. 
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Figure III-38: Effect of Heat Sink Temperature on Electrical Power Output, 

Thermal Power Input, and Conversion Efficiency for Different Thermal 

Impedances from the Heat Sink 

 

 

III-4.2.7. Effect of contact and load resistances. 

 The thermal and electrical contact resistances between the semiconductor and 

copper segments in a segmented TEG couple have a detrimental effect on electrical 

output and thermal input. The logarithmic contour plots in Fig. III-39 illustrate this 

effect on electrical power output, conversion efficiency, averaged temperature 

difference between the top semiconductor’s hot junction and bottom semiconductor’s 

cold junction, and generated current. The heat and sink temperatures are taken to be 

200℃ and 40℃, respectively, while the heat and sink thermal impedances are both 

1 × 10−3 K ∙ m2 ∙ W−1. The symmetry in Figs. III-39a and III-39b suggests that both 

electrical resistance and thermal impedance have an equivalent effect on power 

output and conversion efficiency when increased. Figs. III-39a and III-39b also 

suggest that for optimum power output and conversion efficiency, decreasing 

electrical resistance and thermal impedance beyond certain values becomes 

unnecessary. For optimum power output these values are 3 × 10−10 Ω ∙ m and 1 ×

10−5 K ∙ m2 ∙ W−1 while for optimum conversion efficiency these values become 5 ×

10−11 Ω ∙ m and 2 × 10−6 K ∙ m2 ∙ W−1 which is more restrictive compared to 
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optimizing for power output. The similarity between Figs. III-39a and III-39d 

suggests that changes in current are what directly causes the changes in power output. 

As can be seen from Fig. III-39c, the effect electrical resistance and thermal 

impedance have on the temperature difference within the semiconductors is minimal 

up to values of about 3 × 10−9 Ω ∙ m and 2 × 10−4 K ∙ m2 ∙ W−1, respectively, where 

their effect becomes more clear. As expected, increasing the thermal contact 

impedance causes this temperature difference to drop, which then reflects on both 

power output and conversion efficiency. While although increasing the electrical 

contact resistance causes the temperature difference to increase, its detrimental effect 

on current (due to increased total internal electrical resistance) when increased more 

than offsets this temperature difference advantage. This particular relation is shown in 

Fig. III-40 where it can be seen that even though when electrical contact resistance is 

increased causing an increase in the temperature difference and accordingly an 

increase in Seebeck voltage (Fig. III-40b), the accompanying increase in total internal 

resistance and accordingly the decrease in current (Fig. III-40a) results in a net power 

decrease (Fig. III-40c). 

 The load resistance in TEGs is commonly optimized either for maximum 

conversion efficiency or maximum output power [51]. In Fig. III-41, we 

parametrically investigate the optimum load resistance value with respect to 

conversion efficiency and power output for different heat source temperatures and 

different n-side widths. The optimum load resistance with respect to both conversion 

efficiency and power output is almost the same—equal to the total internal resistance, 

as per our earlier approximation in Section III-4.2.4. Moreover, altering the heat 

source temperature seems to have a negligible effect on the optimum load resistance 

as a direct result of the weak dependence of electrical resistivity on temperature. On 

the other hand, increasing the n-side width decreases the optimum load resistance 

since the increased cross-sectional area through which current flows in the 

semiconductors and interconnectors reduces both the material and effective contact 

resistances and offsets the increased current path in the connectors. 
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Figure III-39: Effect of Electrical Contact Resistance and Thermal Contact 

Impedance on (a) Electrical Power Output, (b) Conversion Efficiency, (c) 

Semiconductor Junctions Temperature Difference, and (d) Generated Current 

 

 

III-4.2.8. Effect of geometric parameters. 

 The cross-sectional area of the thermoelectric legs can significantly affect 

both electrical and thermal parameters. This cross-sectional is defined in our model 

by the n-side width 𝑊𝑛 and the unit’s depth 𝐷. The effect these two geometrical 

variables have on the total internal resistance and conversion efficiency is depicted in 

Fig. III-42. As seen from Fig. III-42a, increasing depth or n-side width 

logarithmically reduces the total internal resistance up till the cross-sectional area of 

the n-side becomes approximately 9 mm2. Total internal resistance is invariant when 

either depth or n-side width are increased beyond this cross-sectional area. The reason 

for this is the inverse relation between an element’s resistance to current flow and its 

cross-sectional area, as stated earlier. Fig. III-42b shows how the conversion 

efficiency increases when the n-side width decreases and is unaffected by the change 

of depth. The reason for this is that power output and heat input both increase at the 
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Figure III-40: Effect of Electrical Contact Resistance on (a) Current and Total 

Internal Resistance, (b) Semiconductor Junctions Temperature Difference and 

Seebeck Voltage, and (c) Power Output 

 

 

same rate with an increase in depth regardless of the n-side width. Thus, Fig. III-42b 

suggests that conversion efficiency could be improved by reducing the n-side width 

regardless of depth. The improvement in conversion efficiency; however, becomes 

very small when n-side width is decreased beyond 1 mm. 

The length of the segmented TEG leg 𝐿𝑙𝑒𝑔, much like the electrical contact 

resistance, has an opposing effect on current and Seebeck voltage. This is shown in 

Fig. III-43 where the leg length was varied between 1 and 100 mm with two different 

interconnector length fractions. A longer leg means a longer path for current to travel. 

Therefore, the total internal resistance increases with increments in leg length (Fig. 

III-43a). Nonetheless, this resistance increase follows an exponential path with very 

small resistance increments for short leg lengths and very large resistance increments 

for longer leg lengths. The tipping point between the small and large resistance  
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Figure III-41: Effect of Load Resistance on (a) Power Output and (b) Conversion 

Efficiency for Different Heat Source Temperatures and Different n-Side Widths 

 

 

increments falls within the region of 4 mm, depending on the interconnector length 

fraction. On the other hand, the longer the leg, the higher the temperature difference 

between the hottest and coldest semiconductor junctions as a result of the increased 

conduction heat transfer impedance (Fig. III-43b). This higher temperature difference 

is directly translated into a higher Seebeck voltage as is clearly seen in Fig. III-43b. 

When we relate the Seebeck voltage (Fig. III-43b) and internal resistance (Fig. III-

43a) with current (Fig. III-43a), it becomes clear why the current follows an 

increasing then decreasing path. The Seebeck voltage increase seems to offset the 

internal resistance increase up till the tipping point; resulting in current increase for 

short leg lengths. After the tipping point; however, where the internal resistance 

increase dominates over the Seebeck voltage increase, the current sharply falls for 

longer leg lengths. However, and unlike the scenario with the electrical contact 

resistance (Fig. III-40), these two opposing effects result in an optimum leg length 

value for maximum power output as seen from Fig. III-43c. This optimum leg length 

occurs slightly after current’s tipping leg length and is in the region of 10 mm, 

depending on interconnector length fraction. Nonetheless, conversion efficiency 

seems to increase indefinitely within the leg length range at hand. This is due to the  
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Figure III-42: Effect of Depth and n-Side Width on (a) Total Internal Resistance 

and (b) Conversion Efficiency 
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Figure III-43: Effect of Total Leg Length Variation with Different 

Interconnector Fractions on (a) Current and Total Internal Resistance, (b) 

Semiconductor Junctions Temperature Difference and Seebeck Voltage, (c) 

Power Output and Heat Input, and (d) Conversion Efficiency 

 

 

dominating effect of heat input on the conversion efficiency since heat input is one-to-

two orders of magnitude greater than power output in TEGs regardless of operation 

conditions. Finally, it is interesting to notice that a shorter interconnector length seems 

to improve most performance parameters despite the increased internal resistance 

since the internal electrical resistance within the semiconductor segments is greater 

than that of the interconnector segment. 

In order to have a better understanding of how the interconnector length 

fraction affects performance, we study its effect for a fixed leg length (10 mm) and 

different heat source and sink thermal impedances. This is shown under Fig. III-44 

where the length per semiconductor element 𝐿𝑠𝑒 is increased and the effect on total 

internal resistance, current, hottest and coldest junctions temperature difference, 

Seebeck voltage, heat input, power output, and conversion efficiency is studied for 

different heat source and sink thermal impedances. Increasing the semiconductor 
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element length is equivalent to decreasing the interconnector length since the leg 

length is held constant. The latter expression will be used hereinafter. As one would 

expect, decreasing the copper interconnector length and increasing the semiconductor 

elements lengths increases the material resistance and hence the total internal 

resistance (Fig. III-44a) as a direct results of the higher electrical conductivity of 

copper compared to the semiconductor materials. The variation with heat source/sink 

thermal impedance is negligible except for very short interconnector lengths (hence 

the limited range in Fig. III-44a) where the effect becomes more clear, as shown in 

Fig. III-44a. As seen from Fig. III-44f, optimizing with respect to interconnector 

length for maximum power output is possible for reasonable heat source/sink thermal 

impedance values. The optimum occurs for large interconnector length fractions (>

90%); nonetheless, for larger thermal impedances, the optimum interconnector length 

fraction decreases and more semiconductor should replace the interconnector even. 

The larger the thermal impedance, the less sensitive power output becomes after a 

certain interconnector length. When compared with Figs. III-44b, III-44c, and III-44d, 

it becomes clear why there exists an optimum interconnector length for maximum 

power output. For reasonable thermal impedance values, the temperature difference 

(Fig. III-44c) and hence the Seebeck voltage (Fig. III-44d) reach a maximum for an 

interconnector length in the range of 7-9 mm (equivalent to 0.5-1.5 mm length per 

semiconductor element) after which decreasing the interconnector length hardly 

affect temperature difference or voltage. This is translated as a current drop beyond 

this range as a result of an ever-increasing internal resistance (Fig. III-44a) and an 

almost flat voltage (Fig. III-44d). Therefore, an optimum interconnector length exists 

with respect to maximum power output and it almost coincides with the current’s 

optimum interconnector length. Again, the conversion efficiency seems to follow a 

pattern that matches that of the heat input regardless of the power output, as 

witnessed from Figs. III-44e and III-44g, respectively. 
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Figure III-44: Effect of Interconnector Length (Conversely, Length per 

Semiconductor Element) on (a) Total Internal Resistance, (b) Current, (c) 

Semiconductor Junctions Temperature, (d) Seebeck Voltage, (e) Heat Input, (f) 

Power Output, and (g) Conversion Efficiency (𝐋𝐥𝐞𝐠 is fixed to 10 mm) 

 

 

Finally, in Fig. III-45 we generate the temperature profile along the x-

direction for two interconnector lengths, a fixed total leg length of 10 mm, and a 

thermal contract resistance of 3 × 10−4 K ∙ m2 ∙ W−1. Clearly, the high thermal 

conductivity of the copper connectors and interconnectors results in a negligible 

temperature drop across them. The thermal contact resistance effect is observed in the 
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step drops of temperature at the four interfaces across each element. The p-side seems 

to have a slightly lower temperature difference compared to the n-side as a result of 

the different thermal conductivities between the n- and p-type semiconductors. The 

effect of increasing the interconnector length sevenfold is a temperature difference 

reduction of approximately 25℃, which agrees with the results in Fig. III-44c. 

 

 

 

Figure III-45: Temperature Profile along the Length (x-Direction) of the n- and 

p-Side Legs for two Different Interconnector Lengths 

 

 

III-4.3. One-Phase Flow Rectangular Finned Minichannel Heat Extractor 

The proper thermal management of the MJPV cells is critical in order to 

maintain reasonable cell temperatures and conversion efficiencies and ensure the 

longevity of the cells under high concentration fluxes. The segmented TEGs also 

require their cold side to be maintained at a low temperature in order to increase their 

power output and conversion efficiency. However, due to the densely-packed nature 

of the designs in this study, the available surface area for heat dissipation from both 

components is very small. Moreover, it is important for the thermal management 
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device to be compact such that it doesn’t block solar irradiance from the concentrator. 

Ideally, it should have the same sun-facing cross-sectional area as the heat-dissipating 

element it is directly attached to. Thus, conventional large heat spreaders are out of 

the picture for systems with reflective optics such as the one in this study. This 

requires using heat extraction solutions with minimum thermal resistance, minimum 

pressure drop, and minimum sun-facing aperture area. In this study, these 

requirements are achieved using forced convection through a rectangular finned 

minichannels heat extractor (mHX) with one-phase HTF flow, as shown in Fig. III-

46. Two heat transfer fluids for the thermally in-series configuration are proposed and 

compared; namely, pure water and Al2O3/water nanofluid. As for the thermally in-

parallel configuration, Al2O3/synthetic oil nanofluid is used since it allows for 

significantly higher one-phase outlet temperatures. 

As seen in Fig. III-46a, the mHX consists of a series of channels and fins. The 

base faces the thermal power source and the insulated enclosure confines the HTF 

flow in the channels from the top side. Thus, the fins of the mHX are assumed to have 

adiabatic tips and the HTF in the channels receives thermal power from three sides 

only (i.e., adiabatic surface boundary condition at the top side). The geometrical 

notation used hereinafter is depicted in Fig. III-46b where 𝑐ℎ denotes the mHX 

channel and 𝑏𝑎𝑠𝑒 denotes the mHX base. The thermal boundary condition at the base 

surface (facing the thermal power source) in the analysis of mHXs is often taken as 

either constant surface temperature or constant heat flux. However, a challenge arises 

in identifying the correct boundary condition in scenarios with discretely-spaced heat 

sources [48], such as the case with configuration I in this study and configuration II to 

a lesser degree. Moreover, the presence of fins creates multi-dimensional temperature 

gradients in the base, channels wetted surface, and fin volumes with non-linearities 

and results in multi-dimensional conduction and multi-surface convection heat 

transfers taking place. The only realistic technique to completely account for all 

multi-dimensional effects in a heat sink is detailed numerical simulations with 

conjugate heat transfer effects [48]. Such numerical simulations are very tedious and 

computationally-expensive. As such, we will resort to a number of techniques and 

assumptions throughout this section in order to simplify the problem without a loss of 

accuracy. 
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Figure III-46: (a) Front Schematic of the Finned Minichannels Heat Extractor 

with Thermal Adhesive Layer and Insulated Enclosure and (b) Three-

Dimensional View of a Single Minichannel with Geometrical Notation 

 

 

In this section, the total effective thermal resistance will be explained and the 

one-phase flow will be thermally and hydraulically modeled considering laminar and 

turbulent flows as well as thermal entrance region effects. Correlations for the 

thermophysical properties of the HTFs will also be given. Additional to the above-

mentioned assumptions and approximations, the following will also be assumed in 

the upcoming sections: 

 Steady-state operation. 

 One-dimensional conduction heat transfer along the x-direction. 

 Constant averaged thermophysical properties over boundary working 

temperatures of elements and HTFs. 

 Pressure outlet is equal to the atmospheric pressure. 

 Negligible heat losses from the mHX since it is fully insulated from the 

surroundings. 

 Incompressible single-phase HTF flow. 

 Radiation heat transfer within the mHX is neglected. 

 Nanoparticles are dilute, homogeneous, mono-disperse, and non-interacting. 



 
 

437 
 

Other assumptions will be stated and justified wherever necessary. Finally, parametric 

studies will be carried at the end of this section in order to investigate the effect 

different geometrical and operational variables have on the mHX’s thermal and 

hydraulic performance. The basics of the model and correlations given in this section 

are modified from the works of Reeser et al. [27], Kim [32], Knight et al. [34], Lee 

and Qu [45], Qu and Mudawar [46], and Knight et al. [47]. 

III-4.3.1. Total effective thermal resistance and streamwise temperature 

profiles. 

For a mHX unit with a small 𝐿𝑏𝑎𝑠𝑒, it is safe to assume a constant surface heat 

flux 𝐼𝑒𝑓𝑓 boundary condition at the base’s exposed surface (i.e., facing the heat 

source), as shown in Fig. III-46a. Since the mHX is made from a very high thermal 

conductivity material, it is reasonable to assume that any moderate flux variations 

over the top yz cross-sectional area of the base are minimized and evenly spread 

within the bulk of the mHX’s base, especially since the surface areas in this study are 

on the millimeter level. The isoflux boundary condition necessitates the variation of 

the surface temperature along the streamwise z-direction for all layers within and 

above the mHX, as will be proven later on in this section. It then follows that the 

thermal adhesive’s outer surface (i.e., facing the heat source) temperature at 𝑧 = 𝐷 

(i.e., corresponding to the HTF’s outlet) is the maximum temperature within the mHX 

control volume. Consequently, the maximum temperature difference in the mHX unit 

occurs between the HTF’s xy-averaged inlet temperature 𝑇𝐻𝑇𝐹
𝑖𝑛  and the thermal 

adhesive’s outer surface temperature at the z-location corresponding to the HTF’s 

outlet 𝑇𝑎𝑑(𝐷), as shown in Fig. III-47a. Treating this maximum temperature 

difference as the driving potential, we can then define what we will call the total 

mHX effective thermal resistance 𝑟𝑡𝑜𝑡
𝑒𝑓𝑓
(𝐷) [32, 34, 45-47]. Thus, for any arbitrary z-

location in the mHX, the total mHX effective thermal resistance becomes: 

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓
(𝑧) =

𝑇𝑎𝑑(𝑧)−𝑇𝐻𝑇𝐹
𝑖𝑛

𝑃𝑡ℎ
𝑚𝐻𝑋(𝑧)

        (III-68) 

Where 𝑃𝑡ℎ
𝑚𝐻𝑋 is the thermal power extracted by the mHX unit. It follows that at the 

channel’s outlet, 𝑃𝑡ℎ
𝑚𝐻𝑋(𝐷) is equal to the input 𝐼𝑒𝑓𝑓𝑊𝐷 under steady-state operation. 

The concept of 𝑟𝑡𝑜𝑡
𝑒𝑓𝑓

 is commonly used to measure the performance of micro- and 

mini-channel heat exchangers [27, 32, 34, 45-47]. Using Fig. III-47a, the usefulness 
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of the 𝑟𝑡𝑜𝑡
𝑒𝑓𝑓

 concept becomes clear where it is possible to find the temperature at any 

streamwise z-location in the HTF, channel, base, or thermal adhesive from knowing 

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓

 when the flow is thermally fully-developed. With reference to Fig. III-47b and 

under the assumption of a constant surface heat flux 𝐼𝑒𝑓𝑓, it is possible to breakdown 

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓

 into its constituent thermal resistances. This includes the conductive resistances 

through the thermal adhesive 𝑟𝑘
𝑎𝑑 and base 𝑟𝑘

𝑏𝑎𝑠𝑒, the effective combined convective 

resistance from both the finned and unfinned wetted surfaces 𝑟ℎ
𝑒𝑓𝑓

, and the capacitive 

resistance of the HTF 𝑟𝑐𝑎𝑝. Thus: 

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓

= 𝑟𝑘
𝑎𝑑 + 𝑟𝑘

𝑏𝑎𝑠𝑒 + 𝑟ℎ
𝑒𝑓𝑓

+ 𝑟𝑐𝑎𝑝      (III-69) 

From another viewpoint, and with reference to Fig. III-47a, the total temperature rise 

within the mHX unit with respect to 𝑇𝐻𝑇𝐹
𝑖𝑛  at any z-location for a thermally fully-

developed flow could be expressed as:  

∆𝑇𝑎𝑑 + ∆𝑇𝑏𝑎𝑠𝑒 + ∆𝑇ℎ
𝑒𝑓𝑓

+ ∆𝑇𝑐𝑎𝑝 + 𝑇𝐻𝑇𝐹
𝑖𝑛 = 𝑃𝑡ℎ(𝑟𝑘

𝑎𝑑 + 𝑟𝑘
𝑏𝑎𝑠𝑒 + 𝑟ℎ

𝑒𝑓𝑓
+ 𝑟𝑐𝑎𝑝) + 𝑇𝐻𝑇𝐹

𝑖𝑛

          (III-70) 

Where it can be noticed that 𝑇𝐻𝑇𝐹
𝑖𝑛 , ∆𝑇𝑎𝑑, ∆𝑇𝑏𝑎𝑠𝑒, and ∆𝑇ℎ

𝑒𝑓𝑓
 are constants irrespective 

of their z-location while ∆𝑇𝑐𝑎𝑝 does vary depending on its z-location. We will discuss 

each resistance term in Eq. III-69 in details in the remainder of this section. 

