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Abstract 
This research presents detailed analyses of innovative single and two stages 

vapor compression refrigeration cycles (VCRCs) as well as a cold thermal energy 

system (CTES) for residential and commercial cooling applications. Different 

subcooling systems, such as dedicated mechanical subcooling (DMSC) and liquid-

vapor heat exchangers (LVHX) using various refrigerants are investigated and 

analyzed. Results indicate that subcooling systems have great impacts on increasing 

the overall energetic and exergetic COPs of VCRC. The energetic and the exergetic 

COPs of the single stage VCRC with LVHX using R134a are 5.50 and 0.178, 

respectively. Whereas, for the innovative two stages VCRC with DMSC systems and 

R134a, energetic end exegetic COPs are found to be 5.83 and 0.189, respectively. A 

direct contact heat transfer CTES system using R134a-clathrate as a storage medium 

is investigated experimentally on a single-stage VCRC at different operating 

conditions. Some of the investigated operating conditions used to evaluate the storage 

medium behavior (clathrate) and the overall system performance are compressor 

speed, refrigerant mass flow rate, and different water to refrigerant mass ratios. Using 

R134a, it is found that at lower refrigerant mass flow rate between 0.5 to 0.8 kg/min, 

the clathrate is formed at longer durations, and COPs of operating cycles are found to 

be low compared to VCRCs. At a higher mass flow rate of 1.2 kg/min, the COPs of 

the CTES systems are found to be between 11.81 and 11.85, which is higher than the 

corresponding single stage VCRCs with LVHX by 42.5 to 44.5% and higher that the 

VCRC with DMSC by 41.3% to 43%. Current results show that at lower compressor 

speed of 2100 rpm and constant R-134a mass flow rate of 1.2 kg/sec, the COP is 

improved by 17%; whereas, at higher compressor speed of 2900 rpm, the COP is 

decreased by 23%. At higher water/R134a mass ratios in the crystallizer (storage 

tank), COPs are found to be decreasing due to the increase in charging times needed 

to form the clathrate compared to all other cases. Finally, the experimental and 

simulation results indicate that the CTES systems have higher COPs as compared to 

innovative VCRCs.  

Search Terms: Innovative refrigeration cycles, Phase change materials, Thermal 

energy storage, Clathrate hydrates of R134a, Energy and exergy analyses.
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sto Storage 
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Chapter 1: Introduction 
 
1.1. Motivation 
 

Energy is the backbone of all human activities on earth. Energy demand has 

increased during the recent years due to the high-energy consumption in different 

fields. Renewable energies and increased energy efficiency play an important role in 

energy management fields nowadays. These approaches are important to reduce the 

climate change issues, such as global warming and the danger of ice melting in north 

and south poles. For countries with less or without fossil energy resources, achieving 

more independence from fossil fuels is a real challenge. The existence of some kind 

of renewable energy is not always guaranteed and is very costly to produce. For 

example, wind power stations can produce electricity only when there is enough wind 

to rotate the turbine propellers; similarly, the same for solar collectors can only 

produce heat when the sun is shining. Thus, continuous availability and demand do 

not simultaneously occur. Sometimes, more energy might be produced than demanded 

or vice versa. Load management refers to technologies which attempt to shift the 

electric consumption from the on-peak periods to the off-peak periods. Consequently, 

load management takes advantage of the excess generating capacity during the off-

peak periods. 

One of the most power consuming devices in the industrial, commercial and 

residential buildings is the air condition systems that are used for space cooling. The 

air conditioning systems, despite the latest technology in the HVAC field, are still 

considered as high power consuming devices [1-3, 33]. In the recent years, several 

research studies were conducted in this field in an attempt to find different solutions 

to improve the air conditioning systems efficiency for different applications [4-10]. 

However, more research is still required.  

The recognized need for managing and reducing the high peak loads in 

commercial and residential buildings has simulated the idea of energy storage 

strategies. Energy storing is one of the effective approaches to overcome this problem. 

Energy is produced when required or when conditions allow for it, and the extra 

energy can be stored and used in other cases when the demand is higher than the 

production. During the off-peak hours, the thermal energy storing system should be 

capable of removing heat from the storage material (charging mode) to provide space 

cooling during the on peak hours (day time). 
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There are two methods to store the thermal energy. These are to store it in 

either the form of latent heat or the form of sensible heat. The sensible storing is one 

of the oldest methods to store thermal energy by increasing its temperature using 

external heating source. The main drawbacks of this method are that it requires an 

external heating source, the heat is returned at ever decreasing temperature, and the 

amount of material to be used for storing the thermal energy is huge which 

accordingly increases the volume of the storage medium [11-13]. The latent storage is 

considerably more efficient as it depends on the amount of heat released from the 

storing material during the phase transition; for instance, from liquid to vapor, or from 

solid to liquid, etc. Therefore, the latent heat storage method requires smaller volume 

of the material and has the ability to last longer compared to the sensible storage. The 

most and oldest common storage material used in air conditioning is water, or ice. 

However, if water is to be used for latent or sensible heat storage, it requires larger 

volumetric capacity. In addition, as proven by previous research, it is an impractical 

choice due to its higher capital cost compared to the conventional cooling systems 

[11-15]. Although ice has a superior specific energy density [11-15] that can reduce 

the storage size, if formed at very low temperature, this creates a higher temperature 

gap between the storage device and the space. This consequently increases the heat 

gain and reduces the system performance. Thus, it can be concluded that neither water 

nor ice is the best solution for TES systems. 

Thermal energy storage (TES) [16-23], and phase change materials (PCMs) in 

particular, have been a main topic in research for the last few decades because of their 

high heat storage density and attractive thermo-physical properties [11-23]. A good 

TES system should allow minimum thermal energy losses, leading to energy saving, 

while permitting the highest possible extraction efficiency of the stored thermal 

energy. PCMs have the advantage of high fusion heat with the ability, in a relatively 

small volume, to store or release large amounts of energy as latent heat during melting 

and solidification and a suitable phase change temperature range for cold storage 

applications. Because of their superior high latent heat, the storage systems size can 

be optimized to a small size system. 

A clathrate (gas hydrate), which is a chemical substance that includes 

inclusion compounds that consist of a host (crystalline water structure) and a guest 

molecule (refrigerant gas), has become the aim of most researchers in the energy 
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conservation field due to its high latent heat capacity and moderated formation 

temperature within a range of (5 to 12 oC) [24,25]. Clathrates have a high latent heat 

capacity of about 84% of that of water, and have high melting temperature of about 5 

to 12 oC than ice [24, 25]. Therefore, they are one of the best candidates for cold 

storage in air conditioning systems with smaller temperature gap between the storage 

tank and the desired space that needs to be cooled. 

Designing a perfect TES system does not only depend on the selection of the 

best refrigerant or any material that forms a clathrate (storage medium) with a good 

thermos-physical characteristics for cooling applications, but also on the refrigeration 

system that is going to be used as TES system. For residential or commercial 

refrigeration, air conditioners are used as a conventional system for cooling the space. 

Turing this system to CTES requires system analysis and performance assessment. 

The conventional (basic) refrigeration vapor compression refrigeration cycles 

(VCRCs) are proven to be of low efficiency due to their low coefficient of 

performance (COP) values [26-33]. To come over this problem, innovative VCRCs 

need to be introduced. These should have high COP values compared to the 

conventional VCRCs at the same operation conditions. Unfortunately, research 

related to the development of the innovative VCRCs for CTES is limited compared to 

the great deal of research accomplished for conventional VCRCs. In addition, most of 

the research conducted employed the energetic concepts to analyze the VCRCs; 

however, this is considered insufficient because the energy analysis relied on the first 

law of thermodynamics. The first law of thermodynamics does not consider the 

changes and interaction of the cycle with the ambient conditions. In other words, the 

energetic analysis ignores the system irreversibility and does not provide realistic and 

meaningful assessment for the cycles. To get more accurate results and assessment for 

the VCRCs, the exergetic analysis has to take place in the cycle analysis. The 

exergetic analysis is derived from the second law of thermodynamics, and it takes in 

account the system irreversibility due to the reaction with ambient conditions or other 

factors.  

1.2. Problem Statement 
 

All previous points have strongly motivated the current research work. The 

current research aims to: 

1) Investigate and analyze different innovative configurations of vapor compression 
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refrigeration cycles with a higher COP value that can be utilized for residential 

cooling application. The investigation includes mathematical modeling of different 

vapor compression refrigeration cycles (single stage, two stages and dual purpose 

refrigeration cycles) at different operation conditions using energetic and exergetic 

approaches for analysis to determine and compare the cycle performances. 

2) Propose an efficient refrigerant that allows the cycle to reach its ultimate 

performance by investigating different refrigerant types at different operation 

conditions. 

3) Propose an efficient refrigerant based on the analysis results to be used for forming 

a clathrate hydrate (PCM) for thermal energy storage system (CTES). 

4) Experiment CTES system using the suggested refrigerant through different runs at 

different operation conditions, such as different mass flow rates, different compressor 

motor speeds and different amounts of water to refrigerant. This is to understand the 

clathrate characteristic and formation conditions and to compare the CTES cycle 

efficiency with conventional cooling VCRCs concluded from the theoretical analysis.               
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Chapter 2: Background and Literature Review 
 

In this section, an overview of the basic concepts and information required to 

fully comprehend the results and analysis of this research study are presented. 

Moreover, an extensive literature review is presented to better understand the 

significant contributions of this research work. 
 

2.1. Vapor Compression Refrigeration Cycles (VCRC) for Cooling Purpose 

This section of the thesis focuses on different types of VCRCs used for 

cooling purposes. Additionally, important definitions are presented for further 

understanding of the discussed VCRCs technologies. This part of the literature review 

is used to analyze and identify the best VCRC that can be used for thermal energy 

storage (CTES) for cooling systems using a clathrate hydrate based on the COP and 

the operation conditions. 
 

2.1.1. Conventional vapor compression refrigeration cycles. The 

conventional VCRC is the first cycle that was used in modern air conditioning 

systems and refrigeration systems in different sectors, such as residential, industrial 

and commercial buildings. The cycle is composed of four main components: the 

evaporator, compressor, condenser and throttling valve. Each of the mentioned 

components has its own function in the cycle: the evaporator is to absorb heat from 

the space to maintain certain temperature around, the condenser exchanges heat with 

the environment to condense the vapor refrigerant to saturated liquid, and the 

throttling valve reduces the high pressure of saturated liquid refrigerant that is 

received from the condenser to the evaporator lower pressure. Several types of 

refrigerants can be used as a cooling fluid (this is discussed later in the chapter). 

In the past few years, energy conservation has become acritical issue due to 

the limited energy resources and the increased demand on electricity [1-3, 33]. The 

energy used for refrigeration in residential and commercial buildings represents a high 

percent of the electricity consumption in different countries [1-3, 33]. Most of the 

refrigeration systems rely on VCRCs. In spite of the simplicity, low cost and 

reliability of the conventional VCRCs, it is proven to have a very low COP due to the 

inherent thermodynamic losses when compared to the Carnot ideal cycle [26-34]. The 

thermodynamic losses are mainly presented in the high discharge refrigerant 

temperature, high thermal power input to the compressor, high compressor heat 
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release in the single-phase vapor compression, and the isenthalpic expansion of the 

throttling valve which leads to severe throttling losses and heat release [32,33]. As a 

result, researchers in HVAC and different fields of related engineering fields have 

conducted numerous theoretical and experimental research studies trying to improve 

and refine the conventional VCRC using different techniques along with alternative 

refrigerants [26-39]. One of the most know and successful techniques is the VCRC 

subcooling. The subcooling technique has been extensively utilized in low and 

medium size refrigeration systems for different applications [26, 27, 32, 37]. The 

subcooling technologies are divided into four main techniques: the ambient 

subcooling, the liquid vapor heat exchanger, external heat sink subcooling and system 

and mechanical subcooling. Some of these techniques are relevant to the thesis work 

and are discussed in details in the following sections. 

2.1.2. Ambient subcooling. In ambient subcooling, both the subcooler (extra 

heat exchanger) and the condenser are compiled to form as a larger capacity size 

condenser, i.e., a separate subcooling heat exchanger needs to be attached at the 

downstream of the condenser. In ambient subcooling, the additional heat exchanger 

surface area must be exposed to the ambient for exchange heat to condense the vapor 

refrigerant.  

The advantage of this technique is that it increases the capacity of the VCRC. 

Nevertheless, the amount of the refrigerant charge increases to fulfil the system 

operational conditions because of the pressure drop caused by the additional heat 

transfer area, which leads to an increase in the throttling valve imposed restriction. 

Moreover, the degree of subcooling is restricted by the dead state temperature (sink 

temperature) [28, 32, 40]. Due to that, the ambient subcooling technique is not always 

efficient. 

2.1.3. Liquid-vapor heat exchanger (LVHX) subcooling. The liquid-vapor 

heat exchanger subcooling system is also known as suction-line heat exchanger 

subcooling. The function of the LVHX is to exchange heat between the pipe line of 

the downstream of the condenser (condenser outlet) and the return gas pipe line 

between the evaporator output and the compressor inlet. This leads to subcooling of 

the condenser saturated refrigerant, decreasing the evaporator inlet enthalpy (which 

increases the evaporator capacity) and superheating of the saturated vapor refrigerant 

at the inlet of the compressor. These effects increase the cooling capacity and 
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decrease the work load of the compressor which consequently increases the COP of 

the VCRC. According to ASHRAE [41], in addition to the previous explanation, the 

LVHX has other benefits that contribute to improving the overall system 

performance; for instance, preventing formation of flash gas at the expansion valve 

inlet and evaporating any liquid particles in the suction line (due to the superheating) 

before they are inhaled by the compressor. Nonetheless, the shortcoming of 

integrating a LVHX to the VCRC is that the size effect of increasing the specific 

volume in the inlet of the compressor may lead to lower COP because the increase in 

the suction line temperature is in inverse proportion relation with the compressor 

volumetric efficiency. If the compressor is not adapted in order to fit the new setup, 

this might cause damage of the compressor [32, 33].  

Lorentzen and Pettersen [44] investigated the effect of the LVHX on the COP 

of the VCRC and found that the COP was improved due to the reduction in the 

throttling losses. In the same vein, Domanski and Didion [44], and Domanski et al. 

[45] investigated the theoretical performance of integrating LVHX to a conventional 

VCRC using R22 and several other refrigerants and found that the COP of the VCRC 

increased dramatically and that the refrigerant properties play an important role along 

with the LVHX subcooling system. A similar study was conducted by Bivens et al. 

[46] on air conditioning systems and heat pumps using R22 alternative. It was found 

that the LVHX has a great effect on the COP as it improves the system by 6 to 7%. 

Klein et al. [47] studied the performance of the VCRC using different refrigerants, 

R22, R134a, R12, R32, R717, R404A, R290, R407C, R600 and R410A. Results 

indicate that the LVHX has a high effect on the COP value for all the used 

refrigerants except for R22, R32 and R717; the COP was detrimental if the difference 

in temperature between the condenser and the evaporator was very high (60 oC 

difference or more). Aroraa and Kaushik [48] investigated the effect of the subcooling 

temperature of the LVHX on the COP of the VCRC using R507A, R502 and R404A 

at constant evaporator and condenser temperatures and found that as the subcooling 

temperature increases, the COP of the system increases accordingly. In addition, the 

highest COP was achieved when R502 was used, followed by R507A and R404A. 

Pottker and Hrnjak [49] investigated the effect of the LVHX subcooling on the air 

conditioning system experimentally, where two refrigerants (R1234yf and R134a) 

were used for the cycle operation. The study shows that the COP of the cycle was 
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improved, especially when R1234yf refrigerant was used. 

Therefore, the LVHX is a good choice for increasing the efficiency of the 

VCRC by increasing its cooling capacity (evaporator capacity) through the subcooling 

of the liquid refrigerant at the outlet of the condenser and the superheating of the 

refrigerant vapor at the inlet of the compressor. It should be taken into consideration 

during the cycle design or upgrading that the compressor can handle and function 

properly with a high temperature vapor refrigerant at its inlet; otherwise, the 

efficiency of the VCRC might decrease due to the degradation of the compressor 

components. 

2.1.4. External heat sink subcooling. One of the common practical methods 

that are used for subcooling the VCRC, especially for medium and high temperature 

air conditioning systems [32], is the external heat sink subcooling using a water 

cooling tower. Water is used as a secondary refrigerant that exchanges heat with the 

main cycle heat exchanger. Water inside the heat exchanger exchanges heat with the 

higher temperature refrigerant liquid that is received from the condenser output. It is 

then returned to the water cooling tower to be cooled by exchanging heat with the 

circulated air inside the tower. A pump is used to circulate the cooled water again to 

the heat exchanger. Experimental research studies conducted by Miller and Linton at 

al. [26, 50] indicate that the cooling capacity can be increased by 1% for every 1 oC of 

subcooling. Qureshi and Zubair [32] state that this system is more economically 

efficient when used for higher temperature applications as it requires lower 

subcooling temperature, and this reduces the cooling tower size.  

This system is particularly effective as it can reduce the size of the compressor 

and the main cycle condenser because the degree of subcooling increases the 

evaporator capacity and increases the COP. Furthermore, the secondary refrigerant 

used in the cooling tower is water, which is cooled with the ambient air and a low 

power fan for air circulation. All these materials are naturally available and have 

minimal environmental impacts. On the other hand, the drawback of this system is 

that the cooling tower size depends on the load [32] which, in some cases, may 

require larger cooling tower which might be impractical due to room size limitation. 

Moreover, the ambient temperature plays a vital role in the operation. The cooling 

level of water is decided based on the surrounding temperature, and this directly 

affects the VCRC subcooling degree and the thermal power input to the compressor.  
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2.1.5. Mechanical subcooling. The Mechanical subcooling is divided into 

two main techniques: the first one is the dedicated mechanical subcooling and the 

second is the integrated mechanical subcooling. In the dedicated mechanical 

subcooling, the VCRC is composed of two sections. The first one is the main cycle; 

whereas, the second section is the subcooling cycle; both systems are connected with 

a common heat exchanger (DMSC) which is located at the main cycle condenser exit. 

The heat exchanger functions as a subcooler for the main cycle and as an evaporator 

for the subcooling cycle. In the mechanical subcooling VCRC, different types of 

refrigerants can be used in the main and the subcooling cycles as they do not get to 

mix at any point. A number of researchers investigated experimentally and 

theoretically the effect of the dedicated mechanical subcooling technique on the 

VCRC for different applications. It is reported that the dedicated mechanical 

subcooling increases the cooling capacity of the cycle because of the lower quality 

refrigerant entering the evaporator after the expansion process through the throttling 

valve. Furthermore, the pressure and temperature of the main condenser decrease due 

to the subcooling effect which in turn decreases the temperature of the superheated 

vapor refrigerant at the compressor outlet. This maintains the health of the compressor 

and increases its lifetime in the operation [51]. Thornton et al. [29] investigated the 

dedicated mechanical subcooling system using a refrigerant property based 

thermodynamic model, including the irreversibility of all heat exchangers but 

excluding the evaporator of the main cycle. The performance of the dedicated 

subcooling system in a VCRC at different saturation subcooling temperatures was 

analyzed using the developed mathematical model. It was found that the improvement 

in the COP is approximately 10% over a range of conditions representing supermarket 

applications. Couvillion et al. [27] have investigated the dedicated mechanical 

subcooling effect on a conventional VCRC through a developed mathematical model. 

The developed mathematical model considered all the individual components models 

involved in the VCRC. It was found that the COP was improved by 6 to 80%, and the 

cooling capacity of the system was improved by 10 to 170% compared to 

conventional VCRC. Khan and Zubair [5] investigated the temperature dependent and 

refrigerant dependent thermodynamic models of the dedicated mechanical subcooling 

system in more detail, compared to the previous researchers, using R134a as the main 

refrigerant, and both models showed the same results. It was found the COP of the 
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cycle increased dramatically compared to the conventional cycle; the improvement 

was found to be related to the refrigerant saturation temperature of the subcooler. In 

addition, the model was used to predict the optimum distribution of the heat exchange 

area between the evaporator and the condenser. Qureshi and Zubair [36] studied the 

effect of combining different refrigerants with various characteristics on the 

performance of the dedicated mechanical subcooling VCRC. The used refrigerants 

were R134a, R410A, R407C, R717 and R 404A. R404A was considered as an 

alternative for different refrigerants for various applications; whereas, R134a and 

R410A were considered for applications suitable for high and medium temperature 

ranges. R134a and R410A refrigerants were used in the subcooling cycle due to their 

relatively elevated operational temperature when compared to the main cycle. It was 

found that when R134a was used in the main cycle and the subcooling cycle, the COP 

of the system was the highest compared to other results. Qureshi et al. [52] 

investigated the effect of the dedicated mechanical subcooling experimentally based 

on energetic analysis for a single stage cycle with a capacity of 1.5 ton for residential 

application. R22 was used as the refrigerant in the main cycle, and R12 used as the 

secondary refrigerant in the subcooling cycle. The researchers report that the load 

carrying capacity of the main evaporator increased by 0.5 ton when the subcooling 

temperature was between 5 to 8oC, and the second law efficiency increased by 21% 

compared to the conventional cycle. Furthermore, it was observed that the increase in 

efficiency is inversely proportional to the ambient temperature variation. However, no 

further experimental and theoretical studies about the use of dedicated mechanical 

subcooling system were found. 

The VCRC with integrated mechanical subcooling is similar in construction to 

the VCRC with dedicated mechanical subcooling except that the VCRC contains only 

one condenser that serves both the main and subcooling cycles. The system is 

composed of two throttling valves, single condenser, single evaporator and two 

compressors connected in parallel formation. After the condenser, a receiver is 

usually integrated to accumulate the saturated liquid refrigerants coming out of the 

condenser. Part of the saturated liquid refrigerant shall go through the subcooling 

cycle after expanding through throttling valve. The subcooled liquid exchanges heat 

with the main cycle refrigerant to subcool it in order to lower temperatures inside the 

heat exchanger. This leads to an increase in the cycle COP due to the reduction in the 
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total thermal power input to the compressor and the increase in the cooling capacity 

[56]. The VCRC with integrated mechanical subcooling thermodynamic analysis was 

investigated by several researchers [e.g., 4, 53-55, 57]. Most of the researchers 

indicate that the system performance was the highest when the difference in 

temperatures between the condenser and the evaporator was large. Zubair and Zubair 

et al. [54, 55] point out that the system optimum performance was observed when the 

subcooling temperature of the integrated mechanical subcooler was close to the 

average temperature of the condenser and evaporator. The highest improvement in 

COP of the system recorded by Khan and Zubair [5, 56] is 7.5% compared to 

conventional VCRC using R134a refrigerant. Qureshi and Zubair [32] investigated 

the variation in performance characteristics for a vapor compression with integrated 

mechanical subcooler numerically due to fouling effect and refrigerant combination. 

Three refrigerants were used, R134a, R410A, and R407C; the highest COP was 

determined when R134a was used, followed by R410A and R407C, respectively. 

Thus, both the dedicated and integrated mechanical subcooling systems have a 

great impact on increasing the COP of the VCRC. The results are based on the VCRC 

operation conditions and the type of the refrigerant used. For both systems, it was 

found that the VCRC performance improves when the difference in temperature 

between the condenser and evaporator is large. The advantages of the dedicated 

mechanical subcooling VCRC is that different refrigerants can be used in both the 

main and the subcooling cycles; whereas, in the integrated mechanical subcooling 

VCRC, only one type of refrigerant is preferred as the condenser for the main and 

subcooling cycle is common.  

2.2. Classification of Refrigerants 

This section of the chapter focuses on investigating the different types of 

refrigerants that are used for cooling applications. Two of these applications that are 

of interest in the present study are: air conditioning and thermal energy storage 

(CTES) for cooling systems. In this section, the impacts of different types of 

refrigerants on the environment are introduced, and recommended alternatives are 

presented. This part of the literature is utilized to select the best refrigerant to be used 

for the clathrate formation in the CTES based on the operation conditions and some 

other factors. 

2.2.1. Basic definitions. There are different types of refrigerants available in 
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the market. Common ones are: 

• Halogens: Material such as fluorine (F), chlorine (Cl), bromine (Br), iodine (I) 

and astatine (At). 

• Halogenated: Chemical mixture or compound that contains one or more of 

the halogen atoms. 

• Fully Halogenated: When all the hydrogen atoms in the molecule are 

replaced by fluorine or chlorine atoms. 

• Not Fully Halogenated: Not all the atoms in the molecule are replaced by 

halogen atoms, fluorine or chlorine atoms. 

Definitions of the fully and not fully halogenated refrigerants are essential to 

understand the concept that some refrigerants are more harmful on the ozone 

compared to others. Different categories of refrigerants are: 

• CFCs: Chlorofluorocarbons is an organic compound that contains no more 

than two carbon atoms that are fully halogenated with chlorine, and fluorine 

atoms; they are commercially named as Freon. 

• HCFCs: Hydrochlorofluorocarbons are similar in the chemical construction to 

the CFCs but with extra hydrogen atom. 

• HFCs: Hydrofluorocarbons compounds contain no more than two carbon 

atoms, which are partially halogenated with fluorine. The HFCs are a 

replacement of CFCs due to their lower ozone damage effect. The HFCs, 

despite its lower ozone impact, it contributes in the greenhouse gas emissions. 

• HFOs: Hydrofluoroolefin is composed of hydrogen, fluorine and carbon 

atoms. It has lower global warming potential than the HFCs. 

2.2.2. Ozone issue and the Montreal protocol. Chlorofluorocarbons (CFCs) 

such as R11, R12, and Hydrochlorofluorocarbons (HCFCs) such as R123 were used 

previously. The huge generation of the CFCs and HCFCs contributed to the depletion 

of the ozone layer. Since the implementation of the Monteria protocol in 1987, most 

of the CFCs and HCFCs have been replaced by alternative refrigerants from the third 

generation, Hydrofluorocarbons (HFCs). The HFCs have higher global warming 

potential (GWP) compared to CFCs due to their high absorption level of infrared 

radiations [58, 68]. In some European countries, the HFCs have become subject to 

restriction as a contribution to reduce the global climate change. The operation of air 

conditioners and refrigerators depends on a refrigerant. When selecting a refrigerant 
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for the mentioned equipment, it is important to consider the environmental impact of 

the selected refrigerants on the GWP, ODP and energy efficiency. This may 

sometimes result in a conflict in selection; for example, if the lower GWP refrigerant 

has less efficiency than the fluid it replaces, any direct global warming benefit maybe 

offset partially or fully by increased energy consumption, especially if the energy that 

operates the devices is generated by fossil fuels, the production of CO2 will 

consequently increase.  

Nevertheless HFCs, in all applications, presently contributes to approximately 

only 2% in the total anthropogenic warming. However, due to the upsurge in using air 

conditioners and refrigerators during the past years, the HFCs emission has been 

increasing accordingly [58]. In the beginning of 2017, the use of R-134a for mobile 

air conditioning (e.g., vehicle air conditioning) will be banned. By the year 2033, the 

Montreal protocol announced that the use of all HFCs would phase down by 15% of 

the combined 2005-2008 consumption, adding to that 85% of HCFCs based on the 

GWP weightings [59]. Due to all these restrictions, the fourth generation of 

refrigerants Hydrofluoroolefin (HFOs), which is lower in GWP and with zero ozone 

depleting potential (ODP), is under development. However, the drawback of the 

HFOs is that they have mild flammable properties. There is also a growing interest in 

using natural refrigerants (e.g., R717 and R744) instead of HFCs which is already 

applied in the market and under research [58, 68]. 

The selection criteria of a refrigerant must meet a number of requirements 

which are discussed by Mclinden and Didion [60]. These criteria: (1) chemical 

stability, (2) low toxicity, (3) energy efficiency and capacity, (4) boiling point, critical 

temperature and heat capacity, (5) low viscosity and high thermal conductivity, (6) the 

GWP and ODP and (7) compatibility with the cycle, e.g., the compressor type and 

tubing material. All these criteria of selection created a conflict and made it hard to 

select a refrigerant; for example, the conflict between the need for chemically stable 

refrigerant and the chemical breakdown if a refrigerant is released to the atmosphere 

due to a leakage in the sealed refrigeration system [58]. 

2.2.3. Classification and properties of primary refrigerant. Primary 

refrigerants can be classified to pure refrigerants fluids (synthetic and natural) and 

mixture refrigerants, as shown in             Figure 1. The selection of suitable refrigerant 

for a particular application is based on three main factors: (1) thermo-physical 
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properties, (2) environmental and safety properties and (3) economics. 

 
            Figure 1: Basic classification of refrigerants 

1) Mixed refrigerants 

Mixed refrigerants are composed of zeotropic and azeotropic mixtures; 

examples of mixed refrigerants are presented in Table 1 [61]. The azeotropic mixtures 

are designated by 500 series, and they do not have the same liquid and vapor phase 

composition at the liquid vapor equilibrium state. Whereas, the non-azeotropic 

mixtures (zeotropic) are designated by 400 series, and they have proportion of mixed 

liquids that cannot be changed by simple distillation methods due to a constant boiling 

temperature mixture. 

Table 1: Mixture refrigerants examples 

Zeotropic mixtures Azeotropic mixtures 

R500 [R12 (73.8%) + R152a (26.2%)] R404A [R125 (44%) + R143a (52%) + 
R134a (4%)] 

R502 [R22 (48.8%) + R115 (51.2%)] R407A [R32 (20%) + R125 (40%) + 
R134a (40%)] 

R503 [R23 (40.1%) + R13 (59.9%)] R407B [R32 (10%) + R125 (70%) + 
R134a (20%)] 

R507A [R125 (50%) + R143a (50%)] R410A [R32 (50%) + R125 (50%)] 
 

2) Inorganic refrigerants (natural refrigerants) 

Inorganic refrigerants are designated by 700 series. Examples of inorganic 

refrigerants are shown in Table 2 [61]. 
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Table 2: Inorganic refrigerants examples 

Inorganic refrigerants Molecular weight 

R717 (Ammonia) 17 
R744 (Carbon dioxide) 44 
R718 (Water) 18 

 
Inorganic refrigerants are also known as natural refrigerants; they can be 

found in nature, such as water and CO2. The advantages of the inorganic refrigerants 

are that they have low GWP and zero ODP values. In the recent years, the usage of 

inorganic refrigerants for different applications has increased [58, 68]. However, the 

disadvantages of these refrigerants are represented in the level of flammability, 

toxicity, corrosivity, high pressure and low efficiency [58]. For more than 140 years, 

Ammonia has been used as refrigerant in different applications, for example, beverage 

processing, industrial refrigeration and food storage. It has efficient thermodynamic 

properties and provides high level of refrigeration effect per mass. Nonetheless, 

Ammonia has a very high discharging temperature from the compressor side, which 

needs to be considered while designing the cycle [58], and has a high toxicity level. 

Moreover, it is not compatible with copper and copper alloy materials and has high 

flammability level [61]. The use of CO2 as a refrigerant had been implemented since 

mid=19th century; however, it was replaced by the CFCs and HCFCs by mid-20th 

century. In the 1990s, the interest in using CO2 as a replacement for the CFCs and 

HCFCs increased again [58]. The CO2 is used in normal VCRCs, in heater 

applications and several other applications. It has low toxicity level, zero ODP and 

GWP of 1; it is also nonflammable. CO2 is particularly efficient as a refrigerant as it 

operates at higher pressure values, equivalent to ten times of the pressure of the HFCs 

and HCFCs; it also has lower critical temperature of 31 oC which turns the sub-critical 

VCRC to trans-critical mode whenever the ambient temperature crosses the CO2 

critical temperature. The trans-critical cycle experiences higher compressor power 

consumption which in turn reduces the system efficiency and thus lowers the cooling 

capacity [58]. Water is considered the most efficient refrigerant, from an 

environmental point of view, as it is very safe; however, its vapor is of very low 

density, which requires larger piping size and larger compressor in the cooling 

system. The larger the piping size, the higher pressure drops across the cycle 

components, which leads to a decrease in the COP values. The lowest temperature of 
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water is 0 oC, which is considered as another limitation. Advancing VCRC using 

water is still under development and research, especially for air conditioning systems 

for large buildings (larger chilled water systems) [58]. 

3) Hydrocarbon refrigerants 

Hydrocarbon refrigerants are referred to as natural gases and petroleum. 

Examples of hydrocarbon refrigerants are shown in Table 3 [61]. 

Table 3: Hydrocarbons refrigerants examples 

Hydrocarbon refrigerants Unsaturated Hydrocarbon 
refrigerants 

R290 (Propane C3H8) R1150 (C2H4) Ethylene 
R600 (n-butane C4H10) R1270 (C3H6) Propylene 
R600a (iso-butane C4H10) - 

 
In 1992 in Europe, the iso-butane refrigerant was introduced for household 

refrigerators. The iso-butane now accounts more than one third of the global 

production [58]. In countries like India, china and Australia, the growth of 

hydrocarbon refrigerants is rapid. The thermodynamic properties of the hydrocarbons 

are considerably efficient as they have very low GWP, zero ODP and low toxicity 

levels. A variety of selections is available from the hydrocarbons refrigerants to meet 

different refrigeration requirements at different operational temperatures. 

Nonetheless, hydrocarbons have high flammability level, which is considered a 

restriction in a number of applications for safety concerns. Due to the high 

flammability level of the hydrocarbon refrigerants, the usage of hydrocarbons is 

limited by the current state of safety training and safety precautions, which adds extra 

costs to the system [58]. 