Starting with the conductive thermal resistance in the mHX, which is through 

the thermal adhesive layer and mHX base, we can express 𝑟𝑘
𝑎𝑑 as: 

𝑟𝑘
𝑎𝑑 =

𝐿𝑎𝑑

𝑘𝑎𝑑𝐴𝑎𝑑
         (III-71) 

Similarly, 𝑟𝑘
𝑏𝑎𝑠𝑒 is given by: 

𝑟𝑘
𝑏𝑎𝑠𝑒 =

𝐿𝑏𝑎𝑠𝑒

𝑘𝑚𝐻𝑋𝐴𝑏𝑎𝑠𝑒
        (III-72) 

Moving to the effective combined convective thermal resistance, it is 

important to notice that even though fins create a larger surface area for heat transfer, 

the fact that they also present a conductive thermal resistance implies the importance 

of comparing the heat transfer rate with fins to that without fins in order to justify 

their incorporation into a design. This is achieved using the concept of fin 

effectiveness 𝜖𝑓𝑖𝑛, defined as the ratio of thermal resistance without fins to that with 

fins [24], given by the following expression for the mHX design at hand after some 

algebraic simplifications: 
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Figure III-47: Minichannels Heat Extractor Unit (a) Streamwise (z-Direction) 

Temperature Profiles during Thermally Fully-Developed Flow and (b) 

Equivalent Total Effective Thermal Resistance Network 

 

 

𝜖𝑓𝑖𝑛 =
𝑟𝑢𝑛𝑓𝑖𝑛

𝑟𝑓𝑖𝑛
= √

2𝑘𝑚𝐻𝑋

ℎ𝑚𝐻𝑋𝑊𝑓𝑖𝑛
∙ tanh (𝐿𝑐ℎ√

2ℎ𝑚𝐻𝑋

𝑘𝑚𝐻𝑋𝑊𝑓𝑖𝑛
)    (III-73) 

Where the one-phase convection heat transfer coefficient ℎ𝑚𝐻𝑋 is assumed to be the 

same from both finned and unfinned surfaces [24]. Quantifying the performance of a 

fin is also possible using the concept of fin efficiency 𝜂𝑓𝑖𝑛. Fin efficiency is defined 

as the ratio between the fin’s actual heat transfer rate to the ideal heat transfer rate 

from the fin if there was no temperature gradient along its length 𝐿𝑐ℎ and it was 

entirely at the temperature of the channel wall (i.e., heat transfer rate from the fin 

under the maximum driving temperature difference with no conductive thermal 
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resistance). For the mHX design in this study and after some algebraic 

simplifications, this yields: 

𝜂𝑓𝑖𝑛 = √
𝑘𝑚𝐻𝑋𝑊𝑓𝑖𝑛

2ℎ𝑚𝐻𝑋𝐿𝑐ℎ
2 ∙ tanh (𝐿𝑐ℎ√

2ℎ𝑚𝐻𝑋

𝑘𝑚𝐻𝑋𝑊𝑓𝑖𝑛
)     (III-74) 

We can notice that both 𝜖𝑓𝑖𝑛 and 𝜂𝑓𝑖𝑛 depend on two geometrical variables (𝐿𝑐ℎ and 

𝑊𝑓𝑖𝑛), a material variable (𝑘𝑚𝐻𝑋), and ℎ𝑚𝐻𝑋 which depends on a combination of 

material and geometrical variables, as will be seen in the following section. Finally, 

the temperature profile alone the length (x-direction) of a fin at a certain streamwise 

(z-direction) location in the current mHX design is governed by the following 

expression: 

𝑇𝑓𝑖𝑛(𝑥) =

[
 
 
 
 
 cosh((𝐿𝑐ℎ−𝑥)∙√

2ℎ𝑚𝐻𝑋
𝑘𝑚𝐻𝑋𝑊𝑓𝑖𝑛

)

cosh(𝐿𝑐ℎ√
2ℎ𝑚𝐻𝑋

𝑘𝑚𝐻𝑋𝑊𝑓𝑖𝑛
)

]
 
 
 
 
 

[𝑇𝑐ℎ(𝑧) − 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔
(𝑧)] + 𝑇𝐻𝑇𝐹

𝑎𝑣𝑔
(𝑧) (III-75) 

As can be seen from Fig. III-47b, heat transfer to the HTF passes through two 

parallel thermal resistances—convective thermal resistance through the unfinned 

channel walls 𝑟𝑢𝑛𝑓𝑖𝑛 and conductive and convective thermal resistance through the 

fins 𝑟𝑓𝑖𝑛 [24]. Combining these two thermal resistances is possible in what we will 

call the effective combined convective thermal resistance 𝑟ℎ
𝑒𝑓𝑓

. Depending on Eq. III-

74 and Fig. III-47b, we can then express 𝑟ℎ
𝑒𝑓𝑓

 as follows: 

1

𝑟ℎ
𝑒𝑓𝑓 =

1

𝑟𝑢𝑛𝑓𝑖𝑛
+

1

𝑟𝑓𝑖𝑛
        (III-76) 

Where 𝑟𝑢𝑛𝑓𝑖𝑛 and 𝑟𝑓𝑖𝑛 are given by: 

𝑟𝑢𝑛𝑓𝑖𝑛 =
1

ℎ𝑚𝐻𝑋𝐴𝑢𝑛𝑓𝑖𝑛
        (III-77) 

𝑟𝑓𝑖𝑛 =
1

ℎ𝑚𝐻𝑋𝜂𝑓𝑖𝑛𝐴𝑓𝑖𝑛
        (III-78) 

Combining Eqs. III-76 through III-78 yields: 

𝑟ℎ
𝑒𝑓𝑓

=
1

ℎ𝑚𝐻𝑋𝐴𝑢𝑛𝑓𝑖𝑛+ℎ𝑚𝐻𝑋𝜂𝑓𝑖𝑛𝐴𝑓𝑖𝑛
      (III-79) 

With the unfinned and finned thermally-effective areas given by: 

𝐴𝑢𝑛𝑓𝑖𝑛 = 𝑁𝑐ℎ𝑊𝑐ℎ𝐷        (III-80) 

𝐴𝑓𝑖𝑛 = 2𝑁𝑐ℎ𝐿𝑐ℎ𝐷        (III-81) 
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𝑁𝑐ℎ is the number of channels. It is important to notice from Fig. III-46 and Eqs. III-

80 through III-81 that each channel is enclosed by a fin surface from each side. 

Hence, the factor of 2 in Eq. III-81. 

 As for the thermal capacitive resistance, a simple energy balance under 

steady-state operation over a single channel, as shown in Fig. III-48a, shows that the 

surface heat flux 𝐼𝑒𝑓𝑓 over the yz surfaces in the mHX is different than the surface 

heat flux 𝐼𝑓𝑖𝑛 that encompasses the HTF from its three thermally-active sides [45-46]. 

It follows from Fig. III-48a that the two surface heat fluxes are related by: 

𝐼𝑓𝑖𝑛 =
[(𝑊𝑐ℎ+𝑊𝑓𝑖𝑛)𝑁𝑐ℎ+𝑊𝑓𝑖𝑛]

(𝑊𝑐ℎ+2𝐿𝑐ℎ)𝑁𝑐ℎ
𝐼𝑒𝑓𝑓      (III-82) 

By conducting a steady-state energy balance over a control volume of a differential 

HTF slice in a single channel, as shown in Fig. III-48b, we have that: 

�̇�𝐻𝑇𝐹𝐶𝐻𝑇𝐹𝑇𝐻𝑇𝐹
𝑎𝑣𝑔

+ 𝐼𝑓𝑖𝑛(𝑊𝑐ℎ + 2𝐿𝑐ℎ)𝑁𝑐ℎ𝑑𝑧 = �̇�𝐻𝑇𝐹𝐶𝐻𝑇𝐹(𝑇𝐻𝑇𝐹
𝑎𝑣𝑔

+ 𝑑𝑇𝐻𝑇𝐹
𝑎𝑣𝑔
) (III-83a) 

Which yields: 

𝑑𝑇𝐻𝑇𝐹
𝑎𝑣𝑔

𝑑𝑧
=
𝐼𝑓𝑖𝑛(𝑊𝑐ℎ+2𝐿𝑐ℎ)𝑁𝑐ℎ

�̇�𝐻𝑇𝐹𝐶𝐻𝑇𝐹
       (III-83b) 

Where �̇�𝐻𝑇𝐹 is the mass flow rate of the HTF in the channels, given by: 

�̇�𝐻𝑇𝐹 = �̇�𝐻𝑇𝐹Λ𝐻𝑇𝐹        (III-84) 

With the volumetric flow rate �̇�𝐻𝑇𝐹 found from: 

�̇�𝐻𝑇𝐹 = 𝑁𝑐ℎ𝐿𝑐ℎ𝑊𝑐ℎ𝑣𝐻𝑇𝐹       (III-85) 

Where 𝑣 is velocity. All terms on the right-hand-side of Eq. III-83b are independent 

of z. Consequently, by using the boundary condition of 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔

= 𝑇𝐻𝑇𝐹
𝑖𝑛  at 𝑧 = 0 and 

integrating Eq. III-83b from 𝑧 = 0, we derive an expression for 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔
(𝑧) as follows: 

𝑇𝐻𝑇𝐹
𝑎𝑣𝑔(𝑧) = 𝑇𝐻𝑇𝐹

𝑖𝑛 + [
𝐼𝑓𝑖𝑛(𝑊𝑐ℎ+2𝐿𝑐ℎ)𝑁𝑐ℎ

�̇�𝐻𝑇𝐹𝐶𝐻𝑇𝐹
] 𝑧 = 𝑇𝐻𝑇𝐹

𝑖𝑛 + ∆𝑇𝑐𝑎𝑝   (III-86) 

Where 𝑇𝐻𝑇𝐹
𝑖𝑛  is the average (over the xy cross-sectional area) inlet HTF temperature 

and the streamwise depth 𝑧 varies from 0 up to 𝐷. As such, it follows from Eq. III-86 

that 𝑟𝑐𝑎𝑝 is given by: 

𝑟𝑐𝑎𝑝 =
1

�̇�𝐻𝑇𝐹𝐶𝐻𝑇𝐹
        (III-87) 

Thus, the capacitive thermal resistance can be reduced by increasing the mass flow 

rate. However, it cannot be reduced indefinitely since an increased flow rate causes a 

higher pressure drop and requires a larger pumping power. 
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Figure III-48: (a) Different Surface Heat Fluxes in a Single Minichannel and (b) 

Steady-State Energy Balance over a Differential HTF Control Volume (𝐍𝐜𝐡 = 𝟏) 

 

 

So far, we have made the following approximations in our analysis: 

 Constant surface heat flux 𝐼𝑒𝑓𝑓 over the yz surfaces in the mHX up to the 

thermally-active sides encompassing the HTF. 

 Thermally fully-developed flow. 

 Constant averaged convection heat transfer coefficient regardless of location 

and from both finned and unfinned surfaces. 

Under these approximations, 𝑇𝑐ℎ and 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔

 will both increase along the depth (z-

direction) of the channel with a gradient independent of the their xy cross-sectional 

location [24, 34]. As such, the temperature difference between 𝑇𝑐ℎ and 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔

 along the 

depth (z-direction) will remain constant. It is important to repoint out that, following 

Fig. III-47a, ∆𝑇𝑐𝑎𝑝 is the only temperature rise that is dependent on the z-location. 

This is seen in the expression for 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔
(𝑧) in Eq. III-86. 

Under steady-state operation of an incompressible flow and using 

conservation of energy and the previously-stated approximations, we can now express 

the augmented 𝑃𝑡ℎ
𝑚𝐻𝑋(𝑧) at a certain z-location for a single mHX unit in a number of 

ways: 

𝑃𝑡ℎ
𝑚𝐻𝑋(𝑧) =

[𝑇𝑎𝑑(𝑧)−𝑇𝑏𝑎𝑠𝑒(𝑧)]

𝑟𝑘
𝑎𝑑(𝑧)

=
[𝑇𝑏𝑎𝑠𝑒(𝑧)−𝑇𝑐ℎ(𝑧)]

𝑟𝑘
𝑏𝑎𝑠𝑒(𝑧)

=
[𝑇𝑐ℎ(𝑧)−𝑇𝐻𝑇𝐹

𝑎𝑣𝑔
(𝑧)]

𝑟ℎ
𝑒𝑓𝑓

(𝑧)
=
[𝑇𝐻𝑇𝐹
𝑎𝑣𝑔

(𝑧)−𝑇𝐻𝑇𝐹
𝑖𝑛 ]

𝑟𝑐𝑎𝑝
 

          (III-88) 

𝑃𝑡ℎ
𝑚𝐻𝑋(𝑧) = 𝐼𝑒𝑓𝑓𝑊𝑧 = 𝐼𝑓𝑖𝑛(𝑊𝑐ℎ + 2𝐿𝑐ℎ)𝑁𝑐ℎ𝑧 =

[𝑇𝑎𝑑(𝑧)−𝑇𝐻𝑇𝐹
𝑖𝑛 ]

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓

(𝑧)
  (III-89) 
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These two important relations govern the total heat transfer within a mHX unit. If we 

discretize the mHC into a number N of equal control volumes along the z-direction 

(i.e., control volumes are separated by xy surfaces) and utilize a modified separately-

series technique, we can build the expanded two-dimensional equivalent effective 

thermal resistance network in Fig. III-49. Each branch in Fig. III-49 represents a 

control volume. Due to the constant surface heat flux boundary condition, each 

branch (i.e., control volume) will have the same thermal power flowing through it 

𝑃𝑡ℎ
𝑚𝐻𝑋 𝑁⁄ . For an arbitrary value of N, the thickness of each control volume is 

determined from 𝑧 = 𝐷 𝑁⁄ . Using this fixed 𝑧 value into Eq. III-87, we can confirm 

that the thermal power flowing through each control volume is 𝑃𝑡ℎ
𝑚𝐻𝑋 𝑁⁄ . The square 

brackets on the right-hand-side of Fig. III-49 represent the augmented thermal power 

at a certain z-location when all branches are augmented up to that z-location. In other 

words, for any z-location, Eq. III-87 represents the augmentation of the branches in 

Fig. III-49. Thus, we can conclude that the equivalent total effective thermal 

resistance network in Fig. III-47b is for the total heat transfer rate within the mHX 

when 𝑧 = 𝐷 and could be expanded into the network shown in Fig. III-49. We can 

observe from Eq. III-88 and Fig. III-49 that either the temperature difference or the 

thermal resistance is a function of z for every term in Eq. III-88. The temperature 

difference is a function of z for the last term in Eq. III-88 while the thermal resistance 

is a function of z for the three terms that precede it. 

Hence, based on Eq. 88 and Fig. III-49, we can relate 𝑇𝑐ℎ(𝑧) to 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔
(𝑧) from: 

𝑇𝑐ℎ(𝑧) = 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔(𝑧) + 𝑟ℎ

𝑒𝑓𝑓(𝑧)𝑃𝑡ℎ
𝑚𝐻𝑋(𝑧) = 𝑇𝐻𝑇𝐹

𝑎𝑣𝑔(𝑧) + ∆𝑇ℎ
𝑒𝑓𝑓

   (III-90) 

Where 𝑇𝐻𝑇𝐹
𝑎𝑣𝑔(𝑧) was expressed in Eq. III-86 and 𝑃𝑡ℎ

𝑚𝐻𝑋(𝑧) could be found using any 

of the terms in Eqs. III-88 through III-89. Similarly, 𝑇𝑏𝑎𝑠𝑒(𝑧) and 𝑇𝑎𝑑(𝑧) are found 

with respect to 𝑇𝑐ℎ(𝑧) and 𝑇𝑏𝑎𝑠𝑒(𝑧), respectively, as follows: 

𝑇𝑏𝑎𝑠𝑒(𝑧) = 𝑇𝑐ℎ(𝑧) + 𝑟𝑘
𝑏𝑎𝑠𝑒(𝑧)𝑃𝑡ℎ

𝑚𝐻𝑋(𝑧) = 𝑇𝑐ℎ(𝑧) + ∆𝑇𝑏𝑎𝑠𝑒   (III-91) 

𝑇𝑎𝑑(𝑧) = 𝑇𝑏𝑎𝑠𝑒(𝑧) + 𝑟𝑘
𝑎𝑑(𝑧)𝑃𝑡ℎ

𝑚𝐻𝑋(𝑧) = 𝑇𝑏𝑎𝑠𝑒(𝑧) + ∆𝑇𝑎𝑑   (III-92) 

 

 

 

 

 



 
 

444 
 

 

Figure III-49: Expanded Two-Dimensional Equivalent Effective Thermal 

Resistance Network for the Minichannels Heat Extractor based on the 

Separately-Series Technique 

 

 

III-4.3.2. Heat transfer coefficient correlations. 

 We will present in this section the heat transfer correlations for one-phase 

flow in rectangular minichannels taking into account thermal entrance region effects. 

It was previously assumed that the effective convection heat transfer coefficient ℎ𝑚𝐻𝑋 
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from all exposed surfaces of the mHX (i.e., finned and unfinned surfaces) to the HTF  

is the same regardless of streamwise location [24, 32, 34]. ℎ𝑚𝐻𝑋 is then found from: 

ℎ𝑚𝐻𝑋 =
𝑁𝑢𝑘𝐻𝑇𝐹

𝜙ℎ
        (III-93) 

Where 𝜙ℎ is the hydraulic diameter for rectangular cross-sections: 

𝜙ℎ =
4𝑊𝑐ℎ𝐿𝑐ℎ

𝑝𝑒𝑐ℎ
         (III-94) 

𝑝𝑒𝑐ℎ is the hydraulic perimeter of a channel, given by: 

𝑝𝑒𝑐ℎ = 2(𝑊𝑐ℎ + 𝐿𝑐ℎ)        (III-95) 

𝑁𝑢 is the Nusselt number of the rectangular channels. The value of ℎ𝑚𝐻𝑋 is constant 

in the thermally fully-developed region of the flow since the HTF’s thermal 

properties are constant [24]. 

 For laminar flow, 𝑁𝑢 could be evaluated using the Copeland correlation in 

which thermal entrance region effects are taken into account [40]: 

𝑁𝑢 = [(2.22 (
𝑅𝑒𝑃𝑟𝜙ℎ

𝐷
)

1

3
)

3

+ (8.31𝐺 − 0.02)3]

1

3

    (III-96) 

Where 𝑅𝑒 is the Reynolds number, 𝑃𝑟 is the Prandtl number, and 𝐺 is a geometric 

parameter given as follows: 

𝑅𝑒 =
Λ𝐻𝑇𝐹𝜙ℎ𝑣𝐻𝑇𝐹

𝜇𝐻𝑇𝐹
        (III-97) 

𝑃𝑟 =
𝜇𝐻𝑇𝐹𝐶𝐻𝑇𝐹

𝑘𝐻𝑇𝐹
         (III-98) 

𝐺 =
(
𝑊𝑐ℎ
𝐿𝑐ℎ

)
2

+1

(
𝑊𝑐ℎ
𝐿𝑐ℎ

+1)
2         (III-99) 

Where 𝜇 is dynamic viscosity. On the other hand, for turbulent flow (i.e., 𝑅𝑒 >

2300), 𝑁𝑢 could be evaluated using the Gnielinski correlation in which thermal 

entrance region effects are also taken into account [41]: 

𝑁𝑢 =
𝑃𝑟(𝑅𝑒−1000)𝑓

2+25.4√𝑓 2⁄ (𝑃𝑟2 3⁄ −1)
(1 +

𝜙ℎ

𝐷
)      (III-100) 

Where 𝑓 is the friction factor for turbulent flow given by the Filonenko correlation 

[42]: 

𝑓 =
1

(1.58 ln(𝑅𝑒)−3.28)2
         (III-101) 
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III-4.3.3. Pressure drop correlations. 

 The total pressure drop Δ𝑝 in the minichannels is composed of four 

components, as follows: 

Δ𝑝 = Δ𝑝1 + Δ𝑝2 + Δ𝑝3 + Δ𝑝4      (III-102) 

Where Δ𝑝1, Δ𝑝2, Δ𝑝3, and Δ𝑝4 are the pressure drop components due to wall friction, 

flow bends, flow contraction at inlet, and flow expansion at outlet, respectively. Δ𝑝1 

could be found using the well-known Darcy–Weisbach equation: 

Δ𝑝1 =
𝐷Λ𝐻𝑇𝐹𝑣𝐻𝑇𝐹

2 𝑓

2𝜙ℎ
        (III-103) 

Where 𝑓 is found from Eq. III-101 for turbulent flow and from the following 

correlation for laminar flow taking into account thermal entrance region effects [43]: 

𝑓 =
1

𝑅𝑒
√(3.2 (

𝜙ℎ𝑅𝑒

𝐷
)
0.57

)
2

+ (4.70 + 19.64𝐺)2    (III-104) 

Δ𝑝2 is found using the well-known relation [50]: 

Δ𝑝2 =
𝑘𝑏𝑒𝑛𝑑𝑁𝑏𝑒𝑛𝑑Λ𝐻𝑇𝐹𝑣𝐻𝑇𝐹

2

2
       (III-105) 

Where 𝑁𝑏𝑒𝑛𝑑 is the number of curved bends through the mHX flow and 𝑘𝑏𝑒𝑛𝑑 is the 

bending friction factor per curved bend which is approximated to be equal to 1.00 for 

laminar flow and 0.75 for turbulent flow [50]. Δ𝑝3 and Δ𝑝4 can be collectively 

estimated using [27]: 

Δ𝑝3 + Δ𝑝4 = 0.5Λ𝐻𝑇𝐹𝑣𝐻𝑇𝐹
2 (𝐾3 + 𝐾4)     (III-106) 

Where 𝐾3 and 𝐾4 are geometric parameters found from [27]: 

𝐾3 = 0.8 − 0.4 (
𝑁𝑐ℎ𝑊𝑐ℎ

𝑊
)
2

       (III-107) 

𝐾4 = (1 −
𝑁𝑐ℎ𝑊𝑐ℎ

𝑊
)
2

− 0.4 (
𝑁𝑐ℎ𝑊𝑐ℎ

𝑊
)      (III-108) 

𝑁𝑐ℎ is the number of minichannels. 

III-4.3.4. Thermophysical properties of HTFs. 

 The temperature-dependent density, heat capacity, dynamic viscosity, and 

thermal conductivity of pure water (denoted by 𝑤) using the average working 

temperature are as follows [35]: 

Λ𝑤 = 1000 (1 −
(𝑇+15.9414)(𝑇−276.9863)2

508929.2(𝑇−204.87037)
)     (III-109) 

𝐶𝑤 = 3908 + 3.826𝑇 − 0.01674𝑇
2 + 2.330 × 10−5𝑇3   (III-110) 
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𝜇𝑤 = 1.005 × 10
−3 (

𝑇

293
)
8.9

exp (4700 (
1

𝑇
−

1

293
))    (III-111) 

𝑘𝑤 = −1.579 + 0.01544𝑇 − 3.515 × 10
−5𝑇2 + 2.678 × 10−8𝑇3  (III-112) 

Density, heat capacity, dynamic viscosity, and thermal conductivity of 

Al2O3/water nanofluid (denoted by 𝑛𝑓, 1) with spherical nanoparticles (denoted by 

𝑛𝑝) occupying a certain volumetric fraction 𝜑 and under the previously-stated 

assumptions are as follows [35-37]: 

Λ𝑛𝑓,1 = 𝜑Λ𝑛𝑝 + (1 − 𝜑)Λ𝑤       (III-113) 

𝐶𝑛𝑓,1 =
𝜑Λ𝑛𝑝𝐶𝑛𝑝+(1−𝜑)Λ𝑤𝐶𝑤

Λ𝑛𝑓,1
       (III-114) 

𝜇𝑛𝑓,1 =
𝜇𝑤

(1−𝜑)2.5
        (III-115) 

𝑘𝑛𝑓,1 = 𝑘𝑤 [
𝑘𝑛𝑝+2𝑘𝑤−2𝜑(𝑘𝑤−𝑘𝑛𝑝)

𝑘𝑛𝑝+2𝑘𝑤+𝜑(𝑘𝑤−𝑘𝑛𝑝)
]      (III-116) 

Al2O3 nanoparticles with a diameter of 38 nm could be assumed to have the following 

constant thermophysical properties [35]: 

 Λ𝑛𝑝 = 3970 
𝑘𝑔

𝑚3, 

 𝐶𝑛𝑝 = 765 
𝐽

𝑘𝑔∙𝐾
, and 

 𝑘𝑛𝑝 = 36 
𝑊

𝑚∙𝐾
. 

The 𝜑 is usually limited to no more than 5%. 

 The temperature-dependent density, heat capacity, dynamic viscosity, and 

thermal conductivity of synthetic oil (denoted by 𝑠𝑜) using the average working 

temperature are as follows [38-39]: 

Λ𝑠𝑜 = −0.9985𝑇 + 1236       (III-117) 

𝐶𝑠𝑜 = 1.708𝑇 + 1107.798       (III-118) 

𝜇𝑠𝑜 = 6.672 × 10
−13𝑇4 − 1.566 × 10−9𝑇3 + 1.388 × 10−6𝑇2 − 5.541 × 10−4𝑇 +

0.08487         (III-119) 

𝑘𝑠𝑜 = −5.753496 × 10
−10𝑇2 − 1.875266 × 10−4𝑇 + 0.1900210 (III-120) 

Density, heat capacity, dynamic viscosity, and effective conductivity of 

Al2O3/synthetic oil nanofluid (denoted by 𝑛𝑓, 2) occupying a certain volumetric 

fraction 𝜑 and under the previously-stated assumptions are as follows [35, 38]: 

Λ𝑛𝑓,2 = 𝜑Λ𝑛𝑝 + (1 − 𝜑)Λ𝑠𝑜       (III-121) 

𝐶𝑛𝑓,2 =
𝜑Λ𝑛𝑝𝐶𝑛𝑝+(1−𝜑)Λ𝑠𝑜𝐶𝑠𝑜

Λ𝑛𝑓,2
       (III-122) 
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𝜇𝑛𝑓,2 =
𝜇𝑠𝑜

(1−𝜑)2.5
        (III-123) 

𝑘𝑛𝑓,2 = 𝑘𝑠𝑜 [
𝑘𝑛𝑝+2𝑘𝑠𝑜−2.6620(𝑘𝑠𝑜−𝑘𝑛𝑝)𝜑

𝑘𝑛𝑝+2𝑘𝑠𝑜+1.3310(𝑘𝑠𝑜−𝑘𝑛𝑝)𝜑
]     (III-124) 

III-4.3.5. Effect of geometric and operational parameters. 