4) Halocarbon refrigerants (Halogenated) 

The halogenated refrigerants are synthetically produced (most of them are 

CFCs, HCFCs and HFCs). Halocarbons were introduced in the 1930s. Table 4 [63, 

58, 68] represents some of the popularly used halocarbon refrigerants. The former 

commonly used halocarbons were the HFCs, such as R12 and R11. HFCs proved to 

be one of the best refrigerants as their performance is considerably high. The R12 was 

widely used in different refrigeration systems such as automotive air conditioning and 

large centrifugal water chillers. R11 was used in lower pressure applications such as 

smaller size centrifugal chillers. In 1995, the production of the HFCs was phased out 

in developed countries and by the end of 2009 in developing countries, as it was 
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found to have a negative impact on the ozone layer [58].   

Table 4: Halocarbon refrigerant examples 

Halo-carbon refrigerants 
ASHRAE 
number 

IUPAC chemical Name Molecular formula Type 

R11    Trichloromono fluoromethane  [CCl3F] CFC 
R12    Dichlorodifluoromethane  [CCl2 F2] CFC 
R13    Monochlorotrifluoromethane  [CCl F3] CFC 
R113 Trichlorofluroethane  [C2Cl3F3] CFC 
R114 Dichlorotetrafluoroethane  [C2Cl2F4] CFC 
R115 Monochloropentafluoroethane  [CClF2CF3] CFC 
R21    Dichloromonofluoromethane  [CHCl2F] HCF

C 
R22    Monochlorodifluoromethane  [CHClF2] HCF

C 
R123 2,2-Dichloro-1,1,1-Trifluoroethane  [C2HF3Cl2] HCF

C 
R134a  1,1,1,2-Tetrafluoroethane  [C2H2F4] HFC 
R410A R32/R125  

(50%+.5,-1.5/50%+1.5,-.5)  
[50+.5,-1.5% CH2F2 
/50+1.5,-.5% C2HF5] 

HFC 

R404A R125/R143a/R134a 
(44%±2/52%±1/4%±2) 

[44±2% C2HF5/ 
52±1% C2H3F3/ 4±2% 
C2H2F4] 

HFC 

R507 R125/R143a (50% / 50%) [50% C2HF5 / 50% 
C2H3F3] 

HFC 

R125 Pentafluoroethane [C2HF5] HFC 
R32 Difluoromethane [CH2F2] HFC 

 

HFCs were replaced by HCFCs. One of the commonly used HCFC refrigerant 

is R22. R22 is used in residential air conditioning systems, in large centrifugal water 

chillers, and in small, medium and large size refrigerators. It is found to be suitable 

for a wide range of application temperatures. On the contrary, R22 has higher 

compressor discharging temperature (pressure) especially in low temperature 

refrigeration systems, which needs to be considered during system designing [58]. 

The production of equipment that operates on R22 has is phased out in the United 

States (US), Japan and Europe due to its high ODP, which is equivalent to 0.055, and 

this is applicable to the rest of HCFCs due to their higher GWP. The replacement for 

R11 is R123. R123 can be used in lower pressure refrigeration applications, and it has 

ODP of 0.02 and GWP of 77 which is considered relatively low compared to other 

HCFCs. The phasing out of the R123 in new equipment is due to the 2020 Universal 

scale in developed countries. The full consumption of HCFCs shall be phased out in 
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the year 2030 in developing countries as per the Monteria protocol. 

Most of the HCFCs were replaced by HFCs to reduce the GWP that affects the 

environment. HFCs are well-known in the market nowadays as  they are used in most 

of the refrigerant equipment, especially the new ones [58, 68]. The commonly used 

HFCs are R134a, R410A, R507 and R404A. R410A is a replacement for R22; it is 

used in residential and small sizes commercial air conditioning systems. The pressure 

of operation of the R410A is 50% higher than that of the R22, which requires a 

reconstruction of the VCRC to suit the refrigerant. Redesigning some equipment is 

problematic; therefore, R407C was introduced as a replacement for R22. R407C 

operates at closer pressure level to R22. It is a blend of R32, R125 and R134a with a 

ratio of 23±2%, 25±2% and 52±2%, respectively. Nevertheless, efficiency of R407C 

is lower than R22 and R410A due to higher temperature glide. R134a is widely 

known in the automotive air conditioning systems nowadays; it is also used in smaller 

sizes refrigeration systems, such as refrigerators and vending machines. Moreover, it 

is used in larger applications, such as large water chillers. R410A and R507 are used 

in commercial refrigeration applications, such as supermarket refrigerators. Both 

refrigerants are a proper replacement for R502. Their advantage is that their 

discharging temperature is relatively low, which increases the reliability of the cycle 

during operation. On the other hand, their efficiency is quite low compared to R22, 

especially in medium and small operational  temperature refrigeration systems [58]. 

The GWP of R410A and R507 is high (exceeding 3900). Chen and Yu [69] 

investigated the theoretical performance of mixing R32 and R134a for residential air 

conditioning applications and report that the performance of conventional VCRC 

using R32/R134a was close to the performance of conventional VCRC using pure 

R22 refrigerant. By modifying the cycle to a new proposed VCRC, the COP of the 

cycle can be further improved by 8 to 9% compared to the conventional cycle, and the 

volumetric refrigeration capacity increases by approximately 9.5%.  

5) Hydrofluoroolefin refrigerants (HFOs) 

HFOs are the fourth generation of refrigerants; they are under research and 

development to replace the HFCs in the soon future. They have a lower GWP 

compared to HFCs. HFOs are developed from HFCs but with double carbon-carbon 

bond molecular structure. This allows the HFOs to degrade faster in the atmosphere, 

so it does not harm the ozone layer, and hence the GWP becomes lower [58, 68]. In 
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2011, two HFOs were developed: R1234yf and R1234ze€. Both refrigerants have a 

GWP of 4 and 6, respectively. Some HFOs are available in the market, but their price 

is still considered expensive compared to HFCs. Whereas, other HFOs are under 

development. In addition, R1234yf and R1234ze have very low levels of toxicity and 

flammability; they have been used in automotive air conditioners and were proven 

successful in the US [58, 68].  

The blending of HFOs with HFCs is under research as it can produce a new 

refrigerant close in thermos-physical properties to existing HFCs and can fit with 

existing equipment/applications. The GWP of the blend might be higher than that of 

the HFOs, but it is lower than HFCs that are proposed as a replacement [58, 68]. Zilio 

et al. [65] and Navarro-Esbri et al. [66] report that the COP and cooling capacity of 

the VCRC were reduced when R1234yf was used as a drop in replacement for R134a. 

On the other hand, Moiles et al. and Leighton et al. [64, 67] investigated the 

performance of R1234ze and reported that the COP was increased compared to 

R134a, but the cooling capacity decreased. This indicates that R1234ze is an 

unsuitable candidate for replacing R134a due to the higher compressor swept volume 

required to achieve the same cooling capacity of R134a. Moles et al. [64] also 

investigated the theoretical energy performance of a single stage VCRC using 

R1234yf and R1234ze(E) as working refrigerants. Four single-stage VCRC 

configurations were investigated: the first one is the basic cycle, the second one is 

with expander, the third one is with internal heat exchanger, and the fourth 

configuration includes both internal heat exchanger and expander. The researchers 

report that the COP and the cooling capacity of the basic VCRC using R1234yf are 

lower by 4-8% and 4-7%, respectively, compared to the VCRC with R134a working 

refrigerant. When R1234ze was used, it was found that the COP of the cycle is close 

to the COP of the VCRC with R134a, but the cooling capacity was lower by 25-27%. 

When the expander was added to the VCRC, it was found that when R1234yf and 

R1234ze are used, the COP increased by 9-15% and 11-20%, respectively, compared 

to basic VCRC with R134a. Combining the expander and internal heat exchanger 

increased the COP and the cooling capacity of the VCRC.  

2.2.4. Properties of ideal refrigerants. In nutshell, the above discussion on 

the refrigerants classification and properties indicates that a number of aspects need to 

be considered when selecting refrigerants for any applications. These aspects include 
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thermo-physical properties, environmental properties and economical properties as 

illustrated below. 

1) Thermo-physical properties [63] 

• Boiling temperature: the lower the boiling temperature of the refrigerant at 

the atmospheric pressure is, the higher the capacity and operating cost of the 

system are. 

• Freezing temperature: the refrigerant should have a freezing temperature 

lower than the evaporator operating temperature (for regular application 

refrigerant cycle). 

• Condenser and evaporator pressure: both the low side pressure (evaporator) 

and the high side pressure (condenser) should have a pressure above and close to 

the atmospheric pressure to prevent leakage of moister and air to the 

refrigerating system. The higher the evaporator and condenser pressure is, the 

higher the refrigerating system components cost is. 

• Critical refrigerant temperature and pressure: it is important to have 

refrigerant critical temperature above the highest condensing temperature 

because the closer the refrigerant critical temperature is to the condensing 

temperature, the more power is required to operate the cycle. 

• Specific volume: the volume of vapor suction to the compressor indicates the 

type of compressor to be used. 

• Latent heat of vaporization: the higher the latent heat of vaporization of the 

refrigerant is, the lower mass of refrigeration is required to be circulated per ton 

of refrigeration. 

2) Environmental properties [58] 

• Ozone depletion potential (ODP): according to the Montreal protocol, the 

ODP of the selected refrigerants should be zero. The ODP depends on the 

chlorine or bromide presence in the refrigerant. Most of refrigerants with non-

zero ODP or contain chlorine or bromide (e.g., CFCs, Halons and HCFCs) are 

prohibited (e.g., R11, R12) or might be phased out in the future (e.g., R22). 

• Global Warming Potential (GWP): it is considerable to have a refrigerant 

with a very low GWP to minimize the global warming problem. Refrigerants 

with zero ODP and a high GWP (e.g. R134a) are likely to be regulated in future. 

• Total Equivalent Warming Index (TEWI): refrigerants with low TEWI are 
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preferred since this indicates that the refrigerant has no direct (release in the 

atmosphere) or indirect (energy consumption) contribution to global warming 

potential. 

• Toxicity: it is preferred that the selected refrigerant is non-toxic, but 

unfortunately most of the refrigerants have some level of toxicity depending on 

the concentration and their decomposition due to thermal reactions. In general, 

the degree of hazard depends on the concentration of the refrigerant, presence of 

open flame, type of occupancy, the refrigerant odor and the maintenance 

condition.  

• Flammability: it is very essential to select nonflammable and nonexplosive 

refrigerant. In case of selecting flammable refrigerants, more safety precautions 

should be considered to avoid any accident. The ASHERAE has classified the 

refrigerants to six main groups [A1 to A3 and B1 to B3] based on the degree of 

hazardous. Group A1 is least hazardous refrigerants (e.g. R11, R12, R22, R134a, 

R744 and R718) and Group B3 is the most hazardous refrigerants (e.g. R1140). 

• Chemical stability: the refrigerant should be chemically stable for long life 

operation and high efficiency system. 

• Compatibility: the refrigerant should be compatible with the system 

components and materials. 

• Miscibility with lubricant oils: refrigerants that are miscible with oil, such as 

R12, are easy to handle; otherwise, oil separator has to be used if refrigerant is 

not miscible with the used lubricant (e.g., ammonia). Refrigerants with limited 

solubility, such as R22, require special system design considerations to ensure 

that oil returns to the compressor.  

• Dielectric strength: the refrigerant should have high dielectric strength 

especially if the used compressor is of hermetic type. 

3) Economical properties 

• Availability and low cost are other important factors to consider when 

selecting a refrigerant for any application. 

2.3. Phase Change Materials and Thermal Energy Storage Systems. 

In this section of the chapter, an overview of the basic concepts and 

knowledge of phase change materials (PCMs) are presented. PCMs are used as the 

medium of storing thermal energy in the thermal energy storage systems (CTESs). 

 



 

48 

Clathrate hydrates are investigated as they are part of the main objective of the 

current work. Moreover, previous studies on cool thermal energy storage systems are 

presented, compared and discussed. 

2.3.1. Basic concepts of thermal energy storing. Thermal energy storage 

(TES) system for cooling applications is stored in a thermal storage medium (mass). 

The storage mass can be any phase change material (PCM). The CTES system can be 

incorporated with residential air condoning systems or any other cooling systems. The 

difference between conventional cooling systems and advanced CTES systems is 

shown in Figure 2. Figure 2.a represents the conventional air conditioning system 

while Figure 2.b represents the advanced CTES system. 

 
Figure 2: Conventional cooling and thermal energy  
   storage systems 

Methods of thermal energy storage or extraction from any material can be 

classified to three main groups: (1)sensible heat thermal energy storage medium 

(STES), (2)latent heat thermal energy storage medium (LTES) and (3)thermochemical 

energy storage [23]. 

2.3.1.1  Sensible heat storage. Thermal energy in general is stored by 

increasing the solid, gas or liquid mediums temperature using radiation, conduction or 

convection methods. This is process is called sensible heat thermal energy storage 

(STES), where the amount of the stored heat depends on the heat capacity (specific 

heat) of the medium. The thermal energy in gases is generally reduced due to its low 

heat storage density, which is a function of the material diffusivity. The amount of 

thermal energy stored or released in the form of sensible heat is a function of the 
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mass, the specific heat of the material and the change in temperature. The quantity of 

heat stored in the form of sensible heat can be calculated using the following Equation 

[14]: 

Q = � m ∗ Cp ∗ dT = m ∗ Cap ∗ (Tf − Ti)
Tf

Ti
            

 
(2.0) 

where Q is the amount of heat stored in (J), Ti is the initial temperature in (oC), Tf is 

the final temperature in (oC), m is the mass of the heat storage medium in (kg), Cp is 

the specific heat at constant pressure of the material in (J/kg. oC), and Cap is the 

average specific heat between Ti and Tf in (J/kg. oC). The ability of storing sensible 

heat in a thermal storage depends on the volumetric thermal capacity of the material 

[product of density and specific heat of the material (J/m3
.
 oC)]. Water is considered 

one of the best means for STES (cold and hot applications) because it is inexpensive, 

nontoxic and in abundant supply; it also has high density, low environmental impact 

and high specific heat. Table 5 represents sensible heat storage capacity and thermos-

physical properties of solid-liquid selected materials [70]. 

Table 5: Sensible heat storage capacity of selected material 

 
2.3.1.2  Latent heat storage. When a material undergoes phase change from 

solid to solid, solid to liquid, solid to gas, liquid to gas or vice versa, phase transition 

is accompanied by absorption or release of latent heat. There are two types of latent 

heat: the first one is the latent heat of fusion, and the second is the latent heat of 

vaporization. Figure 3 represents a general diagram of latent and sensible heat of 

material phase change. The latent heat of fusion (enthalpy of fusion) occurs when the 

martial changes its form from solid to liquid or vice versa; whereas, latent heat of 

vaporization (enthalpy of vaporization) happens when the phase change material 

Medium Fluid type Temperature range (°C) Density (kg/m3) Specific heat (J/kg K)
Rock 20 2560 879
Brick 20 1600 840
Concrete 20 1900–2300 880
Water 0–100 1000 4190
Caloriea HT43 Oil 12–260 867 2200
Engine oil Oil Up to 160 888 1880
Ethanol Organic liquid Up to 78 790 2400
Proponal Organic liquid Up to 97 800 2500
Butanol Organic liquid Up to 118 809 2400
Isotunaol Organic liquid Up to 100 808 3000
Isopentanol Organic liquid Up to 148 831 2200
Octane Organic liquid Up to 126 704 2400
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(PCM) changes its form/phase from liquid to vapor. 

 
Figure 3: General diagram of latent and  

   sensible heats PCM 

A latent heat of vaporization is less considerable for latent thermal energy 

storage (LTES) due to the large change in the volume [70]. Unlike sensible storage 

materials, the PCMs absorb and release heat at a nearly constant temperature. They 

have the ability to store 5 to 14 times more heat per unit volume than sensible storage 

materials [70]. The quantity of heat stored in the form of latent heat can be calculated 

as per the following Equations [14, 71]: 

Q = m ∗ LH (2.1) 

Q = � m ∗ CpdT + mam∆Hm + � m ∗ CpdT
Tf

Tm

Tm

Ti
 

 
(2.2) 

where LH is the latent heat of vaporization or fusion in J/kg, am is the fraction 

melted, ∆Hm is heat of melting per unit mass in (J/kg), and tm in (oC) is the phase 

change temperature. 

2.3.1.3  Comparison between latent and sensible heat thermal energy 

storage. The major problems with the STES are: the large storage volumes and 

masses, changing temperature during energy collection and deposition and 

temperature limitation due to freezing [72]. On the other hand, LTES requires less 

volume of storing medium compared to sensible energy storing. Furthermore, it can 

store a large amount of thermal energy with a minor change in temperature compared 
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to STES. However, LTES still faces some problems, such as PCM cost, thermo-

physical stability after many cycles, supercooling (cooling a material below its 

freezing point without solidification/crystallization) during freezing, incongruent 

melting, low thermal conductivity and volume changes during phase change. Table 6 

[73] provides a comparison between LTES using organic and non-organic compounds 

and STES using rock bed and water tank. 

Table 6: Comparison between different heat storage methods 

 
It is observable from the comparison in Table 6 that the latent heat storage 

materials have advantages over sensible heat storage materials as the storage mass and 

volume are relatively smaller. 

2.3.1.4  Thermochemical energy storage. Chemicals which undergo a 

reversible reaction are potential thermal storage materials. In this type of reaction, 

heat is transferred to the material to produce an endothermic decomposition reaction. 

The products of this reaction are separated and stored until recovery of heat is 

required. At that time, chemicals are combined under the proper conditions, and the 

exothermic recombination reaction occurs with a corresponding release of heat [72]. 

2.3.2. Selection criteria of phase change materials. The ideal PCM should 

meet some properties, such as thermo-physical, kinetic and chemical properties [14]. 

The most important properties can be classifies as follows: 

Thermal properties: high phase transition latent heat per unit volume, high specific 

Rock Water Organic Inorganic
Latent heat of fusion (kJ/kg) ∗ ∗ 190 230
Specific heat (kJ/kg) 1 4.2 2 2
Density (kg/m3) 2240 1000 800 1600
Relative mass∗∗ 15 4 1.25 1
Storage mass for storing 106 kJ (kg) 67000 16000 5300 4350
Storage volume for storing 106 kJ (m3) 30 16 6.6 2.7
Relative volume∗∗ 11 6 2.5 1

Sensible heat Phase Change 
Heat Storage Material

Property

Comparison of various heat storage media (stored energy=106 kJ=300 kWh; 
ΔT=15 K)

** Relative mass and volume are based on latent heat storage in inorganic 
phase change materials

* Latent heat of fusion is not of interest for sensible heat storage
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heat, to provide significant additional sensible heat storage and high thermal 

conductivity of both phases.  

Physical properties: a small volume change on phase transformation (the volume is a 

very critical factor for several applications), low vapor pressure (pressure to be near 

atmospheric pressure) at the operating temperature, high density, close melting and 

freezing temperatures [74] and large fusion heat (which helps to achieve high thermal 

storage density and thus reduces the size of the storage tank) [15]. 

Kinetic properties: no supercooling (also known as subcooling or undercooling),high 

nucleation rate, no phase separation (macroscopically separate phases with different 

composition from each other [15]) and an adequate rate of crystallization. 

Chemical properties: long term chemical stability (stability to cycling and aging 

which means that the material can store and release heat for several cycles), a 

completely reversible freeze/melt cycle, compatibility with the storage tank or the 

capsule, nontoxic, non-flammable, nonexplosive to ensure safety and low 

environmental pollution and with Zero ODP factor and low GWP factor [15]. 

Other properties: Easy manufacturing and low cost [15]. 

2.3.3. Classifications of phase change materials. Latent heat released from 

phase change materials can be found in different forms, such as liquid to gas, solid to 

gas, solid to liquid, or solid to solid. Table 7 [75] represents general properties of 

some PCMs.  

PCMs can be classified as shown in Figure 4; moreover, another classification 

has been done by Dieckmann [76] and Abhat [77] and is presented in Figure 5. Both 

solid-gas and liquid-gas transformation involve high latent heat release during phase 

transformation as reported by Wattermark et al. [78], but the change in volume during 

the phase change is considerably high which makes the system very complex and 

impractical. The solid-solid transformation produces small latent heat and has small 

volume change compared to other material phase transformations [70].  

The solid-liquid transformation has more attractive properties over the solid-

solid transformation due to its high latent heat release. On the other hand, solid-liquid 

transformation has smaller latent heat compared to liquid-gas transformation; 

however, the change in volume is about 10% or less [70]. Hence, the solid-liquid 

phase change medium is the best candidate for TES applications [79]. 
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Table 7: General properties of common phase change materials 

PCMs Melting 
Temperature oC 

Latent Heat of 
Melting kJ/kg 

Thermal 
Conductivity 

W/m oC 
Inorganic PCM: (Hydrate 
salts) 

~8 to ~117 ~150 to ~200  ~ 0.5(liquid) 
~0.8(solid) 

Organic PCM: (Paraffin 
waxes) 

~22 to ~67 ~200 ~0.2 

Organic PCM: (Fatty 
acids) 

~30 to ~65 ~153 to ~ 182 ~0.15 

Eutectics of organic and 
non-organic compounds 

~-30 to ~-10 ~131 to ~283 - 

 

 
Figure 4: Classification chart of phase change materials [77] 

 
Figure 5: Melting temperature and phase change 

enthalpy of various PCMs [76, 77] 
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2.3.3.1  Organic phase change materials 

2.3.3.1.1 Paraffins. Paraffin is a saturated hydrocarbons material with a 

general formula CnH2n+2 (linear alkanes) which is considered as the broadly used 

solid-liquid PCMs. Paraffin has a number of advantages that makes it a candidate 

PCMs. It has high latent heat storage capacity over a narrow temperature range,  less 

or no phase separation, little volume changes on melting, low vapor pressure in the 

melt form and low supercooling (i.e., they can be self-nucleating). Moreover, paraffin 

material is chemically stable, non-toxic, environmentally friendly, recyclable, of low 

cost and with congruent melting. Although it also has a moderated TES energy, 

paraffin generally has a problem of low thermal conductivity over a small surface area 

of conduction. This reduces its ability of charging/discharging during solidification 

and melting cycles [80-83]. The longer the average length of hydrocarbons chain is, 

the higher the melting temperature and heat of fusion are [84], [85]. Moreover, most 

of paraffin materials are moderately flammable and exhibit low storage volume of less 

than 103 kg/m3 [15]. Table 8 [76, 86-90] presents the thermo-physical properties of 

different types of paraffins that can be used as PCMs.  

Paraffin materials between C5 and C15 are in liquid form, and the rest are in 

solid form (wax) with a melting temperature between 23 to 67 oC [77]. Commercial 

grade paraffin wax is a mixture of different hydrocarbons and can be produced by 

distillation of crude oil. It has good thermal reliability and is safe, non-reactive and 

compatible with metal containers. Literature review shows that even after 1000 to 

2000 cycles, commercial grade paraffin wax and other pure paraffins have stable 

thermo-physical and chemical properties [14]. However, paraffin wax cannot be used 

with plastic containers because the chemical similarity and affinity can lead to 

infiltrations and softening of some polymers, such as polyolefin. All the undesirable 

effects of paraffin can be partially eliminated by slightly modifying the wax and the 

storage unit [70]. Yilmaz et al. [91] developed a new binary mixture of paraffins to be 

used as TES PCM in cooling applications. He et al. [88, 92] investigated laboratory 

and technical grade n-paraffin waxes based on hexadecane, tetradecane and their 

mixtures. The researchers report that the mixture exhibited relatively high heat of 

fusion and showed congruent melting behavior with little or no supercooling. 

Moreover, a good stability and repeatability over a large number of heating/cooling 

cycles was observed with less than 10% volume contraction during phase change. 
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Nonetheless, paraffin is still problematic for it exhibits low thermal conductivity and 

has an inexact sharp melting point. In general, it can be found in electronic equipment 

cooling systems, residential (hot/cold) systems, solar energy storage system 

applications, etc. 

2.3.3.1.2 Non-paraffins. Non-paraffin organic PCMs are characterized by 

their highly varied properties. Buddhi and Sawhney [93] and Abhat et al. [94] have 

conducted an extensive survey and recognized a number or organic materials such as 

esters, fatty acids, glycols and alcohols that are suitable for TES. These materials were 

divided into subgroups as fatty acids and other non-paraffins organic [70]. The non-

paraffins are well known for their properties as PCMs; for example, they have high 

heat of fusion and inflammability. (However, they have low thermal conductivity, 

instability at high temperatures, low flash points and varying toxicity levels. 

Table 8: Thermo-physical properties of different types of paraffins 

 
2.3.3.1.3 Fatty acids. Fatty acids have a general formula of 

CH3(CH2)2N.COOH. They exhibit high heat of fusion compared to paraffin, but they 

are similar in characteristics to paraffin. Moreover, they have very low or no 

supercooling [94], [95] and a sharp phase temperature than technical grade paraffins. 

However, fatty acids are costly; their cost is 2 to 2.5 times more than the cost of 

technical grade paraffins [70]. They are also mild corrosive and have an unpleasant 

Paraffin
Number of 

carbon atoms 
in molecule

Melting temp. (oC) Heat of fusion (J/g) Density (g/cm3)

n-Tetradecane 14 5.8-6.0 227-229 -
n-Pentadecane 15 9.9-10.0 206 -
n-Hexadecane 16 18.0-20.0 216-236 0.773
n-Heptadecane 17 22-22.6 164-214 0.778
n-Oktadecane 18 28.0-28.4 200-244 0.776
n-Nonadecane 19 32 222 0.785
n-Eicozane 20 36.6 247 0.788
n-Heneicozane 21 40.2 213 0.791
n-Docozane 22 44 249 0.794
n-Trikozane 23 47.5 234 0.796
n-Tetracozane 24 50.6 255 0.799
n-Pentacozane 25 53.5 238 0.801
n-Hexacozane 26 56.3 256 0.803
n-Heptacozane 27 58.8 235 0.779
n-Oktacozane 28 41.2 254 0.806
n-Nonacozane 29 63.4 239 0.808
n-Triacontane 30 65.4 252 0.775
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odor. Table 9 [70] demonstrates the thermal properties of selected fatty acids for low 

temperature LTES applications. Fatty acids can be found in various applications, such 

as polymer, cosmetics, textiles industries, etc. [14]. 

Table 9: Thermal properties of fatty acids PCMs 

 
2.3.3.2  Inorganic phase change materials. 

2.3.3.2.1 Salt hydrates. The salt hydrate general formula is (AB.nH2O); the 

solid to liquid transformation of salt hydrates is actually a dehydration of hydration of 

the salt. Salt hydrates usually melt to two main forms, either to a salt hydrate with 

fewer moles of water as per formula: 

 𝐴𝐴𝐴𝐴. 𝑛𝑛𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴.𝑚𝑚𝐻𝐻2𝑂𝑂 + (𝑛𝑛 − 𝑚𝑚)𝐻𝐻2𝑂𝑂 (2.3) 

 or to an anhydrous form as per formula: 

𝐴𝐴𝐴𝐴.𝑛𝑛𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴 + 𝑛𝑛𝐻𝐻2𝑂𝑂 (2.4) 

At the melting point, hydrate crystals break off into anhydrous salt and water or into a 

lower hydrate and water [70].  

The melting behavior classifications of salt are [14]: (a) congruent melting, 

which occurs when the anhydrous salt is completely soluble in its hydration water at 

the melting temperature, (b) semi-congruent melting, which occurs when the solid and 

liquid phases in equilibrium during a phase transition is of different melting 

composition because of the conversion of the hydrate to a lower hydrate material 

(through loss of hydration water) and (c) incongruent melting, which occurs when the 

salt is not entirely soluble in its water of hydration at the melting temperature. 

Material Formula Melting point (oC) Latent heat (kJ/kg)
Acetic acid CH3COOH 16.7 184
Polyethylene glycol 600 H(OC2H2)n·OH 20–25 146
Capric acid CH3(CH2)8·COOH 36 152
Eladic acid C8H7C9H16·COOH 47 218
Lauric acid CH3(CH2)10·COOH 49 178
Pentadecanoic acid CH3(CH2)13·COOH 52.5 178
Tristearin (C17H35COO)C3H5 56 191
Myristic acid CH3(CH2)12·COOH 58 199
Palmatic acid CH3(CH2)14·COOH 55 163
Stearic acid CH3(CH2)16·COOH 69.4 199
Acetamide CH3CONH2 81 241
Methyl fumarate (CHCO2NH3)2 102 242

 



 

57 

2.3.3.2.2 Eutectic water salt solution 

Eutectics are a composition of two or more materials with minimum melting 

point; each of the materials melts and freezes congruently forming a mixture of 

component crystal during the crystallization process [70]. 

Generally, the freezing point of water is depressed when salt is added to it. 

Moreover, when more salt is added, the freezing point gets more depressed, but the 

eutectic water-salt solution might experience a problem of not freezing from a pure 

liquid state to solid state. Figure 6 illustrates phase diagram of the cooling process of 

the eutectic water-salt solution. The freezing point is M at 0 oC (for 100% water 

composition), and P is the eutectic point (lowest freezing point on the curve). At 'P', 

the salt and water solution freezes and melts completely from liquid-solid to solid-

liquid at constant temperature while releasing (latent heat) and storing a large amount 

of heat. With more salt added, the freezing temperature starts to increase, and 

anhydrous salt precipitates out of freezing [15]. 

 
Figure 6: Phase diagram of eutectic water-salt   

  solutions [15] 

Applications of eutectic water salt solution as PCM can be found in different 

areas; for example, in food storage applications, such as frozen food transportation 

and preservation (subzero application) [15], and in residential cooling applications. 

There are three main issues that can be experienced when using the eutectic 

water-salt solution as a PCM; these are supercooling, phase separation (incongruent 

melting), and cycling stability: 
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a) Supercooling: (also known as subcooling or undercooling) is the effect that 

a temperature significantly below the freezing/crystallization point temperature has 

reached until a material begins to solidify and release heat. If that is not reached, the 

PCM will not solidify at all and thus will store only sensible heat [96]; in other words, 

the material does not solidify right away when cooled below its melting temperature. 

Figure 7 demonstrates the cooling process of eutectic water-salt solution [15]. As 

shown in Figure 7, the cooling process of eutectic water-salt solution can be divided 

into four main stages: A-B, B-C, C-D and D-E. The first stage, A to B, is the STES 

process. At the eutectic point C, the solution will still be in its liquid state. The second 

stage, B to C, is called the nucleation process (the initialization of crystallization) 

where B is the initial point of nucleation. The difference in temperature between the 

two points B and C is called the supercooling degree. The initial solid form (crystal) 

of the material is initiated at point C after the crystal nucleus diffuses to the 

surrounding. Stage C to D represents the LTES process; the material is fully solidified 

during this stage. Stage D to E represents the STES process where the solution 

remains in the solid state [15]. 

 
Figure 7: Diagram of cooling process of eutectic water-salt solution 

The material does not solidify right away below its freezing temperature due 

to the lack of nucleus which is defined as the small solid particles that initiate the 

solidification of the material. The system has to release enough energy to get its 

minimum energetic performance so that the nucleus can build up by solidifying liquid 

phase on its surface. Assuming the radius of the nucleus, there is a proportional 
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relation between the surface energy (interface energy: quantifies the disruption of 

intermolecular bonds that occur when a surface is created [97]) and the surface area 

(r2). In addition, the latent heat released during phase change is proportional to the 

volume (i.e., r3). That is, the smaller the radius of the nucleus is, the smaller the 

amount of heat released during the crystallization process is, which will also be 

smaller than the surface energy gained. This means that only when a nucleus of 

sufficiently large radius is present, solidification starts. As a result, in some cases, 

temperatures that are significantly lower than the melting temperature are necessary 

[18]. To solve the supercooling issue, a nucleator material should be added to the 

PCM using the cold fingering method and by excreting physical fields if possible 

(e.g., ultrasonic field, magnetic field, electromagnetic field, etc.) [98]. Most nucleators 

are composed of a material with a similar crystal structure as the solid PCM to allow 

the solid phase of the PCM to grow on their surface. Examples of good nucleating 

agents are carbon nanofibers, titanium oxide, potassium sulfate, copper, borax and 

silver iodide (close in crystal structure to ice [99]) [15]. 

b) Incongruent melting: It was reported by Cantor [103] that incongruent 

melting can cause a poor storage density. Incongruent melting occurs when the 

amount of released water from the crystallization is not enough to dissolve all the 

solid phase present. As ‘n’ moles of water of hydration are not sufficient to dissolve 

one mole of salt, the resulting solution is supersaturated at the melting temperature. 

The solid salt, due to its higher density, settles down at the bottom of the container 

and is unavailable for recombination with water during the reverse process of 

freezing. This results in an irreversible melting-freezing of the salt hydrate [70]. To 

overcome the phase separation (incongruent melting) issue of eutectic water-salt 

solutions, several solutions are introduced. The first method is using a thickening 

technique which means adding a material (e.g., starch or various types of cellulose 

derivatives [100], [102]) to the salt solution to increase its viscosity to hold the salt 

solution together. The second method proposes using a gelling technique which 

means adding a cross-linked material to the salt to create a three-dimensional network 

that holds the salt solution together (studied by Ryu et al. [100]). Other available 

solutions include using mechanical stirring method, encapsulation of the PCM, using 

excess amount of water to prevent the melted crystal from forming a supersaturated 

solution and finally modifying the chemical composition of the system to make the 
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material congruently melt [70]. 

c) Cyclic stability of the PCM is another issue that affects the performance of 

the system. The main reasons for low cyclic stability are the corrosion between the 

PCM and the holding container (crystallizer) and that eutectic water-salt solution 

PCMs might form some kind of salt hydrates during melting process which leads to 

an irreversible process. Several studies have been conducted to solve the issue by 

applying the PCM in a direct contact system; they can exchange heat with another 

fluid which is dissoluble with water solution to prevent the phase separation [15]. 