 In this section, we will parametrically investigate how different geometric and 

operational parameters affect the hydraulic and thermal performance of the mHX for 

the different HTF types. Table III-9 lists the input parameters used for the execution 

of the developed mHX model in the previous sections. The mHX is taken to be made 

of aluminum due to its high conductivity and relatively low cost compared to 

alternatives such as copper. For the purposes of this section, the width and depth are 

fixed to 1.00 × 1.00 cm. The input power is fixed to 40 W. The working temperature 

is set to be the average between the inlet and outlet HTF temperatures. No bends are 

assumed in the HTF flow for our purposes. 

 

 

Table III-9: Geometrical and Thermophysical Input Parameters for the 

Minichannels Heat Extractor 

Parameter Value Unit 

𝑳𝒂𝒅 [33] 0.10 mm 

𝑳𝒃𝒂𝒔𝒆 0.20 mm 

𝒌𝒂𝒅 [33] 7.5 W m-1 K-1 

𝒌𝒎𝑯𝑿 236.5 W m-1 K-1 

𝑻𝑯𝑻𝑭
𝒊𝒏  298.15 K 

𝑵𝒃𝒆𝒏𝒅 0 - 

𝑾 10 mm 

𝑫 10 Mm 

𝑷𝒆𝒇𝒇 40 W 

 

 

 We will define the geometry of the mHX with the aid of two dimensionless 

ratios; namely, the channel width ratio ℓ and the channel aspect ratio ∀, defined as: 

ℓ =
𝑊𝑐ℎ

𝑊𝑐ℎ+𝑊𝑓𝑖𝑛
         (III-125) 

∀=
𝐿𝑐ℎ

𝑊𝑐ℎ
         (III-126) 
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In addition to ℓ and ∀, setting the number of channels 𝑁𝑐ℎ completely defines the 

mHX geometry for a given cross-sectional area (i.e., 𝑊 and 𝐷). The number of 

channels, based on the notation in Fig. III-46, is given by: 

𝑁𝑐ℎ =
𝑊−𝑊𝑓𝑖𝑛

𝑊𝑐ℎ+𝑊𝑓𝑖𝑛
        (III-127) 

That is, we are able to find 𝑊𝑐ℎ, 𝑊𝑓𝑖𝑛, and 𝐿𝑐ℎ as long as the three previously-

mentioned parameters are available and the total mHX’s 𝑊 is known. The length of 

the base 𝐿𝑏𝑎𝑠𝑒 should be as short as structurally possible [45-46] and is taken to be 

0.20 mm in this study. The insulated enclosure is assumed to be adiabatic. Thus, its 

length does not affect the performance of the mHX and its effect could be safely 

neglected. From Eqs. III-125 through III-127, we obtain the following explicit 

geometric equations in terms of 𝑊, 𝑁𝑐ℎ, ℓ, and ∀: 

𝑊𝑐ℎ =
ℓ𝑊

𝑁𝑐ℎ−ℓ+1
        (III-128) 

𝐿𝑐ℎ =
∀ℓ𝑊

𝑁𝑐ℎ−ℓ+1
         (III-129) 

𝑊𝑓𝑖𝑛 =
𝑊(1−ℓ)

𝑁𝑐ℎ−ℓ+1
        (III-130) 

When the number of channels increases, the cross-sectional area through 

which the HTF flows (𝑁𝑐ℎ𝐿𝑐ℎ𝑊𝑐ℎ) decreases, as evident from Eq. III-85. As such, in 

order to maintain the same mass flow rate, the HTF’s velocity needs to be increased 

as the number of channels increases. Otherwise, the mass flow rate decreases with an 

increasing number of channels, as is shown in Fig. III-50 for different channels aspect 

ratios and different HTF velocities. Therefore, we will implement two operational 

conditions in the mHX—fixed mass flow rate condition and fixed HTF velocity 

condition. The main performance parameters we are interested in are the total 

pressure drop, HTF outlet temperature, and total effective thermal resistance. The 

HTFs we will work with, as previously mentioned, are pure water, Al2O3/water 

nanofluid, and Al2O3/synthetic oil nanofluid. 

We investigate the effect of 𝑁𝑐ℎ on various performance parameters in Figs. 

III-51 through III-58 for a pure water HTF with various channel aspect ratios and a 

fixed channel width ratio of 0.9. Figs. III-51 through III-54 are for the fixed HTF 

velocity (5 m/sec) mode and Figs. III-55 through III-58 are for the fixed mass flow 

rate (50 g/sec) mode. For the fixed HTF velocity mode, the HTF outlet temperature is 

almost insensitive to the number of channels but increases when the aspect ratio is  
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Figure III-50: Effect of Number of Channels on Mass Flow Rate for a Fixed HTF 

Velocity Operation Mode with Different Channel Aspect Ratios and Different 

Fixed HTF Velocities (HTF is Pure Water) 

 

 

decreased, as seen from Fig. III-51b. This is mainly due to the reduced mass flow rate 

when the aspect ratio is reduced, as seen from Fig. III-53b. The convective resistance 

decrease when the number of channels is increased, as shown in Fig. III-52a, 

especially for low aspect ratios. This is due to the improvement of heat transfer 

coefficient and fin efficiency when the number of channels is increased, as shown in 

Figs. III-52b and III-50d. The fin effectiveness rapidly increases with number of 

channels, especially for larger aspect ratios (Fig. III-52c). The improvement in heat 

transfer coefficient is more visible when the aspect ratio is small as a result of the 

increased channel surface area (𝑊𝑐ℎ𝐷) compared to the fins surface areas (𝐿𝑐ℎ𝐷) 

where conductive resistance along the fins is present. While for the capacitive 

resistance, Fig. III-53a shows an order of magnitude increase in resistance for every 

order of magnitude decrease in aspect ratio as well as a general increase in resistance 

with number of channels. This is attributed to the lower mass flow rates when the 

number of channels increases (resulting in reduced flow cross-sectional areas) or 

aspect ratio values decrease. The combined effect of both types of resistances (Figs. 

III-52a and III-53a) is shown for the total thermal resistance in Fig. III-51a. For 

aspect ratios between 0.1 and 10, the reduction in convective resistance and increase  
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Figure III-51: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Aspect Ratios on (a) Total Effective Thermal Resistance and 

(b) HTF Outlet Temperature for a Pure Water HTF 

 

 

in capacitive resistance with number of channels cancel each other and the result is an 

almost non-changing total thermal resistance. Yet for very low aspect ratios, the 

increase in capacitive resistance with number of channels more than offsets the 

reduction in convective resistance and the overall effect is an increase in total 

resistance. From a hydraulic viewpoint, decreasing the aspect ratio is quite expensive 

regardless of the number of channels (Fig. III-54a). This is mainly due to the friction 

pressure drop (Fig. III-54b) that significantly increases for both increased number of 

channels and decreased aspect ratios. The contraction and expansions pressure drop is 

insensitive to changes in aspect ratios (Fig. III-54c) but decreases with an increased 

number of channels due to reduction in the geometric parameters, as per Eqs. III-106 

through III-108. Thus, reducing the aspect ratio is unfavorable both thermally and 

hydraulically under the constant HTF velocity mode while increasing the number of 

channels is only favorable for large aspect ratios. 
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Figure III-52: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Aspect Ratios on (a) Effective Combined Convective 

Resistance, (b) Effective Heat Transfer Coefficient, (c) Fin Effectiveness, and (d) 

Fin Efficiency for a Pure Water HTF 

 

 

As for the fixed mass flow rate mode, Fig. III-55b shows that the HTF’s outlet 

temperature is unaffected by the aspect ratio but slightly decreases with an increased 

number of channels due to the reduced convective resistance and improved overall 

heat transfer for an increased number of channels. Clearly, the capacitive thermal 

resistance is unchanged under the fixed mass flow rate operation mode. On the other 

hand, the convective thermal resistance (Fig. III-56a) considerably decreases with 

both an increased number of channels and a decreased aspect ratio. Consequently, the 

total thermal resistance follows the same pattern (Fig. III-55a). This is directly related 

to the improved convection coefficient with both increased number of channels and 

decreased aspect ratios (Fig. III-56b) similar to the fixed HTF velocity mode. The 

same pattern as in the fixed HTF velocity mode is also followed for both fin 

effectiveness (Fig. III-56c) and fin efficiency (Fig. III-56d) under fixed mass flow  
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Figure III-53: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Aspect Ratios on (a) Capacitive Resistance and (b) Mass Flow 

Rate for a Pure Water HTF 

 

 

rate mode. The reduced streamwise flow cross-sectional area (Fig. III-57a) and 

increased HTF velocity (Fig. III-57b) with number of channels both result in in an 

increased contraction and expansion (Fig. III-58b), friction (Fig. III-58c), and total 

pressure drops (Fig. III-58a). Thus, for the fixed mass flow rate, increasing the 

number of channels is thermally favorable with a moderate hydraulic cost for large 

aspect ratios. Moreover, decreasing the aspect ratio is highly favorable thermally but 

is quite expensive hydraulically for very small aspect ratios. The pattern followed 

when the nanofluids are used as HTFs instead of pure water under both operation 

mode are the same. 

We investigate the effect of 𝑁𝑐ℎ on various performance parameters in Figs. 

III-59 through III-66 for a pure water HTF with various channel width ratios and a 

fixed channel aspect ratio of 0.5. Figs. III-59 through III-62 are for the fixed HTF 

velocity (5 m/sec) mode and Figs. III-63 through III-66 are for the fixed mass flow 

rate (50 g/sec) mode. For the fixed HTF velocity mode, Figs. III-60a, III-60b, and  
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Figure III-54: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Aspect Ratios on (a) Total Pressure Drop, (b) Friction Pressure 

Drop, and (c) Contraction and Expansion Pressure Drop for a Pure Water HTF 

 

 

III-59a are divided into laminar and turbulent flow regions as a result of the drop in 

hydraulic diameter when the number of channels is increased. As seen from the 

figures, in the turbulent region, there exists an optimum number of channels, 

depending on the width ratio, to achieve minimum convective and total thermal 

resistance. In the subsequent laminar region, on the other hand, convective and total 

thermal resistance steadily decrease and the convection efficiency steadily increases 

as the number of channels is increased. Clearly, the total resistance (Fig. III-59a) is 

dominated by the convective resistance term (Fig. III-60a) since it’s an order of 

magnitude greater than the capacitive resistance term (Fig. III-61a). The mass flow 

rate again decreases with an increased number of channels (Fig. III-61b) resulting in 

higher capacitive resistances (Fig. III-61a). Both convective and capacitive resistance 

terms seem to decrease as the channels width ratio is increased. However, both fin 

effectiveness (Fig. III-60c) and fin efficiency (Fig. III-60d) seem to decrease when 

width ratio is increased. The total pressure drop (Fig. III-62a) again increases with  
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Figure III-55: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Aspect Ratios on (a) Total Effective Thermal Resistance and 

(b) HTF Outlet Temperature for a Pure Water HTF 

 

 

number of channels. Both friction (Fig. III-62b) and expansion and contraction (Fig. 

III-62c) pressure drops contribute almost equally to the total pressure drop. All 

pressure drops decrease when the width ratio is increased since it means having 

relatively wider channels. Very slight HTF outlet temperature variations exist with 

changes in number of channels and width ratio, as shown in Fig. III-59b. Thus, fins as 

thin as structurally possible are highly desired from both thermal and hydraulic 

viewpoints. 

As for the fixed mass flow rate, Figs. III-63a, III-64a, and III-65a show that 

increasing the number of channels and decreasing the width ratio cause total, 

convective, and capacitive resistances to drop, respectively, with the convective terms 

dominating the total resistance. Again, the HTF outlet temperature is insensitive to 

both number of channels and channels width ratio (Fig. III-63b). Similar to the fixed 

HTF velocity mode, Figs. III-64b, III-64c, and III-64d show that reducing the width 

ratio improves the convection coefficient and fin efficiency but reduces the fin  
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Figure III-56: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Aspect Ratios on (a) Effective Combined Convective 

Resistance, (b) Effective Heat Transfer Coefficient, (c) Fin Effectiveness, and (d) 

Fin Efficiency for a Pure Water HTF 

 

 

effectiveness. Fig. III-65 shows that reducing the width ratio increases the HTF 

velocity as a result of the reduced flow cross-sectional area. This then reflects on the 

pressure drops, as shown in Fig. III-66, as an increase in all pressure components with 

a smaller channels width ratio. Thus, we reach the same conclusion as was with the 

fixed HTF velocity mode that fins as thin as possible are desirable both thermally and 

hydraulically. 

The mass flow rate is the most important operational parameter whereas the 

number of channels seems to be the most influencing geometric factor on 

performance. As such, we study how the variation of these two parameters for a range 

of 0.1-100 g sec-1 and 1-40 channels affects different performance parameters with 

∀= 0.5 and ℓ = 0.9 in Fig. III-67. Increasing the mass flow rate clearly improves the 

effective heat transfer by improving the convection coefficient and reducing  
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Figure III-57: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Aspect Ratios on (a) Stream-Wise Cross-Sectional Area and (b) 

HTF Velocity 

 

 

capacitive resistance but at the price of an increased pressure drop. This is especially 

true for higher numbers of channels. The HTF outlet temperature is easily controlled 

using the mass flow rate for any number of channels. However, the larger the number 

of channels, the lower the required mass flow rate to maintain the mHX at a lower 

temperature. 

The streamwise temperature profiles for the cross-sectional averaged HTF, 

channels wetted wall, base upper surface, and thermal adhesive upper surface are 

generated and depicted in Fig. III-68 for �̇�𝐻𝑇𝐹 = 0.04 g sec-1, 𝑁𝑐ℎ = 20, ∀= 0.5, and 

ℓ = 0.9. Clearly, the temperature profiles agree with our earlier assumptions and 

approximations in Section III-4.3.1 in which the temperature gradients and 

temperature differences between adjacent layers are both constant due to the isoflux 

boundary condition. The conductive thermal resistance of the thermal adhesive layer 

is appreciable due to its low conductivity compared to the base’s conductive thermal  
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Figure III-58: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Aspect Ratios on (a) Total Pressure Drop, (b) Friction Pressure 

Drop, and (c) Contraction and Expansion Pressure Drop for a Pure Water HTF 

 

 

resistance which is negligible due to the high thermal conductivity of aluminum. The 

convective thermal resistance seems to dominate the total resistance for the particular 

geometric and operational inputs at hand follows by the capacitive resistance. Both 

resistances could be reduced by tuning both geometric and operational inputs to give 

certain HTF outlet temperature. In Fig. III-69, the two-dimensional temperature 

profile along both the length and streamwise depth of a fin is shown with an increased 

∀= 2 to clearly show the temperature distribution along the fin’s length. As expected, 

a temperature drop occurs along the length of the fin, regardless of the z-location, as a 

result of its conductive thermal resistance. Moreover, as expected, a streamwise 

temperature rise occurs along the fin’s depth as a result of the HTF’s streamwise 

temperature rise and the isoflux condition. 
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Figure III-59: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Width Ratios on (a) Total Effective Thermal Resistance and (b) 

HTF Outlet Temperature for a Pure Water HTF 

 

 

As for the nanofluid HTFs, it is important to understand that nanofluids provide 

enhanced thermal properties as a direct results of the higher thermal conductivities of 

the nanoparticles as compared to the base fluid. However, the presence of 

nanoparticles increases the HTF’s viscosity, which is then reflected as a higher 

pumping power requirement in order to achieve the same flow rate. Finally, and in 

order to avoid two-phase flow, Lee and Qu [45] recommended that 𝑇𝑐ℎ(𝐷) be kept 

below 𝑇𝑠𝑎𝑡 of the HTF in order to avoid the instabilities accompanied by flow boiling. 

Relating the flow rate to 𝑇𝑐ℎ(𝐷) is possible using Eqs. III-86 and 90 where the 

minimum single-phase flow rate corresponds to the flow rate that causes boiling 

incipience at the channel’s outlet [45]. 
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Figure III-60: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Width Ratios on (a) Effective Combined Convective Resistance, 

(b) Effective Heat Transfer Coefficient, (c) Fin Effectiveness, and (d) Fin 

Efficiency for a Pure Water HTF 
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Figure III-61: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Width Ratios on (a) Capacitive Resistance and (b) Mass Flow 

Rate for a Pure Water HTF 
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Figure III-62: Effect of Number of Channels with a Fixed HTF Velocity and 

Various Channel Width Ratios on (a) Total Pressure Drop, (b) Friction Pressure 

Drop, and (c) Contraction and Expansion Pressure Drop for a Pure Water HTF 
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Figure III-63: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Width Ratios on (a) Total Effective Thermal Resistance and (b) 

HTF Outlet Temperature for a Pure Water HTF 
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Figure III-64: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Width Ratios on (a) Effective Combined Convective Resistance, 

(b) Effective Heat Transfer Coefficient, (c) Fin Effectiveness, and (d) Fin 

Efficiency for a Pure Water HTF 
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Figure III-65: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Width Ratios on (a) Streamwise Cross-Sectional Area and (b) 

HTF Velocity 
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Figure III-66: Effect of Number of Channels with a Fixed Mass Flow Rate and 

Various Channel Width Ratios on (a) Total Pressure Drop, (b) Friction Pressure 

Drop, and (c) Contraction and Expansion Pressure Drop for a Pure Water HTF 
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Figure III-67: Effect of Mass Flow Rate and Number of Channels on (a) Total 

Effective Thermal Resistance, (b) Total Pressure Drop, (c) Effective Heat 

Transfer Coefficient, and (d) HTF Outlet Temperature 
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Figure III-68: Streamwise Temperature Profiles for the Cross-Sectional 

Averaged HTF, Wetted Channels Surface, Upper Base Surface, and Upper 

Thermal Adhesive Surface 
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Figure III-69: Two-Dimensional Temperature Profile along the Fin’s Length and 

Streamwise Depth 
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Chapter III-5. System-Level Integration and Thermodynamic Modeling and 

Analysis 

In this chapter, the energy balance analysis for heat transfer simulation will be 

shown in details for both configurations. Exergy analysis will also be carried to 

identify the exergy efficiency, losses, and improvement potentials. Finally, a few 

important exergoeconomic and environmental performance indices will be identified. 

III-5.1. Energy Balance of Configuration I 

A representative slice of the receiver assembly for configuration I is shown in 

Fig III-70 under the assumption that interfacial planes parallel to the x-direction are 

adiabatic, according to the separately-series technique explained in Section III-4.2, up 

till the front surface of the thermal adhesive layer. The resulting equivalent thermal 

resistance network for the receiver assembly in configuration I is shown in Fig. III-

71. 

It is critical to notice that, since there’s a constant surface heat flux on the 

receiver, there must be z-directional temperature variation in all layers as a direct 

results of the z-direction streamwise variation in the cross-sectional-averaged HTF 

temperature, as per the details in Section III-4.3.1. Fortunately, the effective 

temperature difference between any two subsequent layers is the same at any z-

location for the reasons highlighted in Section III-4.3.1. Thus, heat transfer could be 

taken as uniform over all yz-planes and the constant surface heat flux boundary 

condition at the mHX is justified, as per the discussion in Section III-4.3.1. However, 

and as per the explanation in Section III-4.3.1, the capacitive temperature difference 

does vary with z-location and is intuitively equal to zero at the channel’s inlet and 

reaches its maximum at the channel’s outlet. In order to simplify the analysis without 

a loss of accuracy, we will assume the thermal adhesive’s top surface (toward the 

segmented TEG) is at a temperature 𝑇𝑎𝑑
𝑎𝑣𝑔

 equal to the average between 𝑇10𝑛 and 

𝑇10𝑝, as shown in Fig. III-70. This approximation is possible since the difference 

between 𝑇10𝑛 and 𝑇10𝑝 is very small. As such, the separately-series technique is 

applicable up to the interface with the mHX, as shown in Fig. III-71, and the mHX 

temperature is assumed not to vary in the y-direction. 
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Figure III-70: Representative Slice of the Receiver Assembly with Adiabatic 

Lines and Surface Temperatures for Configuration I 

 

 

As shown in Fig. III-72, we can treat the receiver assembly as three control 

volume blocks. The first block consists of the MJPV cells, solder layer, and ceramic 

insulator. The second block consists of the segmented TEG couples. The third block 

consists of the thermal adhesive layer and the mHX units. Each block has its 

interactions with the adjacent block(s) and the surroundings through its inputs and 

outputs shown in Fig. III-72. In the following three subsections, each control 

volume’s interactions will be analyzed. 
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Figure III-71: Equivalent Thermal Resistance Network for the Receiver Assembly of Configuration I 
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Figure III-72: Steady-State Energy Balance and Energy Conversions in 

Configuration I for the (a) MJPV Cells Receiver, Solder Layer, and Ceramic 

Insulator; (b) Segmented TEGs; and (c) Thermal Adhesive and Minichannels 

Heat Extractor Control Volume Blocks 

 

 

In addition to these assumptions and approximations, the following will be 

assumed during the energy analysis in the following subsections for the thermally in-

series configuration: 

 Steady-state operation. 

 One-dimensional conduction heat transfer along the x-direction. 

 Constant averaged thermophysical and material properties over the boundary 

working temperatures of each element. 

 Negligible thermal contact resistance between the different layers (except 

within the segmented TEGs, as per Section III-4.2). 

 The HTF flow in the mHX channels is hydraulically full developed, 

incompressible, and has constant averaged thermophysical properties over its 

boundary working temperature. 
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 The insulated enclosure is adiabatic with negligible heat losses. 

 The air temperature surrounding the receiver assembly and parabolic 

concentrator is assumed to be equal to the ambient air temperature. 

 All elements have the same depth. 

 All surfaces exposed to the ambient are assumed diffuse and gray. 

 All materials are homogeneous and isotropic. 

 The following cross-sectional areas are all equal in a representative slice of 

the receiver assembly: 𝐴𝑃𝑉 = 𝐴𝑠𝑙 = 𝐴𝑐𝑖 = 𝐴𝑛 + 𝐴𝑝 = 𝐴𝑎𝑑 = 𝐴𝑏𝑎𝑠𝑒 where 𝑠𝑙 

denotes the solder layer. 

Other assumptions are stated and justified wherever necessary. 