Porisini [101] studied the corrosion characteristics of salt hydrates on different 

containers material, such as carbon steel, stainless steel, copper and aluminum alloy. 

After several experiments, the researcher states that the best two materials to be used 

with salt hydrates is stainless steel, because it was the most corrosion resistant 

material among the selected materials, followed by copper [101]. In brief, the salt 

hydrate has high latent heat of fusion per unit volume, small volume change during 

phase transition, almost double thermal conductivity compared to paraffins [70] sharp 

melting temperature, low toxic levels and is compatible with plastic containers. On 

the other hand, the salt hydrate has incongruent melting, supercooling and corrosion 

of some metallic containers and is widely used in thermal storage systems. 

2.3.3.2.3 Alcohol Solutions. Alcohols are a class of organic compounds. 

They have been studied for four decades for Thermal energy storage applications. The 

main functional group of alcohols is hydroxyl (-OH group). Alcohols solutions have 

advantages of large fusion heat, high heat transport capability and low pressure which 

requires a small pumping power. Alcohol solutions are composed of water and 

alcohol. They are mainly used in industrial refrigeration systems. 

Hagg [104] studied the effect of concentration of different freezing point 

alcohols (depressants) on the freezing point of water. Figure 8 presents the results of 

the study for propylene glycol, ethanol, ethylene glycol, glycerol and methyl alcohol. 

From Figure 8, it can be observed that the glycerol has the higher suppression of 

freezing point drop. Another study by Kumano et al. [106] shows the relation between 

the degree of freezing point and the latent het of three different alcohol solutions 

(propylene glycol solution, ethanol solution and ethylene glycol solution). The study 

is represented in Figure 9. This study can help in the selection of the right depressant 

and the right concentration for the cold storage application. From Figure 9, it can be 
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concluded that the ethylene glycol solution has the largest latent heat among the 

selected materials at the same freezing point.  

The disadvantages of alcohols are their toxic and flammable properties. 

Examples of applications of alcohol solutions PCM can be found in supermarkets as 

ice slurries and in the industrial refrigeration [15]. 

2.3.3.2.4 Metallics. Metallics are categorized as low melting metals and 

metal eutectics. They have not been seriously studied as PCMs for LHTES yet 

because of their heavy weight. Metallics are attractive to use when weight is not an 

important factor while volume is an important parameter. Metallics have a high heat 

of fusion per unit volume and high thermal conductivity compared to other PCMs. 

Other characteristics of the metallic PCMs are: low heat of fusion per unit weight, low 

specific heat and relatively low vapor pressure [70].  

2.3.3.2.5 Clathrate Hydrates (Gas Hydrates). A clathrate hydrate is an ice-

like appearance crystalline compound; its structure is formed by the inclusion of 

molecule of one type in the cavity of the crystal lattice of another. When the enclosed 

molecule is from a gas and the surrounding crystal structure is water, the clathrate is 

called a gas hydrate.  

The discovery of hydrates was done by Sir Humphry Davy in 1810. It was 

reported by D.W. Davidson in 1971 and Vijay Mohan Bhatnagar in 1970 that the 

inclusion compounds of water molecules are held together by hydrogen bonding 

which encloses a gas molecule. Figure 10 [96] presents the crystal structure of 

methane hydrate; the guest molecule is in the middle of the water lattice (host). The 

gas molecule between itself and the surrounding water molecules are constrained by 

week Van der Waals forces of attraction [72]. According to the size of the trapped 

guest molecule, the structure can be classified to: cubic I [106, 107], cubic II [107, 

108] and hexagonal H [107, 109]. Generally, the melting temperature range of 

clathrate hydrates is between 0 oC to 30 oC [96]. The guest molecule can be a 

refrigerant gas molecule of natural gas molecule or a small other gas molecule. 

Clathrate hydrates that are used for cooling applications such as air conditioning or 

refrigeration systems most probably have a refrigerant gas molecule as the guest 

molecule, namely CFCs, HCFCs or HFCs. Latter refers to terrestrial gases and 

mineral gases, typically including CO2, N2 and hydrocarbon gases [25, 110]. Table 10 

[111] illustrates molecular properties of selected clathrate guest gas molecules. 
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Figure 8: Freezing point curves for different freezing depressants 

(alcohols) [104] 

 
Figure 9: Latent heat relations with degree of freezing of different 

alcohols [105] 
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Figure 10: Methane hydrate crystal 

structure [96] 

The gas molecule between itself and the surrounding water molecules are 

constrained by week Van der Waals forces of attraction [72]. According to the size of 

the trapped guest molecule, the structure can be classified to: cubic I [106, 107], cubic 

II [107, 108] and hexagonal H [107, 109]. Generally, the melting temperature range of 

clathrate hydrates is between 0 oC to 30 oC [96].  

The guest molecule can be a refrigerant gas molecule of natural gas molecule 

or a small other gas molecule. Clathrate hydrates that are used for cooling applications 

such as air conditioning or refrigeration systems most probably have a refrigerant gas 

molecule as the guest molecule, namely CFCs, HCFCs or HFCs. Latter refers to 

terrestrial gases and mineral gases, typically including CO2, N2 and hydrocarbon 

gases [25, 110]. Table 10 [111] illustrates molecular properties of selected clathrate 

guest gas molecules. 

Clathrate hydrate has several advantages over conventional cold storage 

medium. Table 11 [25] illustrates a comparison study between the clathrate hydrate 

properties versus conventional cold storage medium properties.  

Three main fundamentals should be taken into consideration when selecting a 

clathrate for an application: (1) compatibility with operating conditions of the cold 

storage system, (2) enthalpy of phase change to evaluate the cold storage capacity and 

(3) hydrate nucleation and growth rate to predict the cold storage rate [25]. 

Another study was conducted by Castellani et al. [75] comparing clathrate 

hydrates with different types of PCMs for building cooling applications. Figure 11 

summarizes the comparison findings. 

From the above literature review and discussion, it can be concluded that the 
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clathrate hydrate has better thermos-physical properties over the other PCMs due to 

its similarity to ice. Moreover, its properties are better than ice because it has a higher 

freezing temperature compared to water, higher latent energy storage per volume and 

superior thermal conductivity. All of these useful properties lead to an increase in the 

COP of the system. 

Table 10: Molecular properties of different clathrate guest molecules 

 

Table 11: Clathrate hydrate properties compared to 
conventional cooling mediums 

Cold storage 
medium Water Ice Eutectic 

salt 
Clathrate 
hydrate 

Phase change 
temperature 

(oC) 
0-10 0 8-12 5-12 

COP of 
refrigerator 1 0.6-0.7 0.92-0.95 0.89-1 

Heat transfer 
performance Superior Medium Inferior Superior 

Investment < 0.6 1 1.3-1.2 1.2-1.5 
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Figure 11: Comparison between thermal properties of clathrate hydrates of 

different PCMs [75] 

2.3.4. Phase diagram of selected refrigerant hydrates. Most gas 

refrigerants have the ability to create a clathrate hydrate when mixed with water at the 

right combination of pressure and temperature. The formula for R12 gas hydrate 

formation is [72]: 

𝑅𝑅12 (𝑙𝑙) + 15.6 𝐻𝐻2𝑂𝑂 (𝑙𝑙)  ↔ 𝑅𝑅12 15.6 𝐻𝐻2𝑂𝑂 (𝑠𝑠) +  ∆ℎ (2.5) 

where 15.6 is the ratio of water to the R12 refrigerant molecules, and ∆h is the 

heat of formation which is equal to 270 kJ/kg of clathrate. 

𝑅𝑅12 (𝑔𝑔) + 15.6 𝐻𝐻2𝑂𝑂 (𝑙𝑙)  ↔ 𝑅𝑅12 15.6 𝐻𝐻2𝑂𝑂 (𝑠𝑠) +  ∆ℎ  (2.6) 

where ∆h in this case is equal to 314.5 kJ/kg of clathrate. This is higher 

compared to the heat of formation in Eq. 2.5 because more heat is required to 

vaporize the liquid refrigerant. 

Figure 12 [113] illustrates the phase diagram of the R12 gas hydrate formation 

at equilibrium temperature and pressure. Curve A-D almost approximates the vapor 

pressure curve of pure R12 refrigerant because R12 is slightly soluble in water. Above 

and on the A-D curve, R12 is in liquid form (R12 (l)); whereas, below and on the A-D 

curve, R12 is in gas form (R 12 (g)). On the vapor pressure curve, R12 (l) and R12 (g) 

are in equilibrium with one another. The phase diagram (see Figure 12) is applicable 

only when large amount of H2O is added to the R12 refrigerant system. The three 

significant curves are: A-D, Q2-C and Q1-Q2; the two points Q1 and Q2 are known 
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as the invariant quadruple points where the four-phase equilibria exists. The Q1-Q2 

curve represents the transformation from R12 (g) + H2O (l) to R12 gas hydrate, 

releasing 314.5 kJ/kg of hydrate; whereas, Q2-C curve represents the transformation 

of R12 (l) to gas hydrate. The R12 is in equilibrium only on and at the left side of 

curves Q1-Q2 and Q2-C. At the Q2 point, the four equilibrium phases are: H2O (l), 

R12 (l), R12 (g) and the R12 gas hydrate. Q2 is known as the critical decomposition 

temperature. Approximately at 16 oC and 200 kPa, a mixture of R12 (g) + H2O (l) will 

form a gas hydrate at 8 oC with ∆h equal to 316 kJ/kg of hydrate. At 16 oC and 800 

kPa, a mixture of R12 (l) + H2O (l) will form a hydrate at 12 oC with ∆h equal to 272 

kJ/kg of hydrate. The difference in heat of formation is due to the heat required to 

vaporize the liquid refrigerant [72, 113]. 

 

 
Figure 12: R12 gas hydrate formation phase diagram [113] 

To explain the phase diagram in more details, Figure 13 [113] demonstrates a 

cool storage system using VCRC based on R12 gas hydrate as the storage medium. 

The components of the system are a condenser, compressor, discharge storage tank 

(crystallizer, a replacement of conventional evaporator) and an expansion valve. The 

crystallizer is where the gas hydrate is formed and dissolved.  
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The storage tank includes liquid water, solid hydrate, liquid R12 and gas R12; 

all are in equilibrium state as shown at point B in Figure 12. At the initial operation, 

the pressure in the storage tank is reduced when the compressor is operated, causing 

the R12 to vaporize, and thus the temperature also decreases in the storage tank. The 

temperature and pressure are gradually reduced until they reach the area above the 

Q1-Q2 curve, and then the formation of the gas hydrate begins (point E’). The 

formation latent heat released during the clathrate formation vaporizes the liquid 

refrigerant. The equilibrium point E is reached when the amount of R12(g) produced 

is sufficient to maintain constant pressure inside the storage tank. The location of 

point E depends on the thermal driving force that is required to produce gas hydrate 

(i.e., TE
'-TE) and the thermal driving force required to evaporate the R12 (l) (i.e., TE-

TE). Not until all the H2O (l) quantity is converted to hydrate, the gas hydrate will 

continue being formed. Once the formation is completed, the charging process is 

considered completed (point F). At point F, the storage tank contains R12 (g), R12 (l), 

R12 gas hydrate and a small amount of H2O. A small amount of H2O (l) should 

remain because it helps in initiating the discharging of the storage system using a 

pump, fan and evaporator coil.  

 
Figure 13: Typical gas hydrate of cold thermal energy storage system [113] 

An experimental measurement and thermodynamic modeling of refrigerant 

hydrates dissociation conditions were done by Hashemi et al. [114] for different 

refrigerant hydrates, R23, R134a, R125a, R22, R410A, R407C and R507C.  

Figure 14 demonstrates the Q1 and Q2 invariant quadruple points for R134 

hydrate with theoretical and experimental results. Solid lines model predictions using 

the Kihara's approach, and dash lines model predictions using the Parrish and 

Prausnitz's approach. Figure 15 and Figure 16 present the same study for R22 hydrate 

and R407 hydrate [114].  
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Figure 14: R134a clathrate phase change diagram [114] 

 

 
Figure 15: R22 clathrate phase change diagram [114] 
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Figure 16: R407 clathrate phase change diagram [114] 

Examples of selected refrigerants clathrate formation conditions are shown in 

Table 12 [114, 115]. 

Table 12: Selected refrigerants clathrate formation conditions 

Refrigerant Q1 Q2 
T (oC) P (kPa) T (oC) P (kPa) 

R 11 -0.1 8.1 8.5 66 
R 12 -0.1 36 12.1 433 
R 22 -0.2 85 16.3 268 
R 32   -0.35 160 20 1410 
R 131 -0.2 22.5 17.9 286 
R 134a  0.06 53.7 9.98 414 
R 152 0.0 55 14.9 436 
R 160 0.0 26.8 4.8 78 
R 407C  -0.15 52 - - 
R 410A   0.15 110 - -  

 

2.3.4.1  Mixed Refrigerant Hydrates. 

2.3.4.1.1 R 11 and R 12 mixed hydrate. Carbajo [116] studied different 

mixture ratios of R11 and R12 to form clathrate at different pressure and 

temperatures. The experimental results of forming clathrate from mixed refrigerants at 
 



 

70 

different mixture fractions and the equilibrium temperature (T) and pressure (P) are 

illustrated in Table 13 and Figure 17. X11 (
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑅𝑅 11

𝑡𝑡𝑀𝑀𝑡𝑡𝑡𝑡𝑀𝑀  𝑛𝑛𝑀𝑀.𝑀𝑀𝑜𝑜 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 )  is the mole fraction in the 

liquid portion of R11, and X12 is the liquid fraction in the R12 [72].  

Table 13: Clathrate formation of mixed refrigerants (R11 and R12) 

Molar fraction 
T (oC) P (kPa) 

X11 X12 
1.00 0.00 8.7 59 
0.95 0.05 8.5 62 
0.92 0.08 8.8 69 
0.90 0.10 9.0 84 
0.88 0.12 9.2 101 
0.83 0.17 9.5 122 
0.80 0.20 9.6 136 
0.78 0.22 9.7 144 
0.75 0.25 9.8 155 
0.70 0.30 10 172 
0.64 0.36 10.2 192 
0.64 0.36 10.3 199 
0.60 0.40 10.3 210 
0.57 0.43 10.6 213 
0.57 0.43 10.6 220 
0.54 0.46 10.7 234 
0.50 0.50 10.8 274 
0.42 0.58 11.1 275 
0.25 0.75 11.3 314 
0.17 0.83 11.4 330 
0.04 0.96 11.9 433 
0 1 12.1 449 

 

As shown in Figure 17, the resulting curve between Q2 and Q2’ points is the 

P-T curve of the R11 and R12 clathrates. It is not clear that the P-T relation is linear 

either in semilog or in linear coordinate as shown in Figure 18 [116]. With X11 = 0.88 

and X12 = 0.12 at the atmospheric pressure and 9.2 oC, the clathrate was obtained at 

weight fraction of 0.9 for R11 and 0.1 for R12 and a volume fraction of 0.89 for R11 

and 0.11 for R12 (as shown in point (A) in Figure 17 and Figure 18). The composition 

of an ideal mixture can be obtained from Raoult’s law at a given pressure and 

temperature. The mixture of R11 and R12 is almost ideal as shown in following 
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Equation: 

𝑃𝑃𝑇𝑇 = 𝑋𝑋11𝑃𝑃11 + 𝑋𝑋12𝑃𝑃12 + 𝑃𝑃𝐻𝐻2𝑂𝑂  
(2.7) 

𝑋𝑋11 + 𝑋𝑋12 = 1  

where PT is the total vapor pressure of the mixture, and P11, P12 and PH2O are 

the vapor pressure of pure R11, R12 and water. 

The mixture at pressure of 1.atm (PT) and temperature of 9.2 oC will have a 

mole fraction for its liquid components as shown in Equation 2.7. The vapor pressure 

of water can be neglected due to its relative small value, and hence X11 and X12 can be 

obtained. The clathrate hydrate of the mixed refrigerants can be obtained on the curve 

Q2-Q2’; for example, at 220 kPa, the corresponding temperature of hydrate formation 

is 10.6 oC (see point B in Figure 17 and Figure 18), and the mole of fraction of R11 

and R12 can be calculated using Equation 2.7, where X11 = 0.56 and X12 = 0.44.  

2.3.4.1.2 R 11 and R 114 mixed hydrate. Mixture of R11 and R114 clathrate 

was also investigated [116]. In this case, only the R11 entered the gas hydrate and the 

R114 remained as a liquid without combining with water. When pure R114 was used, 

ice was formed at 0 oC. The resulting pressure for the gas hydrate formed with the 

mixed refrigerant was almost below the atmospheric pressure. Table 14 illustrates the 

results of the study. 

2.3.4.1.3 R 12 and R 114 mixed hydrate. The same study was conducted 

[116] with mixed refrigerant R12 and R114 to form a clathrate. R114 remained as a 

liquid without combining with water; the higher the concentration of R12 (X12) is, the 

higher the formation temperature and pressure of the clathrate is. Table 15 summaries 

the experimental results. It is found from the study that the mixture of R12 and R114 

will never produce hydrate at atmospheric pressure for cool storage application with 

temperature above 0 oC. 

Table 14: Clathrate formation of mixed refrigerants (R11 
and R114) 

X11 X114 T (oC) P (kPa) 
0.00 1.0 0 87 
0.26 0.74 1.8 80 
0.35 0.65 3.5 81 
0.49 0.51 5.0 78 
0.74 0.26 7.2 71 
1.00 0.00 8.7 59 
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Figure 17: Mixed clathrate diagram of R11 and R12 (from 1 to 600 kPa) 

[116] 

Table 15: Clathrate formation of mixed refrigerants (R12 and R114) 

X12 X114 T (oC) P (kPa) 
0.12 0.88 -3.3 101 
1.13 0.87 0.6 124 
0.2  0.8 3.6 151 
0.4 0.6 7.2 234 
0.42 0.62 7.5 240 
0.5 0.5 7.8 261 
0.6 0.4 8.9 296 
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Figure 18: Mixed clathrate diagram of R11 and R12 (from 100 to 500 kPa)  

2.3.5. Comparison between direct and indirect cool storage systems. Cool 

storage systems are designed to store coolness (charge) during off peak times and then 

to use it (discharged) during the on peak periods. Figure 19 and Figure 20 [127] show 

a basic A/C unit with and without cool storage, respectively. The difference between 

the two presented systems is discussed earlier in the literature review. This section 

focuses on the difference between direct and indirect charging and discharging 

systems for cool energy storage systems using clathrate hydrae as the storage 

medium. 
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Figure 19: Schematic diagram of conventional A/C system [127] 

 
Figure 20: Typical A/C system with cool storage unit [127] 

Indirect and direct discharging systems for cool energy storage have been 

investigated by Carbajo [127]. The cool storage system is called an indirect charging 

system where a heat exchanger between the storage medium and the refrigerant is 

used; it is usually the evaporator of the VCRC as shown in Figure 20 and  Figure 21.  

 
 Figure 21: Cool storage indirect charging and indirect discharged system [127] 

The direct charging system does not have the heat exchanger between the 

refrigerant and the storage medium as shown in Figure 22 [127]. The condensed 
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refrigerant vaporizes inside the storage tank in indirect contact with cool storage 

medium. Since there is no evaporator coin, it is preferred in this system to use oil free 

compressor to avoid oil mixing with the clathrate which might have a negative impact 

on the clathrate formation process and hence on the COP of the cycle. A water 

separator is also recommended to avoid ice formation at the expansion valve which 

can decrease the efficiency of the system. 

 
Figure 22: Thermal energy storage system with direct charging and indirect 

discharging [127] 

From the previous comparison, it can be concluded that the capital investment 

of the direct charged system is higher than the indirect one due to the extra 

components required, such as the oil free compressor and the water separator. On the 

other hand, the advantage of the direct charged system is that the delivered refrigerant 

vapor to the compressor has higher temperature than the indirect one because in the 

direct charged system, the evaporator heat exchanger with a temperature difference 

between the primary and secondary sides is not required. Ice on coil has no place in 

the direct charging system because ice defrosting/removing is not required, unlike the 

indirect charged system which requires ice removing system or otherwise the 

efficiency of the system will decrease due to less thermal conductivity between the 

coil and the vapor refrigerant in the storage tank. From the above discussion, it can be 

concluded that the direct charged system requires less electricity consumption (higher 

COP) than the indirect charged system [127].  

The discharging of the cool storage system can also be direct or indirect as 

shown in  Figure 21 and Figure 22. The direct discharging system (no heat exchanger 

inside the storage tank) has a better discharged liquid temperature which is almost the 
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same as the temperature of the storage medium. Nonetheless, it requires a more 

sophisticated pump so that the liquid refrigerant can be pumped without cavitation 

problems or leakage at the seals [127]. The system can also be a direct charged and 

indirect discharged or vice versa. Table 16 [127] and Table 17 [127] summarize the 

study of direct and indirect charging or discharging cool storage system based on the 

discussion. A study conducted by Carbajo [127] compared different cool storage 

systems using different cool storage medium; the refrigerants used to form clathrate 

are R11, R12 and R11+ R12. In addition, water, ice and water + ice was studied as 

storage mediums. Carbajo [127] reports that the most efficient system, from the 

technical and economical point of view, is the direct charged/discharged mixed gas 

hydrate hybrid system. It can store coolness at 7.2 to 10 oC, using the latent heat of 

fusion of the mixed gas hydrate at 7.2 oC and the sensible heat of liquid water and 

refrigerant from 7.2 to 10 oC. The R11 + R12 mixture with salt hydrate has been 

identified to have the same latent heat at atmospheric pressure (cheap storage tank 

required). Other mixed refrigerant hydrates can be found at the same temperature and 

pressure. A mass of 1080 kg of storage material (water and refrigerant) is needed to 

store 316,500 kJ. This is a considerably suitable storage capacity for residential 

applications. A house will store coolness in ~8 hours and discharge it in ~16 hours; a 

compressor of 10.55 kW (3 tons) will be able to charge this system in 8.3 h. 

Table 16: Direct and indirect charging thermal energy storage system 
comparison 

Direct charged Indirect charged 
Advantages Disadvantages 

No evaporator coil needed Evaporator coil needed 
Excellent heat transfer between 
refrigerant and storage medium 

Less heat transfer 

High temperature return to compressor 
(better compressor performance) 

Low temperature in evaporator (reduce the 
compressor performance) 

No defrost needed Ice or on coil need to be defrosted 
Less energy usage More energy usage 

Disadvantages Advantages 
Oil free compressor needed (expensive) Regular compressor can be used 

(inexpensive) 
Water separation needed at receiver No moisture in compressor cycle 
High capital cost Lower capital cost 
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Table 17: Direct and indirect discharged thermal energy storage system  
comparison 

Direct discharged Indirect discharged 
Advantages Disadvantages 

No heat exchanger Heat exchanger needed 
Small ∆T between PCM and 
discharged liquid 

Large ∆T at discharge, hence a larger 
heat exchanger is required. 

Moderated cost Expensive 
Disadvantages Advantages 

Special pump needed (possible pump 
cavitation) 

Regular pump required 

Possible leak in discharge system - 
Possible line clogging with clathrate - 

 

Finally, it is concluded that the direct charged and discharged cool system 

using ice (latent heat) and water (sensible heat) in the range of 0 to 10 oC is the second 

best system after the direct charged and discharged mixed gas hydrate hybrid system 

(uses the latent heat of gas hydrate between 7.2 oC and the sensible heat of liquid 

water and refrigerant from 7.2 to 10 oC). The ice-water system uses less mass than the 

mixed gas hydrate system (28% less); however, it consumes more electricity. 

Generally, any storage system consumes more electricity and has higher 

investment cost than conventional A/C system. Nonetheless, the cool storage system 

uses most of the electricity during the off-peak hours (e.g. night time), which 

minimizes the cost of electricity consumed. The charging demand during on peak 

hours is inapplicable. The cost of consumed electricity during the on peak hours is 

~50% higher in price than that consumed during the off-peak hours. The size of the 

cool storage system is an important parameter because the larger the storage size is, 

the lower the capital cost will be.  

For large commercial or industrial buildings, a large size cools storage system 

is more effective and favorable than using conventional A/C units. For residential 

applications, a small size storage system will be satisfactory. During weekends and 

night times, most of commercial buildings do not required A/C; therefore, the cool 

storage system can be fully charged during this time [127]. Advantages of direct 

charged/direct discharged thermal energy storage system are presented in Table 18. 
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Table 18: Advantages of direct charged/direct discharged thermal energy 
storage system 

Low mass or low volume of storage: ice on coil (indirect) systems require larger 

masses. Only direct charged ice or direct charged ice-water cool systems will have 

lower volume. 

Operates around the atmospheric pressure (low cost storage tank is required). 

High storage temperature; however, it is adequate for A/C purposes. Consequently, 

small heat gains result in the storage tank. 

Improved compressor efficiency because of the high temperature at the inlet of the 

compressor. 

Ice defrosters are not required (energy saving and capital cost). 

No heat exchanger required in the charging and the discharging loop (energy 

saving and capital cost). 

Excellent heat transfer between the discharged liquid and the storage medium. 
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Chapter 3: Theoretical Analysis of Vapor Compression 
Refrigeration Cycles 

 
This chapter focuses on investigating the performance (COP) of different 

single and multi-stage VCRC configurations. Energetic and exergetic based analyses 

are used. Energetic and exergetic COP are used as key parameters in evaluating the 

cycle performance. Moreover, best refrigerants that lead the cycles to its ultimate 

performance were selected. The theoretical results of the VCRCs obtained in this 

chapter are compared with the experimental results of the CTES system COP results 

later in chapter 3 to evaluate the overall efficiency. 

3.1. Analysis of Different Vapor Compression Refrigeration Cycles for Cooling 
Purpose 

 
3.1.1. Basic single stage VCRC. It is noticed from the literature review that, 

practically, the basic cycles always show a lower coefficient of performance “COP” 

compared to enhanced/modified cycles. Therefore, it is worth thinking about 

advanced VCRC designs for cooling applications which can improve the overall cycle 

performance.  

Various advanced VCRCs have been mathematically modeled and analyzed 

based on the energetic and exergetic concepts to discover the most efficient cycle that 

can be used as cold thermal energy storage “CTES” system maintaining lower losses 

and highest COP. Different refrigerants, such as R404A, R134a, R22, R410A, have 

been utilized in the modeling of the cycles. The Engineering Equation Solver (EES) 

software was used for the mathematical modeling due to its powerful and high 

accuracy thermodynamic materials property database that is provided for hundreds of 

fluids in a manner that allows it to be used with equation solving capabilities. The 

theoretical analysis includes the effect of different parameters, such as evaporator and 

condenser operational temperatures, the ambient conditions surrounding the VCRCs, 

subcooling and superheating temperatures. The performance of the cycles is 

conducted and illustrated in the form of tables and plots.  

3.1.2. Vapor compression refrigeration cycle with liquid-vapor heat 

exchanger (LVHX) for cooling purpose. Figure 23 presents the construction of the 

VCRC with LVHX. The cycle is composed of: 

1) Evaporator  

2) Condenser  
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3) Liquid vapor heat exchanger “LVHX” 

4) Throttling valve “TXV” 

5) Compressor.  

The mathematical model is based on the assumptions shown in Table 19. The 

system is under steady state operation, neglecting any loss to the surrounding. 

 
Figure 23: VCRC with liquid-vapor heat exchanger 

Table 19: VCRC mathematical model assumptions 

Parameter Unit Value 
Te oC varies between -5 to 9 
Tc oC varies between 40 and 55 

∆Tsc oC 5 
T0 oC 25 
Tr oC Te+15 

∆Pc kPa 10 
∆Pe kPa 20 
𝜂𝜂comp % 75 
𝑸𝑸𝒆𝒆̇  kW or (TR) 3.52 (1) 

 
where “Te” represents the evaporator temperature, “Tc” is the condenser temperature, 

“∆Tsc” is the subcooling temperature, “∆Pe” is the pressure drop in the evaporator, 

“∆Pc” is the pressure drop in the condenser, “T0” is the dead state temperature, “Tr” is 

the space temperature, “𝜂𝜂comp” is the isentropic compressor efficiency and “𝑄𝑄�̇�𝑀” is 

the cooling capacity. 
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3.1.3. Cycle characteristics. Figure 24 shows the p-h diagram of the VCRC. 

At state point 1sh, the superheated vapor refrigerant delivered from the LVHX enters 

the compressor to be compressed at the same pressure of the condenser at state point 

2. The superheated vapor enters the condenser at state point 2 to be condensed to a 

saturated liquid refrigerant after exchanging heat with the surroundings. The saturated 

liquid refrigerant from the condenser outlet at state point 3 enters the LVHX to be 

subcooled at state point 3sc after exchanging heat with state points 3 and 1. Then, the 

subcooled refrigerant at state point 3sc enters the throttling valve to be expanded to 

the evaporator pressure at state point 4. The refrigerant at state point 4 becomes a 

mixture of vapor and liquid due to the expansion process. Afterward, it enters the 

evaporator to allow the refrigeration effect to take place. At state point 1, the 

refrigerant becomes saturated vapor after exchanging heat with space “room”. The 

vapor quality from the evaporator outlet is enhanced by superheating it after 

exchanging heat with state points 1 and 3. The LVHX can enhance the COP of the 

cycle by reducing the compressor power consumption; this is discussed in details in 

the following section. 

 
Figure 24: p-h diagram of VCRC with liquid-vapor heat exchanger 

3.1.4. Energy based modeling of the VCRC with LVHX “first law of 

thermodynamics”. The mass flow rate of refrigerant “�̇�𝐦” flowing through the cycle 

is calculated based on the cooling load capacity, as illustrated in Equation 3.1. In 

addition, the thermal power input to the refrigerant flowing through the compressor 

“�̇�𝑾” is calculated as shown in Equation 3.2. The overall COP of the cycle is 

calculated using Equation 3.3. 
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�̇�𝑚=
𝑄𝑄�̇�𝑀

(h1-h4) 
(3.1) 

�̇�𝑊 = �̇�𝑚(ℎ2 − ℎ1𝑀𝑀ℎ) (3.2) 

COP=
𝑄𝑄�̇�𝑀
�̇�𝑊

 
(3.3) 

where ‘h’ represents the enthalpy of the refrigerant at different locations in the cycle 

in [kJ/kg]. 

Using the Engineering Equation Solver “EES” software, various operating 

parameters were investigated to obtain their significance on the cycle overall 

performance. Different parameters are presented in the evaporator temperature, 

condenser temperature, degree of subcooling of the LVHX, pressure drops in 

evaporator and condenser and some other parameters which are discussed in details in 

the "energy and exergy analysis" section.  

Four different refrigerants (R404A, R134a, R22 and R410A) have been used 

in the modeling and analysis of the cycle for better understanding of the cycle 

behavior and to ease the selection of the best refrigerant for the clathrate formation 

that reduces the power consumed by the VCRC during the formation time and 

maintains the highest system performance. 

First, one of the parameters is the effect of the evaporator temperature “Te” on 

the overall COP of the cycle. Figure 25 shows the COP of the VCRC using different 

refrigerants, where Te varied from -5 oC to 9 oC against two condenser temperatures 

40 oC and 55 oC. It was observed that as the temperature of the evaporator increases, 

the COP increases, which can be considered as a direct proportion relation. The 

behavior is due to the following: when the condenser temperature is assumed to be 

constant while the evaporator temperature changes, the pressure levels (lines) of the 

evaporator and condenser become closer, and this in turn reduces the thermal power 

input to the compressor.  

The evaporator cooling capacity was selected initially as 3.52 kW (I ton 

refrigerant) to facilitate the design of the refrigeration system in order to study the 

effect of variations of the evaporator temperature (Te) and the refrigerant mass flow 

rate inside the cycle on the overall VCRC performance. This effect is illustrated in 

Figure 26 and Figure 27. It is observed from both figures that the mass flow rate 

change is minor. This effect is linked to operating temperatures and the corresponding 

variation in refrigerant thermodynamic properties. The highest overall cycle COP was 
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found to be 5.491, 5.44, 5.19 and 5.1 at condenser temperature of 40oC for R22, 

R134a, R410A and R404A, respectively.  

 
Figure 25: Effect of variation of evaporator temperature on the energetic 

COP of the VCRC with LVHX 

 
Figure 26: Effect of variation of the evaporator temperature on the   

thermal power input to the compressor of the VCRC with LVHX 
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Figure 27: Effect of variation of evaporator temperature on the total mass 

flow rate of refrigerant flowing through the VCRC with LVHX 

 The degree of subcooling of the LVHX is very critical because the more 

subcooling occurs in the cold side of the LVHX, the better vapor quality is supplied to 

the compressor from the hot side of the LVHX. This can reduce the power 

consumption as a result of reducing the thermal power input to the compressor. 

Moreover, it can lead to longer compressor lifetime because the biggest enemy to the 

compressor during operation is water particles as they lead to cavitation that lowers 

the performance of the compressor. In the model, the degree of subcooling was preset, 

and the degree of superheating was calculated based on the energy balance equation 

on both sides of the LVHX. 

Equation 3.4 is the formula of the energy balance of the LVHX used in the 

modeling. 

�̇�𝑚(ℎ3 − ℎ3𝑀𝑀𝑠𝑠) = �̇�𝑚(ℎ1𝑀𝑀ℎ − ℎ1) (3.4) 

Figure 28 illustrates the effect of variation of the degree of subcooling “at Te = 

0 oC and Tc= 40 oC” on the overall system COP, as well as the thermal power input to 

the compressor. ∆Tsc varied from 0 oC to 10 oC. It is observed that for R404A and 

R134a, the COP increases and the �̇�𝑊 decreases as the ∆Tsc increases. Whereas, for 

R22 and R410A, the COP decreases and the �̇�𝑊 increases while ∆Tsc is incrementing. 