III-5.1.1. Energy balance over MJPV cell receiver, solder layer, and 

ceramic insulator. 

Under steady-state conditions, power input is equal to power output from a 

control volume according to the conservation of energy principle. Taking an MJPV 

cell, solder layer, and ceramic insulator as the control volume as shown in Fig. III-

72a, the concentrated incident solar power intercepted by the MJPV cell surface 𝑃𝑖𝑛𝑡
𝑃𝑉 

is divided into solar power externally reflected from the PV surface 𝑃𝑟𝑒𝑓
𝑃𝑉  and solar 

power absorbed within the bulk of the PV semiconductor in the form of chemical 

power 𝑃𝑎𝑏𝑠
𝑃𝑉 ; yielding: 

𝑃𝑖𝑛𝑡
𝑃𝑉 = 𝑃𝑟𝑒𝑓

𝑃𝑉 + 𝑃𝑎𝑏𝑠
𝑃𝑉         (III-131) 

𝑃𝑖𝑛𝑡
𝑃𝑉 is expressed as: 

𝑃𝑖𝑛𝑡
𝑃𝑉 = 𝛾𝑡𝐴𝑃𝑉𝑋𝑔𝑚(1 − 𝑆𝑓) ∙ ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆)𝜌𝑐𝑜𝑛(𝜆) 𝑑𝜆

𝜆2

𝜆1
   (III-132) 

Where 𝜆1 and 𝜆2 correspond to the utilized solar spectrum’s wavelengths range. Eq. 

III-132 assumes uniform irradiance over the receiver and 𝑃𝑖𝑛𝑡
𝑃𝑉 is thus obtained from 

the ray trace simulation. 𝑃𝑟𝑒𝑓
𝑃𝑉  is expressed as: 

𝑃𝑟𝑒𝑓
𝑃𝑉 = 𝑃𝑖𝑛𝑡

𝑃𝑉 ∙ ∫ 𝜌𝐴𝑅𝐶(𝜆) 𝑑𝜆
𝜆2

𝜆1
       (III-133) 

𝑃𝑎𝑏𝑠
𝑃𝑉  is expressed as: 

𝑃𝑎𝑏𝑠
𝑃𝑉 = 𝑃𝑖𝑛𝑡

𝑃𝑉 ∙ ∫ (1 − 𝜌𝐴𝑅𝐶(𝜆)) 𝑑𝜆
𝜆2

𝜆1
      (III-134) 

The MJPV cells’ packing factor in this study is approximated as equal to unity (i.e., 

negligible spacing between adjacent cells). 
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𝑃𝑎𝑏𝑠
𝑃𝑉  is then converted into DC electrical power output 𝑃𝑒𝑙𝑒

𝑃𝑉 and thermal power 

𝑃𝑡ℎ
𝑃𝑉; yielding: 

𝑃𝑎𝑏𝑠
𝑃𝑉 = 𝑃𝑒𝑙𝑒

𝑃𝑉 + 𝑃𝑡ℎ
𝑃𝑉        (III-135) 

Where 𝑃𝑒𝑙𝑒
𝑃𝑉 from a MJPV cell is expressed as: 

𝑃𝑒𝑙𝑒
𝑃𝑉 = 𝜂𝑒𝑙𝑒

𝑃𝑉𝑃𝑖𝑛𝑡
𝑃𝑉        (III-136) 

Where it is assumed that resistive heating losses in the electrical connections are 

negligible. Moreover, should the required electrical output be in AC, then a DC/AC 

inverter efficiency (and its variation with input and output loads) should be accounted 

for. On the other hand, 𝑃𝑡ℎ
𝑃𝑉 is divided into thermal power conducted (denoted by 𝑘) 

from the MJPV cell to the segmented TEG top copper connector 𝑃𝑘
𝑃𝑉−𝑐,𝑡

, thermal 

power lost by convection (denoted by ℎ) from the MJPV cell to the ambient (denoted 

by 𝑎) 𝑃ℎ
𝑃𝑉−𝑎, and thermal power lost by radiation (denoted by 휀) from the MJPV cell 

to the parabolic concentrator 𝑃𝑃𝑉−𝑐𝑜𝑛; yielding: 

𝑃𝑡ℎ
𝑃𝑉 = 𝑃𝑘

𝑃𝑉−𝑐,𝑡 + 𝑃ℎ
𝑃𝑉−𝑎 + 𝑃𝑃𝑉−𝑐𝑜𝑛      (III-137) 

The amount of thermal power conducted from the front surface of the MJPV 

cell to the front surface of the segmented TEG top copper connector 𝑃𝑘
𝑃𝑉−𝑐,𝑡

 is 

derived using, as previously stated, the separately-series technique and assuming 

insulation inside the gaps between adjacent thermoelectric legs is ideal and negligibly 

thick. Based on the equivalent thermal resistance network in Fig. III-71, we have: 

𝑃𝑘
𝑃𝑉−𝑐,𝑡 = 𝑃𝑘

𝑃𝑉−𝑐,𝑡,𝑛 + 𝑃𝑘
𝑃𝑉−𝑐,𝑡,𝑝

      (III-138) 

Fourier’s law of heat conduction dictates for an arbitrary control volume that: 

∫ 𝑃𝑘𝑑𝑥
𝐿

0
= −∫ 𝑘𝐴𝑑𝑇

𝑇𝑐𝑜𝑙𝑑
𝑇ℎ𝑜𝑡

       (III-139) 

Thus, using Eqs. III-138 and III-139, we can express 𝑃𝑘
𝑃𝑉−𝑐,𝑡

 as: 

𝑃𝑘
𝑃𝑉−𝑐,𝑡 =

𝐴𝑛(𝑇𝑃𝑉−𝑇1𝑛)

�̅�𝑘
𝑃𝑉−𝑐,𝑡 +

𝐴𝑝(𝑇𝑃𝑉−𝑇1𝑝)

�̅�𝑘
𝑃𝑉−𝑐,𝑡       (III-140) 

Where 𝐴𝑃𝑉 = 𝐴𝑛 + 𝐴𝑝, as previously stated. The conductive thermal impedance 

�̅�𝑘
𝑃𝑉−𝑐,𝑡

 based on the equivalent thermal resistance network in Fig. III-71 is the same 

for both the n- and p-sides (notice that thermal resistance, on the other hand, is not the 

same) and is equal to: 

�̅�𝑘
𝑃𝑉−𝑐,𝑡 =

𝐿𝑃𝑉

𝑘𝑃𝑉
+
𝐿𝑠𝑙

𝑘𝑠𝑙
+
𝐿𝑐𝑖

𝑘𝑐𝑖
       (III-141) 
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The solder used for the C1MJ cells is high-temperature, non-eutectic Sn95Ag5 [31] 

and the ceramic insulator substrate is 96% Al2O3 (alumina) [31]. 

The amount of thermal power lost by convection from the MJPV cell’s front 

surface to the ambient 𝑃ℎ
𝑃𝑉−𝑎 is derived using Newton’s law of cooling as: 

𝑃ℎ
𝑃𝑉−𝑎 =

(𝑇𝑃𝑉−𝑇𝑎)

𝑟ℎ
𝑃𝑉−𝑎         (III-142) 

With the convection thermal resistance 𝑟ℎ
𝑃𝑉−𝑎 given by: 

𝑟ℎ
𝑃𝑉−𝑎 =

1

ℎ𝑃𝑉𝐴𝑃𝑉
        (III-143) 

Where the wind convection heat transfer coefficient from the PV surface ℎ𝑃𝑉 is 

related to the magnitude of local wind velocity 𝑢 according to the refined relation 

developed for CPV modules by Adkins [22]: 

ℎ𝑃𝑉 = 11.9𝑢
0.5        (III-144) 

This relation holds regardless of wind velocity direction. 

The amount of thermal power lost by radiation from the MJPV cell’s front 

surface to the parabolic concentrator 𝑃𝑃𝑉−𝑐𝑜𝑛 is expressed as: 

𝑃𝑃𝑉−𝑐𝑜𝑛 =
(𝑇𝑃𝑉−𝑇𝑐𝑜𝑛)

𝑟𝜀
𝑃𝑉−𝑐𝑜𝑛         (III-145) 

With the radiation thermal resistance 𝑟𝑃𝑉−𝑐𝑜𝑛 given by: 

𝑟𝑃𝑉−𝑐𝑜𝑛 =
1

𝐴𝑃𝑉 𝑃𝑉𝜎0(𝑇𝑃𝑉
2 +𝑇𝑐𝑜𝑛

2 )(𝑇𝑃𝑉+𝑇𝑐𝑜𝑛)
     (III-146) 

Where 휀𝑃𝑉 is the PV surface emissivity and 𝜎0 is the Stefan-Boltzmann constant. We 

have assumed that the paraboloid concentrator’s area is much larger than the PV 

receiver’s resulting in a view factor ≈ 1 [23]. The 휀𝑃𝑉 value is assumed averaged 

with respect to temperature, wavelength, and incidence direction. 

Finally, combining Eqs. III-131, III-135, and III-137 yields the following total 

energy balance equation over the control volume taken in this section: 

𝑃𝑖𝑛𝑡
𝑃𝑉 = 𝑃𝑟𝑒𝑓

𝑃𝑉 + 𝑃𝑒𝑙𝑒
𝑃𝑉 + 𝑃𝑘

𝑃𝑉−𝑐,𝑡 + 𝑃ℎ
𝑃𝑉−𝑎 + 𝑃𝑃𝑉−𝑐𝑜𝑛    (III-147) 

III-5.1.2. Energy balance over segmented TEG. 

Taking a segmented TEG couple as the control volume and with reference to 

Fig. III-72, the amount of thermal power supplied into a segmented TEG from the top 

copper connector 𝑃ℎ𝑜𝑡 was stated in Section III-4.2.4 and is equated to the thermal 

power conducted through the MJPV cell and its substrates (i.e., representing the 
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boundary condition between the MJPV cell and its substrates with the segmented 

TEG). This could be explicitly expressed as: 

𝑃ℎ𝑜𝑡 = 𝐴𝑛𝑘𝑐,𝑡,𝑛 (
𝑇1𝑛−𝑇2𝑛

𝐿𝑐
−
𝐷𝑐,𝑡,𝑛𝐿𝑐

2
) + 𝐴𝑝𝑘𝑐,𝑡,𝑝 (

𝑇1𝑝−𝑇2𝑝

𝐿𝑐
−
𝐷𝑐,𝑡,𝑝𝐿𝑐

2
) = 𝑃𝑘

𝑃𝑉−𝑐,𝑡
(III-148) 

The amount of thermal power dissipated from a segmented TEG through the 

bottom copper connector 𝑃𝑐𝑜𝑙𝑑 is: 

𝑃𝑐𝑜𝑙𝑑 = 𝐴𝑛𝑘𝑐,𝑏,𝑛 (
𝐷𝑐,𝑏,𝑛𝐿𝑐

2
+
𝑇9𝑛−𝑇10𝑛

𝐿𝑐
) + 𝐴𝑝𝑘𝑐,𝑏,𝑝 (

𝐷𝑐,𝑏,𝑝𝐿𝑐

2
+
𝑇9𝑝−𝑇10𝑝

𝐿𝑐
) (III-149) 

Finally, the total energy balance equation over the control volume taken in 

this section is: 

𝑃ℎ𝑜𝑡 = 𝑃𝑐𝑜𝑙𝑑 + 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺         (III-150) 

Where 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺  was expressed in Section III-4.2.4 for a segmented TEG couple. 

III-5.1.3. Energy balance over thermal adhesive and mHX. 

Taking the thermal adhesive layer and the minichannels heat extractor as the 

control volume and with reference to Fig. III-72, the amount of thermal power 

dissipated from the back surface of the segmented TEG bottom copper connector at 

the interface with the thermal adhesive 𝑃𝑐𝑜𝑙𝑑 is the effective thermal power input into 

the mHX unit 𝑃𝑒𝑓𝑓 (i.e., representing the boundary condition between the segmented 

TEG and the mHX unit): 

𝑃𝑒𝑓𝑓 = 𝑃𝑐𝑜𝑙𝑑 =
[𝑇𝑎𝑑
𝑎𝑣𝑔

−𝑇𝐻𝑇𝐹
𝑖𝑛 ]

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓        (III-151) 

Where, as previously explained and justified, 𝑇𝑎𝑑
𝑎𝑣𝑔

 is taken to be: 

𝑇𝑎𝑑
𝑎𝑣𝑔

=
𝑇10𝑛+𝑇10𝑝

2
        (III-152) 

 Whereas the constant surface thermal power flux 𝐼𝑒𝑓𝑓 is simply: 

𝐼𝑒𝑓𝑓 =
𝑃𝑒𝑓𝑓

𝑊𝐷
         (III-153) 

The total amount of useful thermal power extracted by the mHX 𝑃𝑡ℎ
𝑚𝐻𝑋 was 

discussed in Section III-4.3.1 and could be found from: 

𝑃𝑡ℎ
𝑚𝐻𝑋 =

[𝑇𝐻𝑇𝐹
𝑜𝑢𝑡−𝑇𝐻𝑇𝐹

𝑖𝑛 ]

𝑟𝑐𝑎𝑝
        (III-154) 

The pumping power 𝑃𝑝𝑢𝑚𝑝 required to meet the pressure drop in the mHX 

channels is: 

𝑃𝑝𝑢𝑚𝑝 =
�̇�𝐻𝑇𝐹∆𝑝

𝜂𝑝𝑢𝑚𝑝
        (III-155) 
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Where ∆𝑝 is found from Section III-4.3.3 and 𝜂𝑝𝑢𝑚𝑝 is the pump efficiency. 𝑃𝑝𝑢𝑚𝑝 is 

completely internally consumed and does not contribute to the output useful thermal 

power. Thus, the total energy balance over the control volume taken in this section is 

simply: 

𝑃𝑒𝑓𝑓 = 𝑃𝑡ℎ
𝑚𝐻𝑋         (III-156) 

III-5.1.4. Energy balance over receiver assembly. 

Taking the entire receiver assembly shown in Fig. III-70 as the control 

volume, the input power is from the concentrated incident irradiance intercepted and 

absorbed by the MJPV cell receiver 𝑃𝑎𝑏𝑠
𝑃𝑉 . The net output power is divide into the 

useful electrical power outputs 𝑃𝑒𝑙𝑒
𝑃𝑉 and 𝑃𝑒𝑙𝑒

𝑇𝐸𝐺  less the required pumping power 

𝑃𝑝𝑢𝑚𝑝, thermal power lost by convection 𝑃ℎ
𝑃𝑉−𝑎 and radiation 𝑃𝑃𝑉−𝑐𝑜𝑛 from the 

receiver’s front surface, and useful thermal power extracted by the HTF in the mHX 

𝑃𝑡ℎ
𝑚𝐻𝑋. Thus: 

𝑃𝑎𝑏𝑠
𝑃𝑉 = 𝑃𝑒𝑙𝑒

𝑃𝑉 + 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺 − 𝑃𝑝𝑢𝑚𝑝 + 𝑃ℎ

𝑃𝑉−𝑎 + 𝑃𝑃𝑉−𝑐𝑜𝑛 + 𝑃𝑡ℎ
𝑚𝐻𝑋   (III-157) 

III-5.1.5. Energy balance over parabolic concentrator. 

We will take the paraboloidal concentrator as the control volume in this 

section in order to find its surface temperature for completing the radiation thermal 

power losses calculations between the MJPV cell and the concentrator, as per Eq. III-

145. Since the concentrator is made from highly-conductive metals and has a very 

small thickness, we can take its front (facing the sun) and back surfaces to be at the 

same temperature. 

 The power inputs to this control volume are the intercepted and absorbed 

incident solar power 𝑃𝑎𝑏𝑠
𝑐𝑜𝑛 and thermal power dissipated by radiation from all MJPV 

cells’ front surfaces to the parabolic concentrator ∑ 𝑃 ,𝑗
𝑃𝑉−𝑐𝑜𝑛𝑁𝑃𝑉

𝑗=1 . On the other hand, 

the power outputs from the control volume are thermal power lost by convection from 

the concentrator’s front and back surfaces to the ambient 𝑃ℎ
𝑐𝑜𝑛−𝑎 and thermal power 

lost by radiation from the concentrator’s back surface to the effective sky (denoted by 

𝑠𝑘𝑦) 𝑃
𝑐𝑜𝑛−𝑠𝑘𝑦

. Front surface radiative losses are assumed negligible in this case. 

Collectively, this yields: 

𝑃𝑎𝑏𝑠
𝑐𝑜𝑛 +∑ 𝑃 ,𝑗

𝑃𝑉−𝑐𝑜𝑛𝑁𝑃𝑉
𝑗=1 = 𝑃ℎ

𝑐𝑜𝑛−𝑎 + 𝑃
𝑐𝑜𝑛−𝑠𝑘𝑦

     (III-158) 
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𝑃𝑎𝑏𝑠
𝑐𝑜𝑛 is found from: 

𝑃𝑎𝑏𝑠
𝑐𝑜𝑛 = 𝐴𝑐𝑜𝑛,𝑠(1 − 𝑆𝑓) ∙ ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆)(1 − 𝜌𝑐𝑜𝑛(𝜆)) 𝑑𝜆

𝜆2

𝜆1
   (III-159) 

𝑃𝑃𝑉−𝑐𝑜𝑛 is given by Eq. III-145 for an individual MJPV cell. 𝑃ℎ
𝑐𝑜𝑛−𝑎 from both front 

and back surfaces is found using Newton’s law of cooling as: 

𝑃ℎ
𝑐𝑜𝑛−𝑎 =

(𝑇𝑐𝑜𝑛−𝑇𝑎)

𝑟ℎ
𝑐𝑜𝑛−𝑎         (III-160) 

With the convection thermal resistance 𝑟ℎ
𝑐𝑜𝑛−𝑎 given by: 

𝑟ℎ
𝑐𝑜𝑛−𝑎 =

1

2𝐴𝑐𝑜𝑛,𝑠ℎ𝑐𝑜𝑛
        (III-161) 

The wind convection heat transfer coefficient from the concentrator’s surface ℎ𝑐𝑜𝑛 is 

approximated using [30]: 

ℎ𝑐𝑜𝑛 = 10.45 − 𝑢 + 10𝑢
0.5       (III-162) 

This relation gives very similar results to those obtained using Eq. III-143 for ℎ𝑃𝑉. 

𝑃
𝑐𝑜𝑛−𝑠𝑘𝑦

 from the back surface is found from: 

𝑃
𝑐𝑜𝑛−𝑠𝑘𝑦

=
(𝑇𝑐𝑜𝑛−𝑇𝑠𝑘𝑦)

𝑟𝜀
𝑐𝑜𝑛−𝑠𝑘𝑦        (III-163) 

With the radiation thermal resistance 𝑟
𝑐𝑜𝑛−𝑠𝑘𝑦

 given by: 

𝑟
𝑐𝑜𝑛−𝑠𝑘𝑦

=
1

𝐴𝑐𝑜𝑛,𝑠 𝑐𝑜𝑛𝜎0(𝑇𝑐𝑜𝑛
2 +𝑇𝑠𝑘𝑦

2 )(𝑇𝑐𝑜𝑛+𝑇𝑠𝑘𝑦)
     (III-164) 

The 휀𝑐𝑜𝑛 value is assumed averaged with respect to temperature, wavelength, and 

direction. The effective sky temperature 𝑇𝑠𝑘𝑦 is correlated to the ambient air 

temperature 𝑇𝑎, clearness index 𝐾, and water vapor pressure 𝑝𝑣 by the Aubinet 

correlation [28]: 

𝑇𝑠𝑘𝑦 = 94 + 12.6 ln(𝑝𝑣) − 13𝐾 + 0.341𝑇𝑎     (III-165) 

𝑇𝑠𝑘𝑦 is a fictitious temperature introduced to model the long-wave radiative heat 

transfer between a surface and the sky. Often in solar systems analysis, the sky 

temperature is taken to be equal to the ambient air temperature. However, this 

correlation is inaccurate [29]. Instead, the correlation in Eq. III-165 is used to produce 

a better estimate of 𝑇𝑠𝑘𝑦. 𝐾 is defined as the ratio between global solar radiation 𝑃𝑔𝑏 

and extraterrestrial solar radiation 𝑃𝑒𝑥: 

𝐾 =
𝑃𝑔𝑏

𝑃𝑒𝑥
         (III-166) 

𝑝𝑣 could be directly found from the relative humidity 𝑅𝐻 and saturated vapor 

pressure 𝑝𝑣,𝑠𝑎𝑡 by: 
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𝑝𝑣 = 𝑅𝐻 ∙ 𝑝𝑣,𝑠𝑎𝑡        (III-167) 

III-5.1.6. Energy efficiencies. 

 The total CPVT system’s electrical, thermal, and energy (first law) 

efficiencies are defined respectively as: 

𝜂𝐼
𝑒𝑙𝑒 =

𝑃𝑒𝑙𝑒
𝑃𝑉,𝑡𝑜𝑡+𝑃𝑒𝑙𝑒

𝑇𝐸𝐺.𝑡𝑜𝑡−𝑃𝑝𝑢𝑚𝑝
𝑡𝑜𝑡

𝐴𝑐𝑜𝑛,𝑎 ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆) 𝑑𝜆
𝜆2
𝜆1

       (III-168) 

𝜂𝐼
𝑡ℎ =

𝑃𝑡ℎ
𝑚𝐻𝑋,𝑡𝑜𝑡

𝐴𝑐𝑜𝑛,𝑎 ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆) 𝑑𝜆
𝜆2
𝜆1

       (III-169) 

𝜂𝐼
𝐶𝑃𝑉𝑇 = 𝜂𝐼

𝑒𝑙𝑒 + 𝜂𝐼
𝑡ℎ =

𝑃𝑒𝑙𝑒
𝑃𝑉,𝑡𝑜𝑡+𝑃𝑒𝑙𝑒

𝑇𝐸𝐺.𝑡𝑜𝑡−𝑃𝑝𝑢𝑚𝑝
𝑡𝑜𝑡 +𝑃𝑡ℎ

𝑚𝐻𝑋,𝑡𝑜𝑡

𝐴𝑐𝑜𝑛,𝑎 ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆) 𝑑𝜆
𝜆2
𝜆1

   (III-170) 

The total terms in Eqs. III-168 through III-170 will be explained in Section III-5.3. 

III-5.2. Energy Balance of Configuration II 

In Fig III-73, a representative slice from the three receiver types in 

configuration II is shown. The resulting equivalent thermal resistance networks for 

the three types of receivers in configuration II are shown in Fig. III-74. As shown in 

Fig. III-75, we can treat the receiver assembly as three control volume blocks. The 

first block consists of MJPV cells, solder layer, ceramic insulator, and mHXs 

(mHX2). The second block consists of thermal absorbers, ceramic insulator, 

segmented TEG couples, thermal adhesive, and mHXs (mHX1). The third block 

consists of thermal absorbers and mHXs (mHX3). Each block has its interactions with 

the surroundings through its inputs and outputs shown in Fig. III-75. In the following 

three subsections, each control volume’s interactions will be analyzed. 

The same assumptions and approximations followed in Section III-5.1 apply 

to this section with the following modifications: 

 All MJPV cells and sTEG couples have the same depth. 

 The following cross-sectional areas are all equal in the MJPV and sTEG 

slices: 𝐴𝑃𝑉 = 𝐴𝑠𝑙 = 𝐴𝑐𝑖 = 𝐴𝑏𝑎𝑠𝑒 = 𝐴𝑡𝑎,1 = 𝐴𝑛 + 𝐴𝑝 = 𝐴𝑎𝑑 where 𝑡𝑎, 1 

denotes the thermal absorber receiver in the sTEG slice. While in the mHX3 

slice: 𝐴𝑡𝑎,2 = 𝐴𝑏𝑎𝑠𝑒 where 𝑡𝑎, 2 denotes the thermal absorber in the mHX3 

slice. 

Other assumptions are stated and justified wherever necessary. 
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Figure III-73: Representative Slices of (a) sTEG Thermal Absorber Receiver, (b) 

mHX3 Thermal Absorber Receiver, and (c) MJPV Receiver with Adiabatic 

Lines and Surface Temperatures for Configuration II 

(c) 

(b) 

(a) 
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Figure III-74: Equivalent Thermal Resistance Network for the (a) sTEG Thermal Absorber Receiver, (b) mHX3 Thermal Absorber 

Receiver, and (c) MJPV Receiver of Configuration II 

(a) 
(b) 

(c) 
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Figure III-75: Steady-State Energy Balance and Energy Conversions in 

Configuration II for the (a) sTEG Thermal Absorber Receiver, (b) MJPV Cells 

Receiver, and (c) mHX3 Thermal Absorber Receiver Control Volume Blocks 

 

 

III-5.2.1. Energy balance over MJPV cell receiver, solder layer, ceramic 

insulator, and mHX2. 

Taking an MJPV cell, solder layer, ceramic insulator, and mHX2 as the 

control volume as shown in Fig. III-75b, the concentrated incident solar power 

intercepted by the MJPV cell surface 𝑃𝑖𝑛𝑡
𝑃𝑉 is divided into solar power externally 

reflected from the PV surface 𝑃𝑟𝑒𝑓
𝑃𝑉  and solar power absorbed within the bulk of the 

PV semiconductor in the form of chemical power 𝑃𝑎𝑏𝑠
𝑃𝑉 ; yielding: 

𝑃𝑖𝑛𝑡
𝑃𝑉 = 𝑃𝑟𝑒𝑓

𝑃𝑉 + 𝑃𝑎𝑏𝑠
𝑃𝑉         (III-171) 

𝑃𝑖𝑛𝑡
𝑃𝑉 is expressed as: 

𝑃𝑖𝑛𝑡
𝑃𝑉 = 𝛾𝑡

𝑃𝑉𝐴𝑃𝑉𝑋𝑔𝑚(1 − 𝑆𝑓) ∙ ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆)𝜌𝑐𝑜𝑛(𝜆) 𝑑𝜆
𝜆2

𝜆1
   (III-172) 
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Where 𝛾𝑡
𝑃𝑉 corresponds to the MJPV cell receivers’ intercept factor. Eq. III-172 

assumes uniform irradiance over the receiver and 𝑃𝑖𝑛𝑡
𝑃𝑉 is thus obtained from the ray 

trace simulation. 𝑃𝑟𝑒𝑓
𝑃𝑉  is expressed as: 

𝑃𝑟𝑒𝑓
𝑃𝑉 = 𝑃𝑖𝑛𝑡

𝑃𝑉 ∙ ∫ 𝜌𝐴𝑅𝐶(𝜆) 𝑑𝜆
𝜆2

𝜆1
       (III-173) 

𝑃𝑎𝑏𝑠
𝑃𝑉  is expressed as: 

𝑃𝑎𝑏𝑠
𝑃𝑉 = 𝑃𝑖𝑛𝑡

𝑃𝑉 ∙ ∫ (1 − 𝜌𝐴𝑅𝐶(𝜆)) 𝑑𝜆
𝜆2

𝜆1
      (III-174) 

𝑃𝑎𝑏𝑠
𝑃𝑉  is then converted into DC electrical power output 𝑃𝑒𝑙𝑒

𝑃𝑉 and thermal power 

𝑃𝑡ℎ
𝑃𝑉; yielding: 

𝑃𝑎𝑏𝑠
𝑃𝑉 = 𝑃𝑒𝑙𝑒

𝑃𝑉 + 𝑃𝑡ℎ
𝑃𝑉        (III-175) 

Where 𝑃𝑒𝑙𝑒
𝑃𝑉 from a MJPV cell is expressed as: 

𝑃𝑒𝑙𝑒
𝑃𝑉 = 𝜂𝑒𝑙𝑒

𝑃𝑉𝑃𝑖𝑛𝑡
𝑃𝑉        (III-176) 

On the other hand, 𝑃𝑡ℎ
𝑃𝑉 is divided into thermal power conducted from the MJPV cell 

to the base of mHX2 𝑃𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒, thermal power lost by convection from the MJPV cell 

to the ambient 𝑃ℎ
𝑃𝑉−𝑎, and thermal power lost by radiation from the MJPV cell to the 

parabolic concentrator 𝑃𝑃𝑉−𝑐𝑜𝑛; yielding: 

𝑃𝑡ℎ
𝑃𝑉 = 𝑃𝑘

𝑃𝑉−𝑏𝑎𝑠𝑒 + 𝑃ℎ
𝑃𝑉−𝑎 + 𝑃𝑃𝑉−𝑐𝑜𝑛     (III-177) 

For 𝑃𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒, and based on the equivalent thermal resistance network in Fig. 

III-74a and Fourier’s law of heat conduction, we have: 

𝑃𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒 =

(𝑇𝑃𝑉−𝑇𝑏𝑎𝑠𝑒)

𝑟𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒        (III-178) 

The conductive thermal resistance 𝑟𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒 is given by: 

𝑟𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒 =

𝐿𝑃𝑉

𝐴𝑃𝑉𝑘𝑃𝑉
+

𝐿𝑠𝑙

𝐴𝑠𝑙𝑘𝑠𝑙
+

𝐿𝑐𝑖

𝐴𝑐𝑖𝑘𝑐𝑖
      (III-179) 

The solder used for the C1MJ cells is high-temperature, non-eutectic Sn95Ag5 [31] 

and the ceramic insulator substrate is 96% Al2O3 (alumina) [31]. 𝑃𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒 is the 

effective thermal power input into the mHX2 unit 𝑃𝑒𝑓𝑓 (i.e., representing the 

boundary condition between the MJPV cell and its substrates with the mHX2 unit): 

𝑃𝑒𝑓𝑓 = 𝑃𝑘
𝑃𝑉−𝑏𝑎𝑠𝑒 =

[𝑇𝑏𝑎𝑠𝑒−𝑇𝐻𝑇𝐹
𝑖𝑛 ]

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓       (III-180) 

With the exclusion of 𝑟𝑘
𝑎𝑑 from Eq. III-69 for the calculation of 𝑟𝑡𝑜𝑡

𝑒𝑓𝑓
. Again, the 

constant surface thermal power flux 𝐼𝑒𝑓𝑓 is simply: 

𝐼𝑒𝑓𝑓 =
𝑃𝑒𝑓𝑓

𝑊𝐷
         (III-181) 
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The total amount of useful thermal power extracted by mHX2 𝑃𝑡ℎ
𝑚𝐻𝑋2 could be found 

from: 

𝑃𝑡ℎ
𝑚𝐻𝑋2 =

[𝑇𝐻𝑇𝐹
𝑜𝑢𝑡−𝑇𝐻𝑇𝐹

𝑖𝑛 ]

𝑟𝑐𝑎𝑝
        (III-182) 

The pumping power 𝑃𝑝𝑢𝑚𝑝 required to meet the pressure drop in the mHX channels 

is: 

𝑃𝑝𝑢𝑚𝑝 =
�̇�𝐻𝑇𝐹∆𝑝

𝜂𝑝𝑢𝑚𝑝
        (III-183) 

Where ∆𝑝 is again found from Section III-4.3.3. 

𝑃ℎ
𝑃𝑉−𝑎 is derived using Newton’s law of cooling as: 

𝑃ℎ
𝑃𝑉−𝑎 =

(𝑇𝑃𝑉−𝑇𝑎)

𝑟ℎ
𝑃𝑉−𝑎         (III-184) 

With the convection thermal resistance 𝑟ℎ
𝑃𝑉−𝑎 given by: 

𝑟ℎ
𝑃𝑉−𝑎 =

1

ℎ𝑃𝑉𝐴𝑃𝑉
        (III-185) 

Where ℎ𝑃𝑉 is again found using the refined relation developed for CPV modules by 

Adkins [22]: 

ℎ𝑃𝑉 = 11.9𝑢
0.5        (III-186) 

This relation holds regardless of wind velocity direction. 

𝑃𝑃𝑉−𝑐𝑜𝑛 is expressed as: 

𝑃𝑃𝑉−𝑐𝑜𝑛 =
(𝑇𝑃𝑉−𝑇𝑐𝑜𝑛)

𝑟𝜀
𝑃𝑉−𝑐𝑜𝑛         (III-187) 

With the radiation thermal resistance 𝑟𝑃𝑉−𝑐𝑜𝑛 given by: 

𝑟𝑃𝑉−𝑐𝑜𝑛 =
1

𝐴𝑃𝑉 𝑃𝑉𝜎0(𝑇𝑃𝑉
2 +𝑇𝑐𝑜𝑛

2 )(𝑇𝑃𝑉+𝑇𝑐𝑜𝑛)
     (III-188) 

We have again assumed that the paraboloid concentrator’s area is much larger than 

the PV receiver’s resulting in a view factor ≈ 1 [23]. The 휀𝑃𝑉 value is assumed 

averaged with respect to temperature, wavelength, and incidence direction. 

Finally, combining Eqs. III-171, III-175, and III-177 yields the following total 

energy balance equation over the control volume taken in this section: 

𝑃𝑖𝑛𝑡
𝑃𝑉 = 𝑃𝑟𝑒𝑓

𝑃𝑉 + 𝑃𝑒𝑙𝑒
𝑃𝑉 − 𝑃𝑝𝑢𝑚𝑝 + 𝑃𝑡ℎ

𝑚𝐻𝑋2 + 𝑃ℎ
𝑃𝑉−𝑎 + 𝑃𝑃𝑉−𝑐𝑜𝑛   (III-189) 

III-5.2.2. Energy balance over thermal absorber receiver, ceramic 

insulator, segmented TEG, thermal adhesive, and mHX1. 

Taking the thermal absorber, ceramic insulator, segmented TEG couple, 

thermal adhesive, and mHX1 as the control volume and with reference to Fig. III-75a, 
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the concentrated incident solar power intercepted by the thermal absorber surface 

𝑃𝑖𝑛𝑡
𝑡𝑎,1

 is divided into solar power externally reflected from the thermal absorber 

surface 𝑃𝑟𝑒𝑓
𝑡𝑎,1

 and solar power absorbed within the bulk of the thermal absorber in the 

form of thermal power 𝑃𝑎𝑏𝑠
𝑡𝑎,1

; yielding: 

𝑃𝑖𝑛𝑡
𝑡𝑎,1 = 𝑃𝑟𝑒𝑓

𝑡𝑎,1 + 𝑃𝑎𝑏𝑠
𝑡𝑎,1

        (III-190) 

𝑃𝑖𝑛𝑡
𝑡𝑎,1

 is expressed as: 

𝑃𝑖𝑛𝑡
𝑡𝑎,1 = 𝛾𝑡

𝑡𝑎,1𝐴𝑡𝑎,1𝑋𝑔𝑚(1 − 𝑆𝑓) ∙ ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆)𝜌𝑐𝑜𝑛(𝜆) 𝑑𝜆
𝜆2

𝜆1
   (III-191) 

Where 𝛾𝑡
𝑡𝑎,1

 corresponds to the thermal absorber receivers’ intercept factor. Eq. III-

191 assumes uniform irradiance over the receiver and 𝑃𝑖𝑛𝑡
𝑡𝑎,1

 is thus obtained from the 

ray trace simulation. 𝑃𝑟𝑒𝑓
𝑡𝑎,1

 is expressed as: 

𝑃𝑟𝑒𝑓
𝑡𝑎,1 = 𝑃𝑖𝑛𝑡

𝑡𝑎,1 ∙ ∫ 𝜌𝑡𝑎,1(𝜆) 𝑑𝜆
𝜆2

𝜆1
      (III-192) 

𝑃𝑎𝑏𝑠
𝑡𝑎,1

 is expressed as: 

𝑃𝑎𝑏𝑠
𝑡𝑎,1 = 𝑃𝑖𝑛𝑡

𝑡𝑎,1 ∙ ∫ (1 − 𝜌𝑡𝑎,1(𝜆))  𝑑𝜆
𝜆2

𝜆1
     (III-193) 

All thermal absorbers are composed of an aluminum sheet covered with a selective 

coating of high absorptivity and low emissivity. 

𝑃𝑎𝑏𝑠
𝑡𝑎,1

 is divided into thermal power conducted from the thermal absorber to 

the segmented TEG top copper connector 𝑃𝑘
𝑡𝑎,1−𝑐,𝑡

, thermal power lost by convection 

from the thermal absorber to the ambient 𝑃ℎ
𝑡𝑎,1−𝑎

, and thermal power lost by radiation 

from the thermal absorber to the parabolic concentrator 𝑃𝑡𝑎,1−𝑐𝑜𝑛; yielding: 

𝑃𝑎𝑏𝑠
𝑡𝑎,1 = 𝑃𝑘

𝑡𝑎,1−𝑐,𝑡 + 𝑃ℎ
𝑡𝑎,1−𝑎 + 𝑃𝑡𝑎,1−𝑐𝑜𝑛     (III-194) 

The amount of thermal power conducted from the front surface of the thermal 

absorber to the front surface of the segmented TEG top copper connector 𝑃𝑘
𝑡𝑎,1−𝑐,𝑡

 is 

derived using, as previously stated, the separately-series technique and assuming 

insulation inside the gaps between adjacent thermoelectric legs is ideal and negligibly 

thick. Based on the equivalent thermal resistance network in Fig. III-74c, we have: 

𝑃𝑘
𝑡𝑎,1−𝑐,𝑡 = 𝑃𝑘

𝑡𝑎,1−𝑐,𝑡,𝑛 + 𝑃𝑘
𝑡𝑎,1−𝑐,𝑡,𝑝

      (III-195) 

Which is expressed as: 

𝑃𝑘
𝑡𝑎,1−𝑐,𝑡 =

𝐴𝑛(𝑇𝑡𝑎,1−𝑇1𝑛)

�̅�𝑘
𝑡𝑎,1−𝑐,𝑡 +

𝐴𝑝(𝑇𝑡𝑎,1−𝑇1𝑝)

�̅�𝑘
𝑡𝑎,1−𝑐,𝑡      (III-196) 
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Where 𝐴𝑃𝑉 = 𝐴𝑛 + 𝐴𝑝, as previously stated. The conductive thermal impedance 

�̅�𝑘
𝑡𝑎,1−𝑐,𝑡

 based on the equivalent thermal resistance network in Fig. III-74c is the 

same for both the n- and p-sides (notice that thermal resistance, on the other hand, is 

not the same) and is equal to: 

�̅�𝑘
𝑡𝑎,1−𝑐,𝑡 =

𝐿𝑡𝑎,1

𝑘𝑡𝑎,1
        (III-197) 

The amount of thermal power supplied into a segmented TEG from the top copper 

connector 𝑃ℎ𝑜𝑡 was stated in Section III-4.2.4 and is equated to the thermal power 

conducted through the thermal absorber (i.e., representing the boundary condition 

between the thermal absorber and the segmented TEG). This could be explicitly 

expressed as: 

𝑃ℎ𝑜𝑡 = 𝐴𝑛𝑘𝑐,𝑡,𝑛 (
𝑇1𝑛−𝑇2𝑛

𝐿𝑐
−
𝐷𝑐,𝑡,𝑛𝐿𝑐

2
) + 𝐴𝑝𝑘𝑐,𝑡,𝑝 (

𝑇1𝑝−𝑇2𝑝

𝐿𝑐
−
𝐷𝑐,𝑡,𝑝𝐿𝑐

2
) = 𝑃𝑘

𝑡𝑎,1−𝑐,𝑡
(III-198) 

The amount of thermal power dissipated from a segmented TEG through the bottom 

copper connector 𝑃𝑐𝑜𝑙𝑑 is: 

𝑃𝑐𝑜𝑙𝑑 = 𝐴𝑛𝑘𝑐,𝑏,𝑛 (
𝐷𝑐,𝑏,𝑛𝐿𝑐

2
+
𝑇9𝑛−𝑇10𝑛

𝐿𝑐
) + 𝐴𝑝𝑘𝑐,𝑏,𝑝 (

𝐷𝑐,𝑏,𝑝𝐿𝑐

2
+
𝑇9𝑝−𝑇10𝑝

𝐿𝑐
) (III-199) 

Where 𝑃𝑐𝑜𝑙𝑑 is the effective thermal power input into the mHX1 unit 𝑃𝑒𝑓𝑓 (i.e., 

representing the boundary condition between the segmented TEG and the mHX1 

unit): 

𝑃𝑒𝑓𝑓 = 𝑃𝑐𝑜𝑙𝑑 =
[𝑇𝑎𝑑
𝑎𝑣𝑔

−𝑇𝐻𝑇𝐹
𝑖𝑛 ]

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓        (III-200) 

Again, the constant surface thermal power flux 𝐼𝑒𝑓𝑓 is simply: 

𝐼𝑒𝑓𝑓 =
𝑃𝑒𝑓𝑓

𝑊𝐷
         (III-201) 

The total amount of useful thermal power extracted by mHX1 𝑃𝑡ℎ
𝑚𝐻𝑋1 could be found 

from: 

𝑃𝑡ℎ
𝑚𝐻𝑋1 =

[𝑇𝐻𝑇𝐹
𝑜𝑢𝑡−𝑇𝐻𝑇𝐹

𝑖𝑛 ]

𝑟𝑐𝑎𝑝
        (III-202) 

The pumping power 𝑃𝑝𝑢𝑚𝑝 required to meet the pressure drop in the mHX channels 

is: 

𝑃𝑝𝑢𝑚𝑝 =
�̇�𝐻𝑇𝐹∆𝑝

𝜂𝑝𝑢𝑚𝑝
        (III-203) 

Where ∆𝑝 is again found from Section III-4.3.3. 

𝑃ℎ
𝑡𝑎,1−𝑎

 is derived using Newton’s law of cooling as: 
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𝑃ℎ
𝑡𝑎,1−𝑎 =

(𝑇𝑡𝑎,1−𝑇𝑎)

𝑟ℎ
𝑡𝑎,1−𝑎         (III-204) 

With the convection thermal resistance 𝑟ℎ
𝑡𝑎,1−𝑎

 given by: 

𝑟ℎ
𝑡𝑎,1−𝑎 =

1

ℎ𝑡𝑎,1𝐴𝑡𝑎,1
        (III-205) 

Where for ℎ𝑡𝑎,1 the same refined relation developed for CPV modules by Adkins [22] 

is sued: 

ℎ𝑡𝑎,1 = 11.9𝑢
0.5        (III-206) 

This relation holds regardless of wind velocity direction. 

𝑃𝑡𝑎,1−𝑐𝑜𝑛 is expressed as: 

𝑃𝑡𝑎,1−𝑐𝑜𝑛 =
(𝑇𝑡𝑎,1−𝑇𝑐𝑜𝑛)

𝑟𝜀
𝑡𝑎,1−𝑐𝑜𝑛        (III-207) 

With the radiation thermal resistance 𝑟𝑡𝑎,1−𝑐𝑜𝑛 given by: 

𝑟𝑡𝑎,1−𝑐𝑜𝑛 =
1

𝐴𝑡𝑎,1 𝑡𝑎,1𝜎0(𝑇𝑡𝑎,1
2 +𝑇𝑐𝑜𝑛

2 )(𝑇𝑡𝑎,1+𝑇𝑐𝑜𝑛)
     (III-208) 

We have again assumed that the paraboloid concentrator’s area is much larger than 

the thermal absorber receiver’s resulting in a view factor ≈ 1 [23]. The 휀𝑡𝑎,1 value is 

assumed averaged with respect to temperature, wavelength, and incidence direction. 

Finally, the total energy balance over the control volume taken in this section 

becomes: 

𝑃𝑖𝑛𝑡
𝑡𝑎,1 = 𝑃𝑟𝑒𝑓

𝑡𝑎,1 + 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺 − 𝑃𝑝𝑢𝑚𝑝 + 𝑃𝑡ℎ

𝑚𝐻𝑋1 + 𝑃ℎ
𝑡𝑎,1−𝑎 + 𝑃𝑡𝑎,1−𝑐𝑜𝑛  (III-209) 

III-5.2.3. Energy balance over thermal absorber receiver and mHX3. 

Taking the thermal absorber and mHX3 as the control volume and with 

reference to Fig. III-75c, the concentrated incident solar power intercepted by the 

thermal absorber surface 𝑃𝑖𝑛𝑡
𝑡𝑎,2

 is divided into solar power externally reflected from 

the thermal absorber surface 𝑃𝑟𝑒𝑓
𝑡𝑎,2

 and solar power absorbed within the bulk of the 

thermal absorber in the form of thermal power 𝑃𝑎𝑏𝑠
𝑡𝑎,2

; yielding: 

𝑃𝑖𝑛𝑡
𝑡𝑎,2 = 𝑃𝑟𝑒𝑓

𝑡𝑎,2 + 𝑃𝑎𝑏𝑠
𝑡𝑎,2

        (III-210) 

𝑃𝑖𝑛𝑡
𝑡𝑎,2

 is expressed as: 

𝑃𝑖𝑛𝑡
𝑡𝑎,2 = 𝛾𝑡

𝑡𝑎,2𝐴𝑡𝑎,2𝑋𝑔𝑚(1 − 𝑆𝑓) ∙ ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆)𝜌𝑐𝑜𝑛(𝜆) 𝑑𝜆
𝜆2

𝜆1
   (III-211) 
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Where 𝛾𝑡
𝑡𝑎,2

 corresponds to the thermal absorber receivers’ intercept factor. Eq. III-

211 assumes uniform irradiance over the receiver and 𝑃𝑖𝑛𝑡
𝑡𝑎,2

 is thus obtained from the 

ray trace simulation. 𝑃𝑟𝑒𝑓
𝑡𝑎,2

 is expressed as: 

𝑃𝑟𝑒𝑓
𝑡𝑎,2 = 𝑃𝑖𝑛𝑡

𝑡𝑎,2 ∙ ∫ 𝜌𝑡𝑎,2(𝜆) 𝑑𝜆
𝜆2

𝜆1
      (III-212) 

𝑃𝑎𝑏𝑠
𝑡𝑎,2

 is expressed as: 

𝑃𝑎𝑏𝑠
𝑡𝑎,2 = 𝑃𝑖𝑛𝑡

𝑡𝑎,2 ∙ ∫ (1 − 𝜌𝑡𝑎,2(𝜆))  𝑑𝜆
𝜆2

𝜆1
     (III-213) 

𝑃𝑎𝑏𝑠
𝑡𝑎,2

 is divided into thermal power conducted from the thermal absorber to 

the base of mHX3 𝑃𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒

, thermal power lost by convection from the thermal 

absorber to the ambient 𝑃ℎ
𝑡𝑎,2−𝑎

, and thermal power lost by radiation from the thermal 

absorber to the parabolic concentrator 𝑃𝑡𝑎,2−𝑐𝑜𝑛; yielding: 

𝑃𝑎𝑏𝑠
𝑡𝑎,2 = 𝑃𝑘

𝑡𝑎,2−𝑏𝑎𝑠𝑒 + 𝑃ℎ
𝑡𝑎,2−𝑎 + 𝑃𝑡𝑎,2−𝑐𝑜𝑛     (III-214) 

For 𝑃𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒

, and based on the equivalent thermal resistance network in Fig. 