This behavior is obviously not only related to the ∆Tsc value, but also to the 

refrigerant thermodynamic properties at each stage in the cycle. The COP of the 
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VCRC using R22 is still the highest COP value, reaching 4.003, compared to other 

refrigerants. This is followed by R134a, R410 and R404 with COP values of 3.932, 

3.759 and 3.689, respectively. 

 
Figure 28: Effect of variation of subcooling temperature on the energetic  

COP and thermal power input to the compressor of the VCRC with LVHX 

The variation in the capacity of the condenser “𝑄𝑄�̇�𝑠” at selected cooling 

capacities and two different condenser temperatures is calculated to be able to select 

the optimum 𝑄𝑄�̇�𝑠 for designing the cycle, as shown in Figure 29. It is observed that as 

the 𝑄𝑄�̇�𝑀  increases, the 𝑄𝑄�̇�𝑠 increases along with the mass flow rate of the system. At 

constant evaporator temperature, the enthalpy difference at the inlet and outlet of the 

evaporator is constant. The mass flow rate is a function of the total cooling capacity 

divided by the enthalpy difference of the evaporator. Therefore, this function leads to 

increasing the mass flow rate at higher 𝑄𝑄�̇�𝑀 , and hence 𝑄𝑄�̇�𝑠 increases based on the 

energy balance equations to be able to condense the supplied amount of the 

superheated vapor without affecting or lowering the overall COP of the system. 

At the mentioned operation conditions and Te=0 oC, it is found that at Tc = 40 
oC, the 𝑄𝑄�̇�𝑠 = (1.1 to 6.27), (1.1 to 6.29), (1.1 to 6.35) and (1.12 to 6.39) kW, 

respectively for R22, R134a, R410A and R404A in acceding order. The average mass 

flow rate varies between 6.12 to 34.9 g/s for all refrigerants. When the Tc was 

increased to 55 oC, it was observed that the 𝑄𝑄�̇�𝑠 increased by 10.4%, 10.9%, 13.1% and 

14.7%, respectively, for R22, R134a, R410A and R404A, and the mass flow rate 
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increased by 21.2 %. This behavior is a result of the larger pressure difference 

between the condenser and the evaporator, which requires more thermal power input 

to the compressor to be able to compress the supplied vapor refrigerant amount and 

maintain the mass flow rate of the cycle. When 𝑄𝑄�̇�𝑀  increases at constant Te and 

constant Tc, the COP of the system does not change because the system mass flow 

rate increases accordingly, trying to maintain a mass flow rate level that satisfies the 

cycle operation conditions and the cooling capacity, as per Equation 3.1. The results 

are shown in Figure 30. 

 
Figure 29: Effect of variation of cooling capacity on the mass flow rate of 

refrigerant and condenser capacity of the VCRC with LVHX 

The effect of the pressure drop across the condenser and the evaporator “∆Pc 

& ∆Pe” on the overall performance of the cycle was investigated, as shown in Figure 

31. The operation conditions are Te=0 oC, Tc=40 oC, and ∆Pe and ∆Pc varying from 0 

to 50 kPa, and the rest of the operation conditions are the same as mentioned earlier. It 

is observed that the effect of the ∆Pe is greater than the effect of the ∆Pc on the COP. 

When ∆Pe increased, the COP of the system using R404A, R134a, R22 and R410A 

decreased by 8.6%, 14.9%, 9.7% and 6.3%, respectively. This is due to the larger gap 

created between the condenser and evaporator pressure lines, which leads to higher 

thermal power input to the compressor and consequently to satisfy other system 

parameters, such as mass flow rate. The ∆Pc has a negligible effect on the COP of the 

system as the COP of the system using R404A, R134a, R22 and R410A increased by 
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1.3%, 1.6%, 1.2% and 1%, respectively. The minor increment in the COP values is 

due to the convergence of the pressure lines of the condenser and the evaporator. 

Practically, it might not happen that the COP increase when the ∆Pc increase; 

therefore, the effect of ∆Pc can be neglected. 

 
Figure 30: Effect of variation of cooling capacity on the mass flow rate of 

refrigerant and energetic COP of the VCRC with LVHX 

 
Figure 31: Effect of the pressure drop in the condenser and evaporator on 

the energetic COP of the VCRC with LVHX 
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Any thermodynamic process is governed by the law of conservation of energy 

and mass, which states that the mass and energy cannot be destroyed or created in a 

process. Exergy is not conserved but destroyed due to the system/process 

irreversibility. As the energetic COP is derived from the first law of thermodynamics 

“Energetic approach”, it is not solely sufficient to be considered for designing or 

evaluating a refrigeration system because the energy analyses do not focus on the 

irreversibility of the system. To be able to calculate the system irreversibility, the 

second law of thermodynamics “Exergetic analysis” shall be considered. Using both 

approaches, the Energy and Exergy analyses, allows for an explicit and 

comprehensive presentation of the thermodynamic process/analysis of the cycle. In 

the exergy analysis, the second law coefficient of performance “COPEX” has been 

calculated along with the exergy destruction in each component of the system, and the 

results are plotted in a formal style to ease the design and selection of the refrigeration 

system components based on the given operation conditions. Figure 32 presents the 

COPEX along with COP values at different Te values, Tc = 40 oC, 55 oC and at the 

defined T0 and Tr. The COPEX is calculated based on the following Equation: 

𝐶𝐶𝑂𝑂𝑃𝑃𝐸𝐸𝐸𝐸 =
�𝑄𝑄�̇�𝑀 �1− �𝑇𝑇0𝑇𝑇𝑟𝑟

���

�̇�𝑊
 

 
(3.5) 

where the term �𝑄𝑄�̇�𝑀 �1− �𝑇𝑇0
𝑇𝑇𝑟𝑟
��� represents the useful exergy produced by the 

system, also known as exergy product “𝐸𝐸�̇�𝑝” which is defined as the amount of heat 

absorbed by the evaporator from the space required to be cooled at the temperature Tr. 

As shown in Figure 32, when Te increases, COPEX decreases while COP 

increases. The explanation for the COPEX decrease is due to the decrease in the value 

of 𝐸𝐸�̇�𝑝 that is associated with the increase of Tr value “as Tr approaches T0”. In other 

words, the rate of change of �̇�𝑊 for different Te is very minor compared to the rate of 

change of  𝐸𝐸�̇�𝑝 at the same operation conditions. The COP value increases because it is 

derived from the first law of thermodynamics, which is totally not affected neither by 

the Tr nor the T0 “ambient conditions”. 

The exergy destruction “Ẋdest” associated with each component in the cycle 

has been analyzed. The exergy destruction associated with each component is a part 

of the exergy balance equation, and it vanishes only if the process is reversible, which 

is very difficult to be achieved in reality.  
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The exergy destruction extended the understanding of the system behavior 

from the exergetic point of view because it allows identifying the most inefficient 

components in the cycle based on its rate of exergy loss. It also helps to identify the 

suitable ambient conditions that suit the system, along with the selection of the 

suitable refrigerants. This is considerably important for designing and selecting the 

right system components and refrigerant type for better cycle efficiency. 

 
Figure 32: Effect of evaporator temperature on energetic and exergetic 

COPs of the VCRC with LVHX 

Assuming steady state operation, the Ẋdest can be calculated as per the 

following Equation: 

∑Ẋdest𝑗𝑗 = ∑ (�̇�𝑚 ∗ 𝑒𝑒𝑒𝑒)𝑗𝑗 − ∑ (�̇�𝑚 ∗ 𝑒𝑒𝑒𝑒)𝑗𝑗  
+ �∑ (�̇�𝑄𝑗𝑗. ∗ �1 − 𝑇𝑇0

𝑇𝑇𝑗𝑗
� −𝑖𝑖𝑛𝑛𝑀𝑀𝑜𝑜𝑡𝑡 

 
𝑖𝑖𝑛𝑛

∑ �̇�𝑄𝑗𝑗. ∗ �1− 𝑇𝑇0
𝑇𝑇𝑗𝑗
�𝑀𝑀𝑜𝑜𝑡𝑡 � − ∑ �̇�𝑊   

 
(3.6) 

where the term ∑ (𝑄𝑄𝑗𝑗. ∗ �1− 𝑇𝑇0
𝑇𝑇𝑟𝑟
�  represents the heat exergy rate associated 

with the component during the operation, and "𝑒𝑒𝑒𝑒" represents the specific exergy rate 

“exergy streams” of the refrigerant, which is calculated as shown in the following 

Equation: 

𝑒𝑒𝑒𝑒 = (ℎ𝑖𝑖𝑛𝑛 − ℎ𝑀𝑀𝑜𝑜𝑡𝑡) − 𝑇𝑇0 ∗ (𝑠𝑠𝑖𝑖𝑛𝑛 − 𝑠𝑠𝑀𝑀𝑜𝑜𝑡𝑡) (3.7) 

The mechanical work consumed by the system and the heat rejected by the 

system shall be represented with a negative sign, and the received heat is represented 
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with a positive sign. 

The exergy destruction in each component of the cycle is calculated as shown 

in the following set of equations: 

Evaporator:  

Ẋdest ,𝑀𝑀𝑒𝑒𝑡𝑡𝑝𝑝 = �̇�𝑚 �(ℎ4 − ℎ1) − �𝑇𝑇0 ∗ (𝑠𝑠4 − 𝑠𝑠1)�� + �𝑄𝑄�̇�𝑀 �1− 𝑇𝑇0
𝑇𝑇𝑟𝑟
��  

 
(3.8) 

LVHX:  

Ẋdest ,𝐿𝐿𝐿𝐿𝐻𝐻𝐸𝐸 = �̇�𝑚 ���ℎ3 − ℎ3𝑀𝑀𝑠𝑠� − �𝑇𝑇0 ∗ �𝑠𝑠3 − 𝑠𝑠3𝑀𝑀𝑠𝑠��� + ��ℎ1 − ℎ1𝑀𝑀ℎ� −

�𝑇𝑇0�𝑠𝑠1 − 𝑠𝑠1𝑀𝑀ℎ����  

 
(3.9) 

Compressor:  

Ẋdest ,𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝 = �̇�𝑚 ��ℎ1𝑀𝑀ℎ − ℎ2� − �𝑇𝑇0�𝑠𝑠1𝑀𝑀ℎ − 𝑠𝑠2���+ �̇�𝑊 (3.10) 

Condenser:  

Ẋdest ,𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐 =  �̇�𝑚 �(ℎ2 − ℎ3) − �𝑇𝑇0(𝑠𝑠2 − 𝑠𝑠3)�� (3.11) 

Throttling valve:  

Ẋdest𝑡𝑡𝑒𝑒 = �̇�𝑚 ∗ ��ℎ3𝑠𝑠𝑠𝑠 − ℎ4� − �𝑇𝑇0 ∗ �𝑠𝑠3𝑠𝑠𝑠𝑠 − 𝑠𝑠4��� (3.12) 

The total 𝑋𝑋𝑐𝑐𝑀𝑀𝑀𝑀𝑡𝑡.  of the system is the summation of all individual Ẋdest𝑗𝑗  as 

shown in the following Equation: 

∑Ẋdest = Ẋdest ,𝑀𝑀𝑒𝑒𝑡𝑡𝑝𝑝 + Ẋdest ,𝐿𝐿𝐿𝐿𝐻𝐻𝐸𝐸+Ẋdest ,𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝+ Ẋdest ,𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐+Ẋdest ,𝑡𝑡𝑒𝑒  (3.13) 

The exergy destruction is not solely sufficient to complete the total picture of 

understanding the overall system performance because it calculates the exergy 

destructed “loss” apart from the exergy production “useful work”. For this matter, the 

exergy destruction ratio “XDR”, which is the ratio of the exergy destructed in the 

system to the exergy in the product, has been introduced. The XDR is calculated as 

shown in the following Equation: 

𝑋𝑋𝑋𝑋𝑅𝑅 =
∑Ẋdest
𝐸𝐸�̇�𝑃

 
(3.14) 

In another way, the XDR can be formulated as shown in the below equation, 

which is derived from Equations 3.14 and 3.6: 

𝑋𝑋𝑋𝑋𝑅𝑅 = �
1

𝐶𝐶𝑂𝑂𝑃𝑃𝐸𝐸𝐸𝐸
� − 1  (3.15) 

Figure 33 presents the XDR and the COPEX values versus the variation in Te at 
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Tc = 40 oC, keeping other parameters as mentioned before. While Te increases, it is 

observed that the value of COPEX decreases, and the value of XDR increases. This is 

because the relation between XDR and COPEX is inversely proportional. The R22 

shows the lowest XDR in the system which is 53.11, followed by R134a, R410A and 

R404A as  53.63, 56.26 and 57.4, respectively. Figure 34 presents the XDR and the 

COPEX versus the variation in Te at Tc = 55 oC. As shown in Figure 34 when Tc 

increases, it leads to an increment in the XDR value because the COPEX decreases 

“inverse proportional relation”. 

 
Figure 33: Effect of evaporator temperature on the COPEX and exergy 

destruction ratio of the VCRC with LVHX at Tc= 40oC 

Figure 35-Figure 39 illustrate the Ẋdest  for each component in the cycle. It is 

highly important to identify the most inefficient component in the cycle from 

exergetic perspective considering the usage of different refrigerants. This can help in 

improving the overall performance of the cycle because most of the parameters that 

affect the process can be identified. The exergetic analysis starts with the compressor, 

as shown in Figure 35, by fixing the Tc value at 40 oC and varying the Te from -5 to 9 
oC, and keeping all other conditions as defined previously. It was found that the 

compressor exergy destruction value for different refrigerants can be ordered from the 

worst to the best as follows: R404A, R134a, R410A and R22 with maximum values 

of 0.259, 0.238, 0.236, and 0.22 kW, respectively. Due to the increase in the Tc to 55 
oC, as shown in Figure 36, the Ẋdest ,𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝

  was increased by 55.7%, 42%, 47% and 
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38.4% for R404A, R134a, R410A and R22, respectively. 

 
Figure 34: Effect of evaporator temperature on the COPEX and exergy 

destruction ratio of the VCRC with LVHX at Tc= 55oC 

From Equation 3.10, it can be realized that the increment in the Ẋdest ,𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝
  is 

due to the increase in the �̇�𝑊 which is related to the increase in the pressure of the 

condenser as a result of increasing the temperature “Tc” or the decrease of the “Te”  

which leads to the same conclusion.  

Second, the exergy destruction is caused by the throttling valve. Figure 35 

presents the Ẋdest ,𝑡𝑡𝑒𝑒
  at the similar conditions mentioned above. It was found that 

using R404A, R410A, R134a and R22, the Ẋdest,𝑡𝑡𝑒𝑒 maximum values of the exergy 

destruction in the throttling valve at Te= 40 oC are 0.195, 0.144, 0.119 and 0.104 kW, 

respectively, where Ẋdest,𝑡𝑡𝑒𝑒was decreasing while Te was increasing. By increasing Tc 

to 55 oC, as shown in Figure 36, the value of Ẋdest,𝑡𝑡𝑒𝑒 increased by 140%, 124%, 119% 

and 110% using R404A, R410A, R134a and R22, respectively. Ẋdest,𝑡𝑡𝑒𝑒 decreases 

when the Te increases due to the decrease in the mass flow rate "�̇�𝑚" and the decrease 

in the generated entropy at the inlet of the evaporator, noting that entropy value at the 

inlet of the throttling valve is constant at fixed Tc value. Due to the increase in the Tc 

value, �̇�𝑚 and the thermal power input to the compressor increase, which leads to an 

incline in Ẋdest,𝑡𝑡𝑒𝑒. This can be observed by referring to Equation 3.12. 

 



 

93 

 
Figure 35: Rate of Exergy destructed inside the compressor and the 

throttling valve at Tc= 40 oC in the VCRC with LVHX 

 
Figure 36: Rate of Exergy destructed inside the compressor and the 

throttling valve at Tc= 55 oC in the VCRC with LVHX 

Third, the exergy was destructed in the condenser Ẋdest ,𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐  . It is observed 

from Figure 37 that Ẋdest ,𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐   follows the same trend of Ẋdest ,𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝
  and Ẋdest,𝑡𝑡𝑒𝑒 as the 

destruction value decreases with the increase in the Te. Referring to Equation 3.11 and 

the P-h diagram of the cycle, it can be noticed that the entropy and enthalpy values at 

the outlet of the compressor decrease with the Te increase as they are in direct 
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proportion relation with Te, noting that T0 is fixed at 25 oC. The maximum values of 

Ẋdest ,𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐  at Tc = 40 oC using R410A, R22, R404A and R134a are 0.283, 0.271, 

0.249 and 0.241 kW, respectively. For the same reasons mentioned in the analysis of 

Ẋdest ,𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝
 , when Tc increased, the value of Ẋdest ,𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐   increased by 111%, 102%, 

107% and 107% for R410A, R22, R404A and R134a, respectively.  