III-74b and Fourier’s law of heat conduction, we have: 

𝑃𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒 =

(𝑇𝑡𝑎,2−𝑇𝑏𝑎𝑠𝑒)

𝑟𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒        (III-215) 

The conductive thermal resistance 𝑟𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒

 is given by: 

𝑟𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒 =

𝐿𝑡𝑎,2

𝐴𝑡𝑎,2𝑘𝑡𝑎,2
        (III-216) 

𝑃𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒

 is the effective thermal power input into the mHX3 unit 𝑃𝑒𝑓𝑓 (i.e., 

representing the boundary condition between the thermal absorber and the mHX3 

unit): 

𝑃𝑒𝑓𝑓 = 𝑃𝑘
𝑡𝑎,2−𝑏𝑎𝑠𝑒 =

[𝑇𝑏𝑎𝑠𝑒−𝑇𝐻𝑇𝐹
𝑖𝑛 ]

𝑟𝑡𝑜𝑡
𝑒𝑓𝑓       (III-217) 

With the exclusion of 𝑟𝑘
𝑎𝑑 from Eq. III-69 for the calculation of 𝑟𝑡𝑜𝑡

𝑒𝑓𝑓
. Again, the 

constant surface thermal power flux 𝐼𝑒𝑓𝑓 is simply: 

𝐼𝑒𝑓𝑓 =
𝑃𝑒𝑓𝑓

𝑊𝐷
         (III-218) 

The total amount of useful thermal power extracted by mHX3 𝑃𝑡ℎ
𝑚𝐻𝑋3 could be found 

from: 

𝑃𝑡ℎ
𝑚𝐻𝑋3 =

[𝑇𝐻𝑇𝐹
𝑜𝑢𝑡−𝑇𝐻𝑇𝐹

𝑖𝑛 ]

𝑟𝑐𝑎𝑝
        (III-219) 
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The pumping power 𝑃𝑝𝑢𝑚𝑝 required to meet the pressure drop in the mHX channels 

is: 

𝑃𝑝𝑢𝑚𝑝 =
�̇�𝐻𝑇𝐹∆𝑝

𝜂𝑝𝑢𝑚𝑝
        (III-220) 

Where ∆𝑝 is again found from Section III-4.3.3. 

𝑃ℎ
𝑡𝑎,2−𝑎

 is derived using Newton’s law of cooling as: 

𝑃ℎ
𝑡𝑎,2−𝑎 =

(𝑇𝑡𝑎,2−𝑇𝑎)

𝑟ℎ
𝑡𝑎,2−𝑎         (III-221) 

With the convection thermal resistance 𝑟ℎ
𝑡𝑎,2−𝑎

 given by: 

𝑟ℎ
𝑡𝑎,2−𝑎 =

1

ℎ𝑡𝑎,2𝐴𝑡𝑎,2
        (III-222) 

Where for ℎ𝑡𝑎,2 the same refined relation developed for CPV modules by Adkins [22] 

is sued: 

ℎ𝑡𝑎,2 = 11.9𝑢
0.5        (III-223) 

This relation holds regardless of wind velocity direction. 

𝑃𝑡𝑎,2−𝑐𝑜𝑛 is expressed as: 

𝑃𝑡𝑎,2−𝑐𝑜𝑛 =
(𝑇𝑡𝑎,2−𝑇𝑐𝑜𝑛)

𝑟𝜀
𝑡𝑎,2−𝑐𝑜𝑛        (III-224) 

With the radiation thermal resistance 𝑟𝑡𝑎,2−𝑐𝑜𝑛 given by: 

𝑟𝑡𝑎,2−𝑐𝑜𝑛 =
1

𝐴𝑡𝑎,2 𝑡𝑎,2𝜎0(𝑇𝑡𝑎,2
2 +𝑇𝑐𝑜𝑛

2 )(𝑇𝑡𝑎,2+𝑇𝑐𝑜𝑛)
     (III-225) 

We have again assumed that the paraboloid concentrator’s area is much larger than 

the thermal absorber receiver’s resulting in a view factor ≈ 1 [23]. The 휀𝑡𝑎,2 value is 

assumed averaged with respect to temperature, wavelength, and incidence direction. 

Finally, the total energy balance over the control volume taken in this section 

becomes: 

𝑃𝑖𝑛𝑡
𝑡𝑎,2 = 𝑃𝑟𝑒𝑓

𝑡𝑎,2 − 𝑃𝑝𝑢𝑚𝑝 + 𝑃𝑡ℎ
𝑚𝐻𝑋3 + 𝑃ℎ

𝑡𝑎,2−𝑎 + 𝑃𝑡𝑎,2−𝑐𝑜𝑛   (III-226) 

III-5.2.4. Energy balance over receiver assembly. 

Taking the entire receiver assembly shown in Fig. III-73 as the control 

volume, the input power is from the concentrated incident irradiance intercepted and 

absorbed by the MJPV cell receiver 𝑃𝑎𝑏𝑠
𝑃𝑉 , first thermal absorber 𝑃𝑎𝑏𝑠

𝑡𝑎,1
, and second 

thermal absorber 𝑃𝑎𝑏𝑠
𝑡𝑎,2

. The net output power is divide into the useful electrical power 

outputs 𝑃𝑒𝑙𝑒
𝑃𝑉 and 𝑃𝑒𝑙𝑒

𝑇𝐸𝐺  less the required pumping power in the three types of mHXs 
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∑ 𝑃𝑝𝑢𝑚𝑝
𝑗3

𝑗=1 , thermal power lost from the three receivers by convection ∑ 𝑃ℎ,𝑗
𝑃𝑉−𝑎3

𝑗=1  

and radiation ∑ 𝑃 ,𝑗
𝑃𝑉−𝑐𝑜𝑛3

𝑗=1  from the receivers’ front surfaces, and useful thermal 

power extracted by the HTF in the three types of mHXs ∑ 𝑃𝑡ℎ,𝑗
𝑚𝐻𝑋3

𝑗=1 . Thus: 

𝑃𝑎𝑏𝑠
𝑃𝑉 + 𝑃𝑎𝑏𝑠

𝑡𝑎,1 + 𝑃𝑎𝑏𝑠
𝑡𝑎,2 = 𝑃𝑒𝑙𝑒

𝑃𝑉 + 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺 − ∑ 𝑃𝑝𝑢𝑚𝑝

𝑗3
𝑗=1 +∑ 𝑃ℎ,𝑗

𝑃𝑉−𝑎3
𝑗=1 + ∑ 𝑃ℎ,𝑗

𝑃𝑉−𝑎3
𝑗=1 +

∑ 𝑃𝑡ℎ,𝑗
𝑚𝐻𝑋3

𝑗=1          (III-227) 

III-5.2.5. Energy balance over parabolic concentrator. 

The energy balance over the paraboloidal concentrator in configuration II is 

identical to that of configuration I (Section III-5.1.5) with one modification—the 

power inputs to the control volume will also include thermal power dissipated by 

radiation from all thermal absorbers’ front surfaces to the parabolic concentrator 

∑ 𝑃 ,𝑗
𝑡𝑎,1−𝑐𝑜𝑛𝑁𝑡𝑎,1

𝑗=1  and ∑ 𝑃 ,𝑗
𝑡𝑎,2−𝑐𝑜𝑛𝑁𝑡𝑎,2

𝑗=1 . Thus: 

𝑃𝑎𝑏𝑠
𝑐𝑜𝑛 +∑ 𝑃 ,𝑗

𝑃𝑉−𝑐𝑜𝑛𝑁𝑃𝑉
𝑗=1 + ∑ 𝑃 ,𝑗

𝑡𝑎,1−𝑐𝑜𝑛𝑁𝑡𝑎,1
𝑗=1 + ∑ 𝑃 ,𝑗

𝑡𝑎,2−𝑐𝑜𝑛𝑁𝑡𝑎,2
𝑗=1 = 𝑃ℎ

𝑐𝑜𝑛−𝑎 + 𝑃
𝑐𝑜𝑛−𝑠𝑘𝑦

 

          (III-228) 

III-5.2.6. Energy efficiencies. 

 The total CPVT system’s electrical, thermal, and energy (first law) 

efficiencies are defined respectively as: 

𝜂𝐼
𝑒𝑙𝑒 =

𝑃𝑒𝑙𝑒
𝑃𝑉,𝑡𝑜𝑡+𝑃𝑒𝑙𝑒

𝑇𝐸𝐺.𝑡𝑜𝑡−∑ 𝑃𝑝𝑢𝑚𝑝,𝑗
𝑡𝑜𝑡3

𝑗=1

𝐴𝑐𝑜𝑛,𝑎 ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆) 𝑑𝜆
𝜆2
𝜆1

      (III-229) 

𝜂𝐼
𝑡ℎ =

𝑃𝑡ℎ
𝑚𝐻𝑋,𝑡𝑜𝑡

𝐴𝑐𝑜𝑛,𝑎 ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆) 𝑑𝜆
𝜆2
𝜆1

       (III-230) 

𝜂𝐼
𝐶𝑃𝑉𝑇 = 𝜂𝐼

𝑒𝑙𝑒 + 𝜂𝐼
𝑡ℎ =

𝑃𝑒𝑙𝑒
𝑃𝑉,𝑡𝑜𝑡+𝑃𝑒𝑙𝑒

𝑇𝐸𝐺.𝑡𝑜𝑡−∑ 𝑃𝑝𝑢𝑚𝑝,𝑗
𝑡𝑜𝑡3

𝑗=1 +𝑃𝑡ℎ
𝑚𝐻𝑋,𝑡𝑜𝑡

𝐴𝑐𝑜𝑛,𝑎 ∫ 𝐼𝑐𝑜𝑛,𝑎(𝜆) 𝑑𝜆
𝜆2
𝜆1

   (III-231) 

The total terms in Eqs. III-229 through III-231 will be explained in Section III-5.3. 

III-5.3. Module Connections and Total Outputs under Non-Uniform Irradiance 

 An unavoidable consequence of working with concentrator optics is the non-

uniform irradiance profile of the reflected image, as was shown in Section III-3.3. 

Non-uniform irradiance can cause current mismatch losses between series-connected 

MJPV cells, net power output drops for series- and parallel-connected sTEG couples, 

and different HTF output temperatures in mHXs. In order to address these electrical 

and thermal losses and discrepancies stemming from the non-uniform irradiance 
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reflected by the parabolic dish concentrator, secondary concentrator optics have been 

often used [69-70]. However, the marked optical efficiency drop associated with 

homogenizing optics does not justify their added cost and design complexity. A 

different approach is to use innovative electrical connection strategies between PV 

cells such that the optimum power output from an array is obtained [71-72]. 

Nonetheless, some authors have taken a simpler approach by the addition of an 

irradiance non-uniformities factor [68]. We will address the inter-connections and 

cumulative power output from the MJPV cells, sTEG couples, and mHX units in this 

section. 

The maximum electrical conversion efficiency for a module 𝜂𝑒𝑙𝑒,𝑚𝑎𝑥
𝑀  

composed of 𝑁𝑃𝑉 cells is clearly: 

𝜂𝑒𝑙𝑒,𝑚𝑎𝑥
𝑀 =

∑ 𝑉𝑚𝑝𝑝
𝑗

𝑖𝑚𝑝𝑝
𝑗𝑁𝑃𝑉

𝑗=1

𝑃𝑖𝑛𝑡
       (III-232) 

However, when the 𝑉𝑚𝑝𝑝𝑖𝑚𝑝𝑝 terms for different cells are different, such as our case 

where different cells have different solar irradiances on their surface, a module power 

loss factor 휀𝐿 has to be included in order to find the module’s actual electrical 

conversion efficiency: 

𝜂𝑒𝑙𝑒
𝑀 = 𝜂𝑒𝑙𝑒,𝑚𝑎𝑥

𝑀 휀𝐿        (III-233) 

Where 휀𝐿 is: 

휀𝐿 =
𝑉𝑀𝑖𝑀

∑ 𝑉𝑚𝑝𝑝
𝑗

𝑖𝑚𝑝𝑝
𝑗𝑁𝑃𝑉

𝑗=1

        (III-234) 

With 𝑉𝑀𝑖𝑀 representing the net output power from the module to the load. Only when 

휀𝐿 = 1 do we achieve the maximum electrical conversion efficiency for the module. 

 In order to avoid the high power loss factors when cells are connected in-

series under non-uniform irradiance profiles, a different connections type in which 

each cell’s MPP output is series-connected to the input of a dedicated DC/DC 

converter will be used. The output power from each DC/DC converter is then series-

connected to the load in order to avoid the need for a transformer-based DC/DC 

converter. For a DC/DC converter efficiency of 𝜂𝐷𝐶, the module’s power loss factor 

then simply becomes 휀𝐿 = 𝜂𝐷𝐶 when 𝜂𝐷𝐶 is assumed constant and equal between all 

DC/DC converters. This type of connection, inspired from cascaded DC/DC 

converter connections for PV panels [66], offers a bundle of advantages compared to 

conventional series- and parallel-type connections. For our case, the most important 
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advantage is connecting cells under non-uniform irradiances without current 

mismatch losses. Based on the improved Buck DC/DC converter circuitry proposed 

by Walker and Sernia [66], we can express 𝜂𝐷𝐶 as a function of 𝑃𝑚𝑝𝑝 supplied to the 

DC/DC converter using a spline smoothing fit in MATLAB, as shown in Fig. III-76, 

resulting in 𝑅2 = 0.9997 and RMSE of 0.0030. 

 Using this proposed type of connections within the MJPV cells module, the 

net module’s voltage, current, and power become: 

𝑉𝑀 = ∑ 𝑉𝐷𝐶
𝑗𝑁𝑃𝑉

𝑗=1         (III-235) 

𝑖𝑀 = 𝑖𝐷𝐶
𝑗

         (III-236) 

𝑃𝑒𝑙𝑒
𝑃𝑉,𝑡𝑜𝑡 = 𝑃𝑀 = ∑ 𝑃𝐷𝐶

𝑗𝑁𝑃𝑉
𝑗=1        (III-237) 

Where 𝑉𝐷𝐶, 𝑖𝐷𝐶, and 𝑃𝐷𝐶 are the voltage, current, and power outputs from a DC/DC 

converter. 

 

 

 

Figure III-76: DC/DC Converter Efficiency as a Function of Supplied MPP 
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 He et al. [67] concluded in their study that the effect of input heat flux non-

uniformities on series-connected TEG couples is minimal. However, under noticeably 

high input heat flux gradients, it is recommended to rid of TEG couples experiencing 

markedly low input heat fluxes in order to both achieve a higher net power output and 

reduce investment costs. For the sTEG couples, the collective electrical power output 

becomes: 

𝑃𝑒𝑙𝑒
𝑇𝐸𝐺.𝑡𝑜𝑡 = 𝑖𝑡𝑜𝑡

2 𝑅𝐿        (III-238) 

Where 𝑖𝑡𝑜𝑡 for all the sTEG couples is given by: 

𝑖𝑡𝑜𝑡 =
∑ ([𝑆𝑝,𝑡(𝑇3𝑝−𝑇4𝑝)]𝑗

+[𝑆𝑝,𝑏(𝑇7𝑝−𝑇8𝑝)]𝑗
−[𝑆𝑛,𝑡(𝑇3𝑛−𝑇4𝑛)]𝑗−[𝑆𝑛,𝑏

(𝑇7𝑛−𝑇8𝑛)]𝑗)
𝑁𝑇𝐸𝐺
𝑗=1

∑ (𝑅𝑡𝑜𝑡
𝑗
)+𝑅𝐿

𝑁𝑇𝐸𝐺
𝑖=1

 (III-239) 

 As for the mHXs, two modes of operation are followed for configuration I. 

The first fixes the HTF’s velocity through all mHX units with different outlet 

temperatures from each unit while the second fixes the HTF’s outlet temperature 

through all mHX units by varying the velocity in each unit. Regardless of the mode of 

operation, the collective thermal power output from configuration I is: 

𝑃𝑡ℎ
𝑚𝐻𝑋,𝑡𝑜𝑡 = ∑ 𝑃𝑡ℎ

𝑚𝐻𝑋,𝑗𝑁𝑚𝐻𝑋
𝑗=1        (III-240) 

With each MJPV cell receiver having its own mHX unit with its own inlet and outlet. 

As for configuration II, all sTEG couples, MJPV cells, and thermal absorbers have 

their own mHX units. The HTF velocity of all mHX1 and mHX2 units is controlled 

such that the outlet HTF temperature is the same. The augmented mass flow rate 

outlet from all mHX1 and mHX2 units is used to feed the mHX3 units. Any flow rate 

difference between the augmented outlet of the mHX1 and mHX2 units and the 

required mass flow rate inlet to the mHX3 units is assumed to be compensated from 

the HTF source (at the HTF inlet temperature) in case of a shortage or directly 

supplied to the thermal load in case of a surplus. Thus, the collective thermal power 

output from configuration II is: 

𝑃𝑡ℎ
𝑚𝐻𝑋,𝑡𝑜𝑡 = ∑ 𝑃𝑡ℎ

𝑚𝐻𝑋3,𝑗 +
𝑁𝑚𝐻𝑋3
𝑗=1

∑ 𝑃𝑡ℎ
𝑚𝐻𝑋1,𝑗 +

𝑁𝑚𝐻𝑋1
𝑗=1

∑ 𝑃𝑡ℎ
𝑚𝐻𝑋2,𝑗𝑁𝑚𝐻𝑋2

𝑗=1
  (III-241) 

Where the second and third terms to the right represent the thermal power of any 

mass flow rate surplus from all mHX1 and mHX2 units, respectively. 

III-5.4. Exergy Analysis 

 Exergy is the maximum available or harvestable useful work content in an 

energy stream. In other words, exergy is simply total energy content less the 
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unavailable energy. In the thermodynamic analysis of CPVTs, or any other multi-

output energy conversion devices or cycles, the concept of exergy is used as an 

equalizer between the value of these different energy outputs. Thus, by using the 

second law of thermodynamics, both the quantity and quality of energy are accounted 

for and irreversibility sources are identified. 

III-5.4.1. Exergy balance. 

 Under steady-state operation, the exergy balance of the CPVT system dictates 

that the rate of exergy input must be equal to the rate of exergy output; yielding: 

𝐸�̇�𝑠𝑢𝑛 = 𝐸�̇�𝑒𝑙𝑒 + 𝐸�̇�𝑡ℎ + 𝐸�̇�𝑙𝑜𝑠𝑠      (III-242) 

Where 𝐸�̇�𝑠𝑢𝑛 is the exergy rate input to the system from the solar source, 𝐸�̇�𝑒𝑙𝑒 is the 

net useful electrical exergy rate output, 𝐸�̇�𝑡ℎ is the net useful thermal exergy rate 

output, and 𝐸�̇�𝑙𝑜𝑠𝑠 is the rate of total exergy loss. Therefore, the exergy (second law) 

efficiency of the CPVT is defined as: 

𝜂𝐼𝐼
𝐶𝑃𝑉𝑇 = 𝜂𝐼𝐼

𝑒𝑙𝑒 + 𝜂𝐼𝐼
𝑡ℎ =

𝐸�̇�𝑒𝑙𝑒+𝐸�̇�𝑡ℎ

𝐸�̇�𝑠𝑢𝑛
      (III-243) 

𝐸�̇�𝑠𝑢𝑛 is approximated by multiplying the incident solar power on aperture area with 

the well-known Petela expression [57], which gives the amount of available work 

(exergy) from the incident, as follows: 

𝐸�̇�𝑠𝑢𝑛 = 𝑃𝑐𝑜𝑛,𝑎 [1 −
4𝑇𝑎

3𝑇𝑠𝑢𝑛
+

𝑇𝑎
4

3𝑇𝑠𝑢𝑛
4 ]      (III-244) 

Where 𝑇𝑠𝑢𝑛 is the sun’s apparent temperature = 5,760 K [61]. Since electrical power 

is considered pure useful work regardless of ambient environment conditions (i.e., 

pure exergy), 𝐸�̇�𝑒𝑙𝑒 is given by: 

𝐸�̇�𝑒𝑙𝑒 = 𝑃𝑒𝑙𝑒
𝑃𝑉,𝑡𝑜𝑡 + 𝑃𝑒𝑙𝑒

𝑇𝐸𝐺.𝑡𝑜𝑡 − 𝑃𝑝𝑢𝑚𝑝
𝑡𝑜𝑡       (III-245) 

𝐸�̇�𝑡ℎ is given by many authors [58-60] as the product of useful thermal power gained 

and a Carnot factor where 𝑇𝐻𝑇𝐹
𝑜𝑢𝑡  is taken as the source temperature (i.e., treating 𝐸�̇�𝑡ℎ 

as exergy transferred by heat). However, Evola and Marletta [61] pointed that this 

formulation is less accurate than the alternative where 𝐸�̇�𝑡ℎ is given by the exergy 

content difference between the HTF’s outlet and inlet (i.e., treating 𝐸�̇�𝑡ℎ as exergy 

transferred by mass flow). To that end, the authors suggested the following alternative 

formulation [61]: 

𝐸�̇�𝑡ℎ = 𝑃𝑡ℎ
𝑚𝐻𝑋,𝑡𝑜𝑡 (1 −

𝑇𝑎

𝑇𝑎𝑣𝑔
)       (III-246) 
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Where 𝑇𝑎𝑣𝑔 is the average thermodynamic temperature of the HTF liquid stream, 

given by: 

𝑇𝑎𝑣𝑔 =
𝑇𝐻𝑇𝐹
𝑜𝑢𝑡−𝑇𝐻𝑇𝐹

𝑖𝑛

ln(
𝑇𝐻𝑇𝐹
𝑜𝑢𝑡

𝑇𝐻𝑇𝐹
𝑖𝑛 )

        (III-247) 

The formulation in Eq. III-246 is equivalent to the one where 𝐸�̇�𝑡ℎ is treated as 

exergy transfer by mass. In Eqs. III-244 and III-246, the dead-state temperature is 

taken as the ambient temperature [7]. 

III-5.4.2. Exergy efficiencies. 

We can also identify the exergy efficiency of the three components in the 

receiver assembly and the parabolic dish concentrator. The functional definition of 

exergy efficiency, rather than the brute force definition, will be utilized [63]. In the 

functional definition, exergy efficiency is the ratio between the exergy associated 

with the desired energy output to the exergy associated with the energy expanded in 

order to yield the desired energy output [63]. Accordingly, for a single MJPV cell, the 

desired exergy is clearly associated with electrical energy generated from the MJPV 

cell while the exergy expanded to obtain this desired energy is associated with the 

intercepted solar radiation. Thus, 

𝜂𝐼𝐼
𝑃𝑉 =

𝑃𝑒𝑙𝑒
𝑃𝑉

𝐸�̇�𝑖𝑛𝑡
          (III-248) 

Where 𝐸�̇�𝑖𝑛𝑡 is expressed as: 

𝐸�̇�𝑖𝑛𝑡 = 𝑃𝑖𝑛𝑡 [1 −
4𝑇𝑎

3𝑇𝑠𝑢𝑛
+

𝑇𝑎
4

3𝑇𝑠𝑢𝑛
4 ]      (III-249) 

For a single sTEG couple, the desired exergy is again associated with electrical 

energy generated from the sTEG while the exergy expanded to obtain this desired 

energy is associated with the thermal energy supplied to the sTEG. Thus, 

𝜂𝐼𝐼
𝑇𝐸𝐺 =

𝑃𝑒𝑙𝑒
𝑇𝐸𝐺

𝐸�̇�ℎ𝑜𝑡
          (III-250) 

Where 𝐸�̇�ℎ𝑜𝑡 is expressed as: 

𝐸�̇�ℎ𝑜𝑡 = 𝑃ℎ𝑜𝑡 (1 −
𝑇𝑎

𝑇𝑠𝑜𝑢𝑟𝑐𝑒
)       (III-251) 

With 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 equal to 𝑇𝑃𝑉 for configuration I and 𝑇𝑡𝑎,1 for configuration II. For a 

single mHX unit, the desired exergy is associated with the temperature rise of the 

HTF while the exergy expanded to obtain this desired energy is associated with 

pumping energy and the thermal energy supplied to the mHX unit. Thus, 
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𝜂𝐼𝐼
𝑚𝐻𝑋 =

𝐸�̇�𝑡ℎ

𝐸�̇�𝑒𝑓𝑓+𝑃𝑝𝑢𝑚𝑝
         (III-252) 

Where 𝐸�̇�𝑒𝑓𝑓 is expressed as: 

𝐸�̇�𝑒𝑓𝑓 = 𝑃𝑒𝑓𝑓 (1 −
𝑇𝑎

𝑇𝑠𝑜𝑢𝑟𝑐𝑒
)       (III-253) 

With 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 equal to 𝑇𝑎𝑑
𝑎𝑣𝑔

 for configuration I and 𝑇𝑃𝑉, 𝑇𝑎𝑑
𝑎𝑣𝑔

, or 𝑇𝑡𝑎,2 for 

configuration II. For the parabolic dish concentrator, the desired exergy is associated 

with the intercepted solar radiation by the receiver while the exergy expanded to 

obtain this desired energy is associated with solar radiation on the concentrator’s 

aperture. Thus, 

𝜂𝐼𝐼
𝑐𝑜𝑛 =

𝐸�̇�𝑖𝑛𝑡

𝐸�̇�𝑠𝑢𝑛
         (III-254) 

III-5.4.3. Exergy losses. 

 It is very useful to breakdown the exergy loss term 𝐸�̇�𝑙𝑜𝑠𝑠 in Eq. III-242 into 

its constituent components. We can distinguish two types of exergy losses in an 

energy system—external exergy losses 𝐸�̇�𝑙𝑜𝑠𝑠
𝐸𝑋  (also known just as exergy losses) in 

which exergy is lost outside the control volume and internal exergy losses 𝐸�̇�𝑙𝑜𝑠𝑠
𝐼𝑁  

(also known as exergy destructions) in which exergy is lost within the boundaries of 

the control volume. In our CPVT systems, two 𝐸�̇�𝑙𝑜𝑠𝑠
𝐸𝑋  terms are identified. The first is 

due to optical losses from the concentrator and receivers: 

𝐸�̇�𝑙𝑜𝑠𝑠,𝑜𝑝𝑡
𝐸𝑋 = [𝑃𝑐𝑜𝑛,𝑎 − ∑ (𝑃𝑖𝑛𝑡

𝑟𝑒𝑐)𝑗 +
𝑁𝑟𝑒𝑐
𝑗=1 ∑ (𝑃𝑟𝑒𝑓

𝑟𝑒𝑐)
𝑗
+

𝑁𝑟𝑒𝑐
𝑗=1 ] [1 −

4𝑇𝑎

3𝑇𝑠𝑢𝑛
+

𝑇𝑎
4

3𝑇𝑠𝑢𝑛
4 ] (III-255) 

Where 𝜌𝑟𝑒𝑐 refers to the MJPV cells for configuration I and is the average reflectance 

between the thermal absorbers and MJPV cells for configuration II. The second is due 

to thermal power lost from the concentrator and receivers to the surroundings: 

𝐸�̇�𝑙𝑜𝑠𝑠,𝑡ℎ
𝐸𝑋 = (𝑃ℎ

𝑐𝑜𝑛−𝑎 + 𝑃
𝑐𝑜𝑛−𝑠𝑘𝑦

) (1 −
𝑇𝑎

𝑇𝑐𝑜𝑛
) + ∑ [𝑃ℎ

𝑟𝑒𝑐−𝑎 (1 −
𝑇𝑎

𝑇𝑟𝑒𝑐
)]
𝑗

𝑁𝑟𝑒𝑐
𝑗=1  (III-256) 

As for the total internal exergy losses, they could be represented by [64]: 

𝐸�̇�𝑙𝑜𝑠𝑠
𝐼𝑁 = 𝑇𝑎�̇�𝑔𝑒𝑛        (III-257) 

Where �̇�𝑔𝑒𝑛 is the total rate of entropy generation within the control volume 

boundaries due to HTF flow pressure drop in the minichannels, fill factor of the 

MJPV cells, heat transfer through finite temperature differences within the receiver 

assembly, and temperature difference between the solar source and the receivers. 
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III-5.4.4. Exergy improvement potentials. 

 The concept of exergy improvement potential (ExIP) was proposed by Van 

Gool [62] and is based on the fact that the maximum improvement in exergy 

efficiency clearly occurs when the rate of exergy loss is at a minimum. If it is possible 

to reach zero, then the exergy efficiency is unity. As such, it is useful to define an 

ExIP rate for an irreversible process as follows [62]: 

𝐸𝑥𝐼𝑃̇ = (1 − 𝜂𝐼𝐼)(𝐸�̇�𝑖𝑛 − 𝐸�̇�𝑜𝑢𝑡)      (III-258) 

Applying the ExIP concept to a MJPV cell, a sTEG couple, and a mHX unit (receiver 

assembly components) yields: 

𝐸𝑥𝐼𝑃̇ 𝑃𝑉 = (1 − 𝜂𝐼𝐼
𝑃𝑉)(𝐸�̇�𝑖𝑛𝑡 − 𝑃𝑒𝑙𝑒

𝑃𝑉)      (III-259) 

𝐸𝑥𝐼𝑃̇ 𝑇𝐸𝐺 = (1 − 𝜂𝐼𝐼
𝑇𝐸𝐺)(𝐸�̇�ℎ𝑜𝑡 − 𝑃𝑒𝑙𝑒

𝑇𝐸𝐺)     (III-260) 

𝐸𝑥𝐼𝑃̇ 𝑚𝐻𝑋 = (1 − 𝜂𝐼𝐼
𝑚𝐻𝑋)([𝐸�̇�𝑒𝑓𝑓 + 𝑃𝑝𝑢𝑚𝑝] − 𝐸�̇�𝑡ℎ)    (III-261) 

As for the parabolic dish concentrator: 

𝐸𝑥𝐼𝑃̇ 𝑐𝑜𝑛 = (1 − 𝜂𝐼𝐼
𝑐𝑜𝑛)(𝐸�̇�𝑠𝑢𝑛 − 𝐸�̇�𝑖𝑛𝑡)     (III-262) 

While for the entire CPVT system: 

𝐸𝑥𝐼𝑃̇ 𝐶𝑃𝑉𝑇 = (1 − 𝜂𝐼𝐼
𝐶𝑃𝑉𝑇)(𝐸�̇�𝑠𝑢𝑛 − [𝐸�̇�𝑒𝑙𝑒 + 𝐸�̇�𝑡ℎ])    (III-263) 

III-5.5. Environmental and Exergoeconomic Analysis 

 The proposed CPVT configurations offer two main environmental advantages 

when compared with conventional alternatives—avoided fueling primary energy 

consumption and avoided point-source CO2-equivalent emissions. We will assume 

for the purposes of this section that the thermal output from the CPVT system is used 

for domestic hot water (DHW) supplies. For the case of the Emirate of Abu Dhabi in 

the United Arab Emirates, the CO2-equivalent emissions were 0.47 kgCO2/kWhel in 

2010 [73]. For the same year in the entire UAE, the total electricity generation was 

8,405 thousand tons of oil equivalent (ktoe) from electricity power plants (i.e., 

without accounting for transmission losses) running mainly on natural gas [74] while 

the cumulative energy content of the consumed natural gas and oil for electricity 

production was 24,823 ktoe [74] resulting in a national grid conversion efficiency of 

roughly 33.86%. For DHW supplies in the UAE, electric heaters are the most 

common solution. The average electrical-to-thermal efficiency of such heaters is 



 
 

499 
 

roughly 92%. Thus, when the CPVT is generating 𝐸𝑒𝑙𝑒
𝑡𝑜𝑡 and 𝐸𝑡ℎ

𝑡𝑜𝑡 in kWh yr-1, the 

avoided fueling primary energy consumption ∆𝑃𝐸𝐶 becomes: 

∆𝑃𝐸𝐶 =
𝐸𝑒𝑙𝑒
𝑡𝑜𝑡

0.3386
+

𝐸𝑡ℎ
𝑡𝑜𝑡

(0.3386)(0.92)
       (III-264) 

And the avoided point-source CO2-equivalent emissions (∆𝐶𝑂2)𝑒𝑞 become: 

(∆𝐶𝑂2)𝑒𝑞 = 0.47 (𝐸𝑒𝑙𝑒
𝑡𝑜𝑡 +

𝐸𝑡ℎ
𝑡𝑜𝑡

0.92
)      (III-265) 

Clearly, the unsound practice of converting electricity (a high grade energy) into heat 

(a low grade energy) in electric heaters for DHW supplies creates this situation where 

DHW is more valuable and more costly than electricity. 

In order to investigate the economics of the proposed CPVT systems, 

exergoeconomics [75] is used in order to properly equalize and compare the different 

electrical and thermal outputs while taking into account the time-value of different 

cash flows. By combining the economic technique of lifecycle net present value 

(LCNPV) with the concept of exergy, we are able to convert energy flows into exergy 

flows then into present value cash flows. Simply put, the LCNPV is the difference 

between the present value of savings and the present value of costs both over the 

system’s lifetime. Thus, 

𝐿𝐶𝑁𝑃𝑉 = ∑ (𝐶𝑜𝑒𝑥
𝑒𝑙𝑒𝐸𝑥𝑒𝑙𝑒 + 𝐶𝑜𝑒𝑥

𝑡ℎ𝐸𝑥𝑡ℎ)𝑖
�̅�
𝑖=1 × 𝐸𝑆𝑃𝑊𝐹 − 𝐶𝑜̅̅̅̅ 𝑖𝑛𝑣  (III-266) 

Where operation and maintenance costs and salvage values are neglected. �̅� is the 

lifetime of the system in years, 𝐶𝑜̅̅̅̅ 𝑖𝑛𝑣 is the initial investment cost of the CPVT 

system (AED), 𝐶𝑜𝑒𝑥
𝑒𝑙𝑒 is the current market electricity price (AED kWh-1), 𝐶𝑜𝑒𝑥

𝑡ℎ is the 

current market and application thermal exergy price (AED kWh-1), and 𝐸𝑥𝑒𝑙𝑒 and 

𝐸𝑥𝑡ℎ are exergy yields in kWh yr-1. ESPWF is the escalating series present worth 

factor, which takes into account the escalating price of electricity in the market, 

expressed as: 

𝐸𝑆𝑃𝑊𝐹 = (
𝑗

𝑗−𝑒
) × (1 − [

1+𝑒

1+𝑗
]
�̅�

)      (III-267) 

Where 𝑗 is the annual investment interest rate (i.e., the expected rate of return from an 

alternative investment) and 𝑒 is the electricity price escalation rate. It is possible to 

convert the present value of the investment cost 𝐶𝑜̅̅̅̅ 𝑖𝑛𝑣 into equal future yearly 

payments �̇�𝑖𝑛𝑣 over the system’s lifetime using the concept of capital recover factor 

CRF (i.e., the reciprocal of the series present worth factor) as follows: 

�̇�𝑖𝑛𝑣 = 𝐶𝑜̅̅̅̅ 𝑖𝑛𝑣 × 𝐶𝑅𝐹        (III-268) 
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With the CRF expressed as: 

𝐶𝑅𝐹 =
𝑗(1+𝑗)�̅�

(1+𝑗)�̅�−1
        (III-269) 

Relating 𝐶𝑜𝑒𝑥
𝑡ℎ to 𝐶𝑜𝑒𝑛

𝑡ℎ  in Eq. III-266 is possible using [61]: 

𝐶𝑜𝑒𝑥
𝑡ℎ =

𝐶𝑜𝑒𝑛
𝑡ℎ𝐸𝑡ℎ

𝐸𝑥𝑡ℎ
        (III-270) 

The value of 𝐶𝑜𝑒𝑥
𝑒𝑙𝑒 is varied between 20 and 40 fils kWh-1 and 𝑗 is taken to be 5%. 

The value of 𝐶𝑜𝑒𝑛
𝑡ℎ  is related to 𝐶𝑜𝑒𝑥

𝑒𝑙𝑒 by: 

𝐶𝑜𝑒𝑛
𝑡ℎ =

𝐶𝑜𝑒𝑥
𝑒𝑙𝑒

0.92
         (III-271) 

This is because the thermal output of the CPVTs is assumed to be used for DHW 

purposes only, as previously mentioned. Finally, using Eqs. III-270 through III-271, 

we can simplify Eq. III-266 so that the relation between the savings cash flows and 

the ESPWF (which is defined with respect to electricity prices) is more clear: 

𝐿𝐶𝑁𝑃𝑉 = ∑ (𝐶𝑜𝑒𝑥
𝑒𝑙𝑒 [𝐸𝑥𝑒𝑙𝑒 +

𝐸𝑡ℎ

0.92
])
𝑖

�̅�
𝑖=1 × 𝐸𝑆𝑃𝑊𝐹 − 𝐶𝑜̅̅̅̅ 𝑖𝑛𝑣   (III-272)  
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Chapter III-6. Solution Algorithms, Optimization Procedures, and Component-

Level Models Validation 

The solution algorithms used executing the developed component-level 

models will be explained in this chapter as well as the optimization procedures for the 

mHX units and sTEG couples. The developed models for the three main components 

will also be validated against experimental data from the literature. 

III-6.1. Solution Algorithm 

The solution algorithms followed for simulating the performance of all four 

components in each configuration will be highlighted in this section. Also, the 

monthly weather data used to obtain the annual yields and an effective flux 

concentration ratio defined for correcting the MJPV equivalent-circuit model with 

respect to irradiance will be addressed. 

Monthly weather data required to run the simulations are: ambient 

temperature, relative humidity, wind speed, clearness index, and incident beam 

irradiance. These data were obtained/calculated from different measurement sources 

[76-78] for Abu Dhabi, UAE (24.477°N, 54.328°E) and are listed under Table III-10. 

The MJPV model parameters in Section III-4.1 are calibrated with respect to 

the AM1.5G spectrum under 900 W m-2. Unless the C1MJ cell can be tested under 

the AM1.5D spectrum we are utilizing in this study, the model parameters cannot be 

properly modified. Thus, we will make the assumption that the performance of the 

MJPV cells under the AM1.5G calibrated model could be extended to our AM1.5D 

spectrum. As for the reference 900 W m-2 irradiance, we will define an effective flux 

concentration ratio 𝑋𝑓
𝑒𝑓𝑓

 in order to correct for the intercepted irradiance variations on 

each MJPV cell with respect to the reference irradiance 𝐼𝑖𝑛𝑡
𝑟 , as follows: 

𝑋𝑓
𝑒𝑓𝑓

=
𝐼𝑖𝑛𝑡

𝐼𝑖𝑛𝑡
𝑟          (III-273) 

Thus, for cell #17 in configuration I for instance, the 𝐼𝑖𝑛𝑡 is 828.41 × 103 W m-2 and 

𝑋𝑓
𝑒𝑓𝑓

 will be 920.46 ×. Using 𝑋𝑓
𝑒𝑓𝑓

, the short-circuit currents can be corrected to 

account for differences with the reference irradiance and an incident irradiance of 900 

W m-2 could be safely used in the conversion efficiency calculations since it is 

multiplied by 𝑋𝑓
𝑒𝑓𝑓

. 
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Table III-10: Monthly Weather Data for Abu Dhabi, UAE 

Parameter 1 2 3 4 5 6 7 8 9 10 11 12 

𝑻𝒂 (℃) 19.9 21.0 23.6 27.5 31.3 33.0 34.7 35.4 33.6 30.8 26.8 22.3 

𝑹𝑯 (%) 67 67 64 59 59 63 63 61 64 63 62 66 

𝒖 (𝒌𝒎 𝒉𝒓−𝟏) 13.6 15.1 14.7 13.4 12.8 13.4 13.6 13.6 12.9 12.5 13.1 13.7 

𝑲 0.55 0.59 0.59 0.59 0.60 0.59 0.59 0.60 0.61 0.62 0.57 0.46 

𝑰𝒄𝒐𝒏,𝒂(𝑾 𝒎
−𝟐) 545.37 536.28 452.50 507.09 566.92 549.26 452.24 482.95 543.09 594.83 609.17 525.47 
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The solution algorithms used in implementing the developed models of the 

parabolic dish concentrator, MJPV cell, segmented TEG, and mHX are illustrated in 

Figs. III-77 through III-80. 

The input parameters used in the performance simulation of configuration I 

are listed under Table III-11. 

The input parameters used in the performance simulation of configuration II 

are listed under Table III-12. 

III-6.2. Constrained Non-Linear Multi-Variable Optimization Procedures 

The procedures followed for optimizing the geometrical designs of the mHX 

and sTEG components are described in this section along with the selected free 

variables, objective functions, constraints, and optimization outcomes. 

A constrained multi-variable optimization algorithm attempts to solve 

problems of the form 𝑚𝑖𝑛 𝑓(�⃗�) subject to: 

 Nonlinear and linear equality constraints: 𝐶𝑒𝑞(�⃗�) = 0 and 𝐴𝑒𝑞 ∙ �⃗� = 𝐵𝑒𝑞. 

 Nonlinear and linear inequality constraints: 𝐶(�⃗�) ≤ 0 and 𝐴 ∙ �⃗� ≤ 𝐵. 

 Variable vector bounds: 𝐿 ≤ �⃗� ≤ 𝑈. 

The optimization solution could be local or global depending on the utilized 

algorithm. 

III-6.2.1. mHX optimization. 

A genetic algorithm is used for optimization of the mHX using MATLAB’s 

Global Optimization Toolbox. A genetic algorithm (GA) is a general stochastic 

search optimization method that mimics the process of natural selection in biological 

evolution. It is based on repeatedly finding a new generation of individuals (design 

points) from the current population such that its average fitness is improved. This is 

achieved by selecting individuals from the current population (where individuals with 

a higher fitness have a higher probability of being selected) to become parents for 

children in the new generation. Children of the next generation are either elite, 

crossover, or mutation children. For elite children, individuals 
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Figure III-77: Solution Algorithm Flowchart Followed for the Optical Modeling and Ray-Trace Simulation of the Parabolic Dish 

Concentrator

W
e
a
th

e
r 

D
a
ta

A
m

b
ie

n
t 

T
e
m

p
e
ra

tu
re

R
e
la

ti
ve

 H
u
m

id
it
y

C
le

a
rn

e
s
s
 I
n
d
e
x

W
in

d
 S

p
e
e
d

B
e
a
m

 I
rr

a
d
ia

n
c
e

Define Solar 

Source

Angular Distribution

Spectral Distribution

Rim Implicit 

Equation

Receiver Width

Bisection 

Criterion

Flux Concentration Ratio

Ellipses Major Axis

Mean Mirror Reflectance

Focal Length

Concentrator Diameter

Concentrator Height

Paraboloid of 

Revolution 

Geometry

YES

NO

Bisect Rim Angle

Concentrator Surface Area

Concentrator Aperture Area

Geometric Concentration Ratio

Ellipses Minor Axis

Ray Trace 

Simulation
Material Properties

Number of Rays

Solid ModelResolution Settings

Effective Focal 

Plane
S

p
a
tia

l N
o
n
-U

n
if
o
rm

ity
 F

a
c
to

r

In
te

rc
e
p
t 

F
a
c
to

r

Focal Plane 

Shift

Local Power 

Profiles

Local Irradiance 

Profiles

Rim Angle



 
 

505 
 

 

Figure III-78: Solution Algorithm Flowchart Followed for Executing the Developed InGaP/InGaAs/Ge MJPV Cell Lumped Equivalent-

Circuit Model 
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Figure III-79: Solution Algorithm Flowchart Followed for Executing the Developed Segmented Thermoelectric Generator Model 
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Figure III-80: Solution Algorithm Flowchart Followed for Executing the Developed One-Phase Flow Rectangular Finned Minichannels 
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Table III-11: Geometrical and Thermophysical Input Parameters for Simulation 

of the Thermally in-Series Configuration 

Parameter Value Unit 

𝑳𝑷𝑽 [31] 0.2 mm 

𝑳𝒔𝒍 [31] 0.050 mm 

𝑳𝒄𝒊 0.381 mm 

𝑷𝒊𝒏𝒕 1056.576 W 

𝒌𝑷𝑽 [31] 60 W m-1 K-1 

𝒌𝒔𝒍 [31] 37.8 W m-1 K-1 

𝒌𝒄𝒊 25 W m-1 K-1 

𝑾 0.005 m 

𝑫 0.005 m 

𝝈𝟎 5.670 × 10−8 W m-2 K-4 

𝜺𝑷𝑽 [31] 0.85 - 

𝜺𝒄𝒐𝒏 [23] 0.30 - 

𝜼𝒑𝒖𝒎𝒑 0.94 - 

𝝆𝑨𝑹𝑪 0.05793 - 

 

 

Table III-12: Geometrical and Thermophysical Input Parameters for Simulation 

of the Thermally in-Parallel Configuration 

Parameter Value Unit 

𝑨𝑷𝑽 5 × 5 mm2 

𝑨𝒕𝒂,𝟏 5 × 5 mm2 

𝑨𝒕𝒂,𝟐 35 × 5 mm2 

𝑳𝑷𝑽 [31] 0.2 mm 

𝑳𝒔𝒍 [31] 0.050 mm 

𝑳𝒄𝒊 0.381 mm 

𝑳𝒕𝒂,𝟏 = 𝑳𝒕𝒂,𝟐 1.5 mm 

𝑷𝒊𝒏𝒕 1078.308 W 

𝒌𝑷𝑽 [31] 60 W m-1 K-1 

𝒌𝒔𝒍 [31] 37.8 W m-1 K-1 

𝒌𝒄𝒊 25 W m-1 K-1 

𝒌𝒕𝒂,𝟏 = 𝒌𝒕𝒂,𝟐 236.5 W m-1 K-1 

𝝈𝟎 5.670 × 10−8 W m-2 K-4 

𝜺𝑷𝑽 [31] 0.85 - 

𝜺𝒄𝒐𝒏 [23] 0.30 - 

𝜺𝒕𝒂,𝟏 = 𝜺𝒕𝒂,𝟐 0.08 - 

𝜼𝒑𝒖𝒎𝒑 0.94 - 

𝝆𝑨𝑹𝑪 0.05793 - 

𝝆𝒕𝒂,𝟏 = 𝝆𝒕𝒂,𝟐 0.04 - 

𝜶𝒕𝒂,𝟏 = 𝜶𝒕𝒂,𝟐 [68] 0.96 - 
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with the best fitness values from the current population simply survive to the next 

generation without change. For crossover children, the genes (i.e., solution vector) of 

two parents are combined according to a crossover rule. For mutation children, 

random changes are introduced to a single parent. This selection and reproduction 

process is repeated with the new generations evolving towards an optimum solution 

until a stopping criteria is satisfied with no further fitness function improvement. 

Since the problem at hand is of the non-linear constrained type, the augmented 

Lagrangian genetic algorithm is used to solve it. In this approach, sequential 

minimization of a composite augmented Lagrangian function is achieved using the 

genetic algorithm such that non-linear constraints, linear constraints, and bounds are 

satisfied. It is important to note that the initial population has a range as wide as 

possible, a reasonably-large population size, and a reasonable mutation rate in order 

to increase population diversity and prompt the GA to explore a wide range of 

solutions without getting stuck at a local minimum. 

 A vector �⃗� with the minimum number of independent free optimization 

variables is created such that it geometrically describes the mHX and its performance. 

The selected free variables are the number of channels 𝑁𝑐ℎ, channel aspect ratio ∀, 

and channel width ratio ℓ. Thus, �⃗� = [𝑁𝑐ℎ, ∀, ℓ]. 

For a fixed HTF velocity of 0.2 m sec-1 and using the averaged heat input of 

11 W from the 52 sTEG couples in the receiver, the geometry of the mHXs is to be 

optimized with respect to pumping power and heat transfer coefficient. Thus, the 

objective of this optimization procedure is to find the optimum design vector �⃗� that 

achieves the maximum heat transfer coefficient and minimum pumping power. 

Combining these two objectives is possible by defining the objective function as the 

ratio between net pumping power and heat transfer coefficient: 

𝑚𝑖𝑛 𝑓(�⃗�) =
𝑃𝑝𝑢𝑚𝑝

ℎ𝑚𝐻𝑋
        (III-274) 

This definition helps us avoid the high computational effort associated with multi-

objective procedures and gives equal weight to both objectives. 

 Identification of the equality and inequality constraint functions necessary to 

maintain the thermodynamic feasibility of the problem is based on the assumptions 

and thermodynamic model presented in Section III-4.3. Any optimum vector �⃗� must 

maintain these relations and assumptions. Additionally, an equality constraint dictates 
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that 𝑁𝑐ℎ must be an integer. Search ranges of 1 to 40, 0.05 to 10, and 0.3 to 0.99 are 

respectively set for 𝑁𝑐ℎ, ∀, and ℓ. Values outside these ranges are unfeasible from a 

manufacturing viewpoint. 

 The settings of the GA are listed under Table III-13. Fig. III-81 shows the best 

and mean fitness value in each generation as well as the average distance between 

individuals (i.e., a measure of diversity) within each generation throughout the GA 

evolution. Results show that the optimum point is �⃗� = [25, 0.1, 0.5] with 𝑓(�⃗�) of 

8.4228E-11. 

 

 

Table III-13: Genetic Algorithm Options in Optimizing the Minichannels Heat 

Extractors 

Option Selection/Value 

Population type Double vector 

Population size 23 

Creation function Feasible population 

Scaling function Rank 

Selection function Stochastic uniform 

Mutation function Adaptive feasible 

Crossover function Heuristic 

Elite count 2 

Crossover fraction 0.8 

Migration direction Forward and backward 

Migration fraction 0.1 

Migration interval 4 

Function tolerance 1E-26 

Non-linear constraints tolerance 1E-6 

 

 

III-6.2.2. sTEG optimization. 

 Using MATLAB’s Optimization Toolbox, the constrained non-linear multi-

variable minimization solver fmincon with the Active Set algorithm is utilized for 

optimizing the sTEGs. The fmincon solver is ideally used for constrained non-linear 

multi-variable optimization problems starting at an initial estimates vector with the 

aim of finding a local minimum. The main reason for using this algorithm instead of 

the global optimization GA is the very high computational price of applying a GA to 

the relatively more complex sTEG model compared to the mHX model. The utilized  
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Figure III-81: Mean and Best Fitness Value and Average Distance between 

Individuals for each Generation in the Genetic Algorithm Evolution to Optimize 

the Minichannels Heat Extractors 

 

 

Active Set algorithm is a medium-scale algorithm (i.e., uses dense linear algebra and 

full matrices) and is chosen due to its (relative) speed compared to other algorithms 

since it takes large steps during the iterations. The gradients are calculated 

numerically within the fmincon solver using the forward finite difference method. 

A vector �⃗� with the minimum number of independent free optimization 

variables is created such that it geometrically describes the sTEG and its 

performance. The selected free variables were originally the total leg length 𝐿𝑙𝑒𝑔, 

copper connectors length 𝐿𝑐, and length per semiconductor element 𝐿𝑠𝑒. However, in 

order to decrease the computations time and improve speed, only 𝐿𝑙𝑒𝑔 and 𝐿𝑐 are 

chosen for the design variables vector while 𝐿𝑠𝑒 is fixed to 0.49𝐿𝑙𝑒𝑔. Thus, �⃗� =

[𝐿𝑙𝑒𝑔, 𝐿𝑐]. 

For a fixed HTF velocity of 0.2 m sec-1 and using the averaged heat input of 

11.2 W from the 52 MJPV cells in the receiver at cell temperatures fixed to be 75℃, 

the geometry of the sTEGs is to be optimized with respect to power generated. Thus, 

the objective of this optimization procedure is to find the optimum design vector �⃗� 

that achieves: 

𝑚𝑖𝑛 𝑓(�⃗�) = −𝑃𝑒𝑙𝑒
𝑇𝐸𝐺        (III-275) 

Obviously, minimizing the negative value of 𝑃𝑒𝑙𝑒
𝑇𝐸𝐺  is equivalent to maximizing 𝑃𝑒𝑙𝑒

𝑇𝐸𝐺 . 
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 Identification of the equality and inequality constraint functions necessary to 

maintain the thermodynamic feasibility of the problem is based on the assumptions 

and thermodynamic model presented in Section III-4.2. Any optimum vector �⃗� must 

maintain these relations and assumptions. Search ranges of 100 to 1,000 mm and 1 to 

100 mm are respectively set for 𝐿𝑙𝑒𝑔 and 𝐿𝑐. These ranges were identified as 

candidates. The start vector to initialize the algorithm was chosen to be �⃗� =

[750 𝑚𝑚, 10 𝑚𝑚]. 

 The settings of the algorithm are listed under Table III-14. Fig. III-82 shows 

the function value and number of function evaluations for each iteration in the 

advancement of the algorithm. Results show that the optimum point is �⃗� =

[792 𝑚𝑚, 100 𝑚𝑚] with 𝑓(�⃗�) of 0.1353 W. 

 

 

Table III-14: Active Set Algorithm Options in Optimizing the Segmented 

Thermoelectric Generators 

Option Selection/Value 

Numerical derivatives approximation Forward difference 

Maximum number of iterations 400 

Maximum number of function evaluations 200 

�⃗⃗⃗� tolerance 1E-6 

Function tolerance 1E-6 

Constraints tolerance 1E-6 

 

 

III-6.3. Component-Level Models Validation 

 In this section, the developed models for the three main components in this 

study will be validated against experimental data. It is not possible to validate the 

system-level models due to the novelty of these designs. 

III-6.3.1. InGaP/InGaAs/Ge cell model validation. 

 Experimental data for the C1MJ InGaP/InGaAs/Ge cell were obtained from 

the manufacturer’s datasheet [76] and are compared against the developed two-diode 

equivalent circuit model in Fig. III-83. As observed from the figure, conversion 

efficiency data against concentration ratio under three different cell temperatures are  
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Figure III-82: Function Value and Number of Function Evaluations for each 

Iteration in the Advancement of the Active Set Algorithm to Optimize the 

Segmented Thermoelectric Generators 

 

 

plotted. Good agreement between modeled and experimental data exists with 

deviations being more visible for lower cell temperatures and higher concentration 
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assumed in the model execution. In reality, both these parameters are functions of 
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Figure III-83: Modeled and Experimental Variation of the MJPV Cell 

Conversion Efficiency with Concentration Ratio for Different Cell Temperatures 

 

 

connectors and interconnectors. Thus, we will first validate the modeled 

thermophysical properties of the two semiconductor types against experimental data 

[17-18]. After that, the closest model in the literature to the present design is used as a 

reference for comparison with our segmented TEG model. The reference model [15]; 

nonetheless, does not use the separately-series equivalent thermal resistance network 

technique to differentiate between the n- and p-side heat flows, does not consider 

thermal and electrical contact resistances, neglects heat flow in the copper connectors, 

and uses different semiconductor materials and geometrical parameters. Thus, in 

order to mimic the reference case, the present model has been adjusted to use the 

same semiconductor material and geometrical parameters as in the reference model in 

addition to setting all contact resistances and connector resistances equal to zero. In 

Table III-15, the two junction temperatures for the top and bottom thermoelectric 

segments are compared between the present model and the reference case. In Fig. III-

84, the material figure-of-merit obtained experimentally and from the model for both 

the n- and p-type semiconductors are compared. Good agreement can be seen 

between the current model and the reference case in Table III-15 as well as the 

current model material data with the experimental ones in Fig. III-84. 
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Table III-15: Active Set Algorithm Options in Optimizing the Segmented 

Thermoelectric Generators 

Temperature of 
Current Model (K) Reference Case (K) 

n-side p-side n-side p-side 

Hot Junction – Top Segment 500 500 500 500 

Cold Junction – Top Segment 393.6 404.3 390 402 

Hot Junction – Bottom Segment 393.1 404.1 389 401 

Cold Junction – Bottom Segment 300 300 300 300 

 

 

 

Figure III-84: Comparison between Experimentally-Obtained Thermoelectric 

Properties of the Utilized Semiconductors (Black Dots) and Modeled Properties 

(Lines) 

 

 

III-6.3.3. One-phase flow rectangular finned minichannels heat extractor 

model validation. 

 Experimental data were recorded in a mHX for high heat flux applications by 

Qu and Mudawar [46] using embedded k-type thermocouples. We will compare the 

developed model’s output with data obtained by Qu and Mudawar after adjusting the 

geometry and materials of our mHX design to match those of the authors’. This is 

shown in Fig. III-85 where for different HTF inlet velocities the streamwise 

temperatures along the base surface of the mHX are compared when a single channel 

is chosen. Close agreement between experimental and modeled temperatures is seen. 

The reasonable discrepancies are mainly attributed to measurement uncertainties, as 
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reported by the authors [46], as well as deviation from the constant heat flux 

boundary conditions, assumed throughout the model development, under real 

operation conditions. 

 

 

 

Figure III-85: Comparison between Experimentally-Obtained Base 

Temperatures at Different Streamwise Locations in the mHX with Modeled 

Results for Different HTF Inlet Velocities 
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Chapter III-7. System-Level Results 

III-7.1. System-Level Results 

Using representative UAE weather data over one month, the cumulative 

system-level performance indices are listed and compared under Table III-16.  

 

 

Table III-16: Cumulative System-Level Performance Indices for both 

Configurations for a Representative Month in the UAE 

 Parameter Value Unit  Parameter Value Unit 

T
h

er
m

a
ll

y
 i

n
-S

er
ie

s 
C

o
n

fi
g
u

ra
ti

o
n

 

𝜼𝑰
𝒆𝒍𝒆 27.83 % 

T
h

er
m

a
ll

y
 i

n
-P

a
ra

ll
el

 C
o
n

fi
g
u

ra
ti

o
n

 

𝜼𝑰
𝒆𝒍𝒆 13.78 % 

𝜼𝑰
𝒕𝒉 48.28 % 𝜼𝑰

𝒕𝒉 65.44 % 

𝜼𝑰
𝑪𝑷𝑽𝑻 76.11 % 𝜼𝑰

𝑪𝑷𝑽𝑻 79.21 % 

𝜼𝑰𝑰
𝒆𝒍𝒆 29.89 % 𝜼𝑰𝑰

𝒆𝒍𝒆 14.80 % 

𝜼𝑰𝑰
𝒕𝒉 03.30 % 𝜼𝑰𝑰

𝒕𝒉 12.02 % 

𝜼𝑰𝑰
𝑪𝑷𝑽𝑻 33.20 % 𝜼𝑰𝑰

𝑪𝑷𝑽𝑻 26.82 % 

𝜼𝑰𝑰
𝒄𝒐𝒏 83.35 % 𝜼𝑰𝑰

𝒄𝒐𝒏 85.07 % 

𝑷𝒆𝒍𝒆 = 𝑬�̇�𝒆𝒍𝒆 354.63 W 𝑷𝒆𝒍𝒆 = 𝑬�̇�𝒆𝒍𝒆 174.65 W 

𝑷𝒕𝒉 611.98 W 𝑷𝒕𝒉 829.45 W 

𝑬�̇�𝒕𝒉 39.00 W 𝑬�̇�𝒕𝒉 141.90 W 

∑𝑬𝒙𝑰𝑷̇ 𝑷𝑽 404.97 W ∑𝑬𝒙𝑰𝑷̇ 𝑷𝑽 173.48 W 

∑𝑬𝒙𝑰𝑷̇ 𝑻𝑬𝑮 21.50 W ∑𝑬𝒙𝑰𝑷̇ 𝑻𝑬𝑮 10.87 W 

∑𝑬𝒙𝑰𝑷̇ 𝒎𝑯𝑿 53.76 W ∑𝑬𝒙𝑰𝑷̇ 𝒎𝑯𝑿 96.35 W 

𝑬𝒙𝑰𝑷̇ 𝒄𝒐𝒏 32.70 W 𝑬𝒙𝑰𝑷̇ 𝒄𝒐𝒏 26.31 W 

𝑬𝒙𝑰𝑷̇ 𝒕𝒐𝒕 524.14 W 𝑬𝒙𝑰𝑷̇ 𝒕𝒐𝒕 646.52 W 

∆𝑷𝑬𝑪 933.69 kWh

month
 

∆𝑷𝑬𝑪 985.32 kWh

month
 

(∆𝑪𝑶𝟐)𝒆𝒒 148.59 kgCO2
month

 
(∆𝑪𝑶𝟐)𝒆𝒒 156.81 kgCO2

month
 

 

 

From the exergoeconomic viewpoint, Fig. III-86 shows how different 

investment costs affect the LCNPV of configuration I for four different lifetimes. The 

vertical lines intersecting each curve represent the maximum investment cost after 

which the LCNPV becomes negative and the investment becomes unfeasible 

compared to an alternative investment with the same interest rate. Looking at it from 

another perspective, Fig. III-87 shows us how the variation of the capital investment 

for different configuration I system lifetimes affects the investment annuity that needs 
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to be satisfied throughout the system’s lifetime. In Fig. III-88, the effect of different 

current electricity prices for different escalation rates on the LCNPV is investigated 

on a semi-logarithmic scale for configuration I. 

 

 

 

Figure III-86: Variation of LCNPV with Anticipated Investment Cost for 

Different Anticipated Configuration I System Lifetimes. The Intersections Show 

the Maximum Investment Cost after which the LCNPV Becomes Negative (𝐣 =
𝟓%; 𝐞 = 𝟑%, and 𝐂𝐨𝐞𝐱

𝐞𝐥𝐞 = 𝟎. 𝟑 𝐀𝐄𝐃 𝐤𝐖𝐡⁄ ) 

 

 

III-7.2. Comparison with Competing Solar Solutions 

The performance of the two proposed configurations is compared with that of 

similar competing solar solutions in this section. This includes concentrated 

photovoltaic (CPV), photovoltaic thermal (PVT), and two concentrated photovoltaic 

thermal (CPVT) concepts. Comparison results are listed under Table III-17. All 

chosen studies are also conducted on a conceptual level. Clearly, the developed 

CPVT configurations hold a clear advantage in terms of exergy efficiency over the 

competing solar solutions. 
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Figure III-87: Variation of Investment Annuity with Anticipated Investment 

Cost for Different Anticipated Configuration I System Lifetimes (𝐣 = 𝟓%; 𝐞 =
𝟑%, and 𝐂𝐨𝐞𝐱

𝐞𝐥𝐞 = 𝟎. 𝟑 𝐀𝐄𝐃 𝐤𝐖𝐡⁄ ) 

 

 

Table III-17: Performance Comparisons between the Developed CPVT Designs 

and Alternative Competing Solar Solutions 

Solar Solution Energy Efficiency Exergy Efficiency 

CPVT Configuration I 76.11% 32.20% 

CPVT Configuration II 79.21% 26.82% 

CPVT I – Literature [78] 75% 17.6% 

CPVT II – Literature [79] 47.3% 22% 

PVT [61] 70% 14% 

CPV [77] 27% 27% 
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Figure III-88: Variation of Investment Annuity with Anticipated Investment 

Cost for Different Anticipated Configuration I System Lifetimes (𝐣 = 𝟓%; 𝐧 =
𝟐𝟓 𝐲𝐞𝐚𝐫𝐬; and 𝐂𝐨̅̅̅̅ 𝐢𝐧𝐯 = 𝟒𝟎𝟎 𝐀𝐄𝐃) 
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Chapter III-8 Conclusions and Future Work 

Clearly, the thermally in-series configuration provides a higher economic and 

thermodynamic value when electrical output is given preference over thermal output. The 

thermally in-parallel configuration, on the other hand, provides both a meaningful electrical 

output as well as high quality thermal output. Thus, it is favored over the first design in 

applications where high temperature thermal energy as well as electricity are desired. This is 

evident from the higher second-law thermal efficiency of the thermally in-parallel 

configuration compared to the thermally in-series configuration. On an overall efficiency 

basis, configuration I possesses a higher first-law efficiency; however, configuration II 

possesses a higher second law efficiency as a direct result of the grade difference between 

electrical and thermal outputs when equalized using the concept of exergy. 

Clearly, significant room for ExIP exists within each configuration. The ExIP for the 

MJPV cells in particular is very appealing and could be realized by developing fabrication 

techniques capable of producing MJPV cells with four and five junctions as well as making 

progress in bandgap engineering to fabricate new alloys with matching lattice constants or 

bringing down the cost and complexity of metamorphic and inverted metamorphic growth. 

The ExIP of segmented TEGs could be realized by developing thermoelectric materials with 

higher material figures-of-merit for near-ambient temperatures or adding more segments 

within each leg such that different thermoelectric materials with different maximum material 

figures-of-merit ranges operate within their optimum temperature ranges. The ExIP of the 

mHXs could be realized by allowing the outlet HTF temperature to increase. This is 

practically possible only if we decouple the electrical and thermal loops via a pre-illumination 

PV heat extraction design. The ExIP of the concentrator is achievable by fabrication mirrors 

with higher reflectances within the effective solar spectrum range and devising receivers that 

minimize the intercept factor losses. 

From an environmental viewpoint, both configuration are capable of displacing a 

considerable amount of energy and CO2-equivalent emissions. The kilograms of CO2-

equivalent displaced by a single CPVT unit are equivalent to the effect of 82 and 86 trees 

every year for configurations I and II, respectively. The second configuration seems to have a 

slightly higher environmental value. This is a direct results of the higher thermal energy value 

compared to electrical energy value when the thermal energy application is DHW using the 

business-as-usual electric water heaters in the UAE, as previously stated and justified. This 

highlights the sensitivity of any environmental (or exergoeconomic) performance index to the 

thermal energy utilization and application meant for the CPVT (or any other energy system 

with a thermal output, for that matter) solar collector. 
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From the exergoeconomic viewpoint, for a system lifetime of 25 years, which is 

common for solar systems, the investment cost needs to be brought to approximately 1,000-

1,100 AED for the CPVT unit to yield a meaningful LCNPV. The pattern is the same for 

configuration II. Clearly, the higher the current electricity price, the more cash the CPVT 

system displaces. Moreover, the electricity annual escalation rate seems to have a significant 

effect of the LCNPV of the CPVT. In the UAE, an escalation rate of roughly 10% could be 

assumed. 

In order to verify the conceptual designs theoretically analyzed in this study, the next 

natural step would be to experimentally build prototypes and test them under real or 

laboratory conditions and analyze deviations between analytical and testing results. Other 

future work and recommendations to be undertaken based on this study include: 

 Finding semiconductor materials for the segmented TEGs that possess a higher 

figure-of-merit under near ambient temperatures. 

 Using different thermoelectric materials for the top and bottom segments in a 

thermoelectric leg according to the temperature range within each segment. 

 Designing a parabolic dish concentrator composed of individual elements (e.g., 

petals, trapezoids, spheres, rings) filling the contour surface of a paraboloid in order 

to incorporate random optical errors into ray trace model. 

 Land area requirements and shadowing analysis. 

 Find or create approximate cost functions for the MJPV cells, segmented TEG 

couples, mHXs, and parabolic dish concentrator. 

 Identification and breakdown of internal exergy losses (exergy destruction). 

 Optimizing the geometry of ever individual mHX and sTEG unit in each 

configuration with respect to the individual heat inputs. 

 Designing and analyzing additional configuration variations that utilize the developed 

components and attempt to decouple the thermal and electrical loops by employing 

pre-illumination concepts. This includes: 

A. Design employing a spectral decomposition filter at the concentrator’s focus with 

the MJPV cells receiver behind filter and a thermal receiver (segmented 

TEGs/mHXs) in front of it. 

B. Design employing mechanically-connected (rather than monolithically-

connected) MJPV cell receivers as well as a thermal receiver combined with a 

spectral decomposition filter. 

C. Design with a rim angle above 90° such that a double-sided receiver is employed 

with MJPV cell receivers on one side and a thermal receiver on the other.  
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