Fourth, the exergy was destructed in the evaporator Ẋdest𝑀𝑀𝑒𝑒𝑡𝑡𝑝𝑝 . Figure 38 and 

Figure 39 present the exergy destructed inside the evaporator at Tc= 40 and 55 oC. It is 

observed that as Te increases, Ẋdest𝑀𝑀𝑒𝑒𝑡𝑡𝑝𝑝  decreases.  

 
Figure 37: Rate of Exergy destructed inside the condenser at Tc= 40 oC 

and 55 oC in the VCRC with LVHX 

As illustrated in Equation 3.8, as Tr value approaches T0, the absolute value of 

the term 𝑄𝑄�̇�𝑀 ∗ �1− T0
Tr
� decreases. With the vapor quality at the evaporator outlet 

assumed to be saturated and due to the increase in the Te value, the entropy value at 

the outlet of the evaporator decreases. The mass flow rate, as noted earlier, is affected 

inversely by the Te value. The three mentioned reasons contribute directly to the 

change in the Ẋdest𝑀𝑀𝑒𝑒𝑡𝑡𝑝𝑝 value while Te varies. The observed maximum values of 

Ẋdest𝑀𝑀𝑒𝑒𝑡𝑡𝑝𝑝 using R134a, R22, R404A and R410A are 0.254, 0.235, 0.228 and 0.224 

kW at Tc = 40 oC, respectively in an ascending order of destruction value. 
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Figure 38: Rate of Exergy destructed inside the evaporator and the LVHX 

at Tc= 40 in the VCRC with LVHX oC 

 
Figure 39: Rate of Exergy destructed inside the evaporator and the LVHX 

at Tc= 55 oC in the VCRC with LVHX 

When the Tc value increased to 55 oC, it was observed that all the destruction 

values increased by 3.4%, 1.7%, 2.9% and 1.6%, respectively in an ascending order of 

destruction value. The degree of increment is not significant as compared to the Ẋdest 

value of other components. This is because Tc does not have an impact on any 

parameter in Equation 3.8, other than a minor effect on the entropy and enthalpy 
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values at the inlet of the evaporator and the �̇�𝑚 of the system. 

Finally, in the destruct exergy in the LVHX “Ẋdest𝐿𝐿𝐿𝐿𝐻𝐻𝐸𝐸”, shown in Figure 38 

and Figure 39, it is observed that the Ẋdest𝐿𝐿𝐿𝐿𝐻𝐻𝐸𝐸  decreases with the increase in Te. The 

recorded maximum values at Tc = 40 oC are 0.028, 0.027, 0.024 and 0.019 kW for 

R404A, R410A, R134a and R22, respectively in a descending order. At Tc = 55 oC, 

the values were increased by 89%, 75%, 67% and 65%, respectively. 

From the above discussion, the cycle components can be ordered ascendingly 

based on the level of exergy destruction associated with each component as follows: 

condenser, throttling valve, compressor, evaporator and LVHX. That is, the most 

efficient component in the cycle is the LVHX, for its exergy destruction value is 

negligible compared to the other components in the cycle. 

For a better understanding of the cycle performance, other parameters are also 

studied. For example, the effect of the external conditions on the exergetic 

performance of the cycle is investigated. Results, illustrated in Figure 40, indicate that 

when T0 increases from 25 oC to 50 oC at Te = 0 oC and Tc = 55 oC, the value of the 

COPEX increases, and the value of the XDR decreases. This is due to the increase in 

the useful exergy produced by the system “𝐸𝐸�̇�𝑝”, corresponding to an increase in the T0 

value. The XDR is in inverses proportion relation with COPEX. 

Other studies are also conducted. In Figure 41, the total exergy destructed per 

refrigerant is illustrated at Tc = 40 oC and 50 oC and, as explained earlier, the 

destruction rate increases with the increase in Tc. The refrigerants are R22, R134a, 

R410A and R404A, in a descending order of Ẋdest𝐿𝐿𝐿𝐿𝐻𝐻𝐸𝐸  impact. 

In Figure 42-Figure 45, R1234yf and R152a are added to the study; Te was 

taken at three different values: -9, 0 and 9 oC. Based on the COP and COPEX values, 

refrigerants can be ordered ascendingly based on their effectiveness in leading the 

cycle to its maximum performance as: R152a, R22, R134a, R410A, R1234yf and 

R404A. Refrigerants R134a, R410A and R1234yf show close performance trends; 

this is due to the similarity in their physical and thermodynamic properties. 

From the analysis of the The VCRC with single LVHX, it was found that the 

cycle has good peromence represented in the energetic and exergetic COP. To be able 

to measure the performance of the VCRC with LVHX it has to be compared with 

other VCRCs configurations as discussed in the coming section. 
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Figure 40: Effect of T0 on the COPEX and XDR of the VCRC-LVHX at Tc= 

40 oC of the VCRC with LVHX 

 

 
Figure 41: Total exergy destructed within the VCRC with LVHX 

components 
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Figure 42: Energetic COP variation of different refrigerants at 40 oC 

evaporator temperature of the VCRC with LVHX 

 

 
Figure 43: Energetic COP variation of different refrigerants at 55 oC 

evaporator temperature of the VCRC with LVHX 
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Figure 44: COPEX variation of different refrigerants at 40 oC evaporator 

temperature of the VCRC with LVHX 

 

 
Figure 45: COPEX variation of different refrigerants at 55 oC evaporator 

temperature of the VCRC with LVHX 
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3.1.5. Vapor compression refrigeration cycle with liquid-vapor heat 

exchanger (LVHX) and dedicated mechanical subcooler (DMSC). The LVHX 

VCRC with DMSC is illustrated in Figure 46. The VCRC is composed of two 

integrated cycles. The first cycle (main cycle) is the LVHX VCRC, which is 

explained in the previous section, and the second cycle (at the top) is the subcooling 

cycle. Both cycles are interfaced with a dedicated mechanical subcooler, which is a 

counter flow type heat exchanger, installed immediately after the main cycle 

condenser at state point 3 as shown in Figure 46.  

 
Figure 46: VCRC with liquid-vapor heat exchanger and dedicated 

mechanical subcooler 

The VCRC consists of two reciprocating compressors, two condensers, two 

throttling valves, DMSC, LVHX and a single evaporator. The DMSC is dual 

functioning; it acts as the evaporator of the top cycle and the subcooler of the main 
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cycle to provide the main cycle with a certain degree of subcooling. The main and 

subcooling cycles can share the same refrigerant type, or different types of 

refrigerants can be used. 

3.1.6. Cycle characteristics. As shown in Figure 47, which illustrates the P-

h diagram of the cycle, the superheated refrigerant vapor after leaving the LVHX at 

state point 1sh enters the compressor to be compressed to a higher pressure and high 

temperature before the condensing process. At state point 3, the condensed saturated 

liquid refrigerant passes through the DMSC to be subcooled to a certain level of 

temperature. 

 
Figure 47: p-h diagram of VCRC with liquid-vapor heat exchanger and 

dedicated mechanical subcooler 

The DMSC allows the condensed refrigerant to enter the LVHX at state point 

3d as a subcooled liquid refrigerant. Moreover, the DMSC lowers the quality value of 

the refrigerant at state point 4 to an extent equivalent to an increase in the cooling 

capacity of the cycle (more heat can be absorbed by the evaporator). The increase in 

the cooling capacity of the cycle is not free of cost. Neglecting any loss to the 

surroundings and by applying the energy balance equation between state points (5,8) 

and (3,3d), the subcooling value in the main cycle must be equivalent to the amount of 

heat added to the evaporator at the subcooling cycle (top cycle). The subcooled liquid 

refrigerant then enters the LVHX at state point 3d to be further subcooled by 

exchanging heat with state points 3d and 1. The enhanced subcooling at the cold side 

of the LVHX shall decrease the thermal power input to the compressor in the main 

cycle, which is equivalent to an increase in the overall COP of the cycle. The top 
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cycle has the same construction and mechanism of the conventional VCRC, but in this 

case, the evaporator interacts with the main cycle instead of the space. Practically, the 

capacity/size of the components in the subcooling cycle should be in fractions 

compared to the capacity/size of the components installed in the main cycle. This 

shall improve the overall COP of the cycle without adding to its cost. The study 

involved trials of various combinations of refrigerants in an attempt to find the 

optimum refrigerant that leads the system to the highest performance (COP) at 

different operating conditions. 

The mathematical model based on the assumptions is summarized in Table 20. 

The system is under steady state operation, neglecting any loss to the surrounding, 

and both refrigerants used in the main and the subcooling cycle are of the same type. 

Table 20: Mathematical model assumptions of the VCRC with liquid-vapor heat 
exchanger and dedicated mechanical subcooler 

Parameter Unit Value 
Te oC varies between -5 to 9 
Tc oC varies between 40 and 55 

∆Tsc oC 5 
∆Tsc,sub oC 5 

T0 oC 25 
Tr oC Te+15 

∆Pc kPa 10 
∆Pe kPa 20 
𝜂𝜂comp % 75 
𝑸𝑸𝒆𝒆̇  kW or (TR) 3.52 (1) 

 

where “∆Tsc” represents the subcooling temperature of the LVHX, “∆Tsc,sub” 

represents the subcooling temperature of the DMSC and “𝜂𝜂comp” represents the 

isentropic compressor efficiency for both the main and the subcooling cycle 

compressors. 

Modeling equations “Energy balance equations”: The mass flow rate in the 

main cycle �̇�𝑚 is calculated as per Equation 3.1.  

The mass flow rate of the subcooling cycle is calculated using the following 

energy balance equation of the DMSC: 

�̇�𝑚𝑀𝑀𝑜𝑜𝑠𝑠 =
�̇�𝑚(ℎ3 − ℎ3𝑐𝑐)
ℎ5 − ℎ8

 
(3.16) 

where “h” represents the enthalpy of the refrigerant in [kJ/s]. 
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The thermal power input to the compressor of the main cycle �̇�𝑊 is calculated 

as per Equation 3.2. 

The thermal power input to the compressor of the subcooling cycle �̇�𝑊𝑀𝑀𝑜𝑜𝑠𝑠  is 

calculated as: 

�̇�𝑊𝑀𝑀𝑜𝑜𝑠𝑠 = �̇�𝑚𝑀𝑀𝑜𝑜𝑠𝑠(ℎ6 − ℎ5) (3.17) 

The overall COP of the cycle is calculated as: 

COP=
𝑄𝑄�̇�𝑀

(�̇�𝑊 + �̇�𝑊𝑀𝑀𝑜𝑜𝑠𝑠)
 

(3.18) 

DMSC (evaporator side) intermediated pressure of the pressure boundaries of 

the main cycle is calculated as: 

𝑃𝑃5 = �(𝑃𝑃𝐶𝐶)(𝑃𝑃𝑀𝑀) (3.19) 

where Pc represents the condenser pressure of the main cycle, and Pe represents the 

evaporator pressure. 

The square root of the product of the Pc and Pe in Equation 3.19 is the 

intermediate pressure of the pressure boundaries of the main cycle.  

Figures presented in this section illustrate the output of the thermodynamic 

modeling of the VCRC with LVHX and DMSC. Most of the parameters that can 

affect the performance of the cycle are studied from energy and exergy perspectives. 

Results of the energetic study are illustrated in Figure 48. The figure 

represents the COP of the cycle at different Te values, keeping all other conditions 

unchanged as presented in Table 20. 

The COP of the cycle increases with the increase in Te but decreases with the 

increase of the Tc: this is because when Te increases, the thermal power input to both 

the main cycle and subcooling cycle compressors are reduced (see Equation 3.18 and 

Figure 48). The maximum COP values at Tc = 40 oC for R22, R134a, R410A and 

R404A are 5.60, 5.57, 5.34 and 5.26, respectively. When Tc was changed from 40 oC 

to 55 oC, the observed COP values decreased by, 38.1%, 38.5%, 41.7% and 43.2%, 

respectively. 

The thermal power inputs to the main cycle compressor and the subcooling 

cycle compressor based on the Te variation are shown in Figure 49-52. The �̇�𝑊 is 

affected by both the inlet temperature at state point 1sh and the required mass flow rate 

which is decided based on the operation conditions and the thermodynamic properties 

of the refrigerant to meet the cooling temperature required in the space. On the other 
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hand, �̇�𝑊𝑀𝑀𝑜𝑜𝑠𝑠 is affected by the intermediate pressure of the cycle, the degree of 

subcooling required by the DMSC and the temperature of the outlet of the main cycle 

condenser at state point 3. The outlet temperature of the main cycle condenser is very 

critical because it has a direct effect on the enthalpy values, which is the main 

parameter in deciding the mass flow rate of the subcooling cycle, as shown in 

Equation 3.16. 

 
Figure 48: Effect of evaporator temperature on the overall energetic COP 
of the VCRC with liquid-vapor heat exchanger and dedicated mechanical 

subcooler 

As shown in Figure 49 and Figure 50, the maximum �̇�𝑊 values using R404A, 

R410A, R134a and R22 in the main cycle are 1.07, 1.04, 1.01 and 0.99 kW, 

respectively, at Tc = 40 oC. It is observed that when Tc was raised to 55 oC, the �̇�𝑊 

increased by 59.6%, 53.4%, 47.4% and 45.8%, respectively, due to the increase in the 

mass flow rate that is required to enable the evaporator to work with its full capacity 

“one TR” and to satisfy other operation conditions. From Figure 49 and Figure 50, it 

is noticed that the mass flow rate for the main cycle decreases with the increase in Te, 

which is directly affected by the pressure difference of the main cycle evaporator and 

condenser. Values of the thermal power input to the subcooling compressor and the 

mass flow rate are illustrated in Figure 51 and Figure 52. The maximum �̇�𝑊𝑀𝑀𝑜𝑜𝑠𝑠 values 

using R404A, R410A, R134a and R22 at Tc= 40 oC are 0.0312, 0.0256, 0.0206 and 

0.0173 kW, respectively. At Tc= 55 oC, the values are incremented by 116.8%, 
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132.3%, 84.5% and 80.1%, respectively. It can be observed from Figure 49-Figure 52 

that the thermal power input to the subcooling compressor is approximately 3% of 

what is done by the main compressor, which is considered as a fraction value. 

 
Figure 49: Effect of the evaporator temperature on the thermal power  

input to the main cycle compressor of the VCRC with liquid-vapor heat 
exchanger and dedicated mechanical subcooler 

 
Figure 50: Effect of the evaporator temperature on the mass flow rate of 

the main cycle compressor of the VCRC with liquid-vapor heat exchanger 
and dedicated mechanical subcooler 
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Figure 51: Effect of the evaporator temperature on the thermal power 

input to the subcooling cycle compressor of the VCRC with liquid-vapor 
heat exchanger and dedicated mechanical subcooler 

 

 
Figure 52: Effect of the evaporator temperature on the mass flow rate of the 
subcooling cycle compressor of the VCRC with liquid-vapor heat exchanger 

and dedicated mechanical subcooler 
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The degree of subcooling of the LVHX and the mechanical subcooler 

influences the overall performance of the cycle to some extent.  

To verify this, the LVHX “∆Tsc” was set to a fixed temperature, and the 

DMSC “∆Tsc,sub” varied from 0 to 10 oC and vice versa. Figure 53 and Figure 54 

illustrate the effect of ∆Tsc and ∆Tsc,sub, respectively, on the COP of the cycle. The 

results are illustrated in Table 21. 

Table 21: Variation effect of subcooling temperature of the LVHX and DMSC 
on the energetic COP value of the VCRC with liquid-vapor heat exchanger and 

dedicated mechanical subcooler 

Refrigerant R404A R410A R134a R22 

∆Tsc 
variation 

Tc= 40 
oC 

COP 

improvement % 

2.7 -0.2 1.1 -1.2 

Tc= 55 
oC 

6.4 1.3 2.5 -0.3 

∆Tsc,sub 
variation 

Tc= 40 
oC 

7.3 5.8 5.1 4.2 

Tc= 55 
oC 

10.6 8.3 6.6 5.3 

 

 
Figure 53: Effect of the liquid-vapor heat exchanger degree of subcooling on 

the energetic COP of the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 
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Figure 54: Effect of the dedicated mechanical subcooler degree of subcooling 

on the energetic COP of the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 

As shown in Table 21, the effect of ∆Tsc on the system COP is negligible 

compared to the effect of ∆Tsc,sub. This is because the DMSC cycle is derived by a 

separate compressor which is controlled based on the degree of subcooling required, 

unlike the LVHX which depends on the evaporator temperature that is derived by a 

common compressor. When the ∆Tsc,sub increases, the thermal power input to the main 

compressor reduces dramatically while the thermal power input to the subcooling 

cycle compressor increases partially, which noticeably decreases the total thermal 

power input to the compressors (see Equation 3.18 used for calculating the system 

COP). On the other hand, the increase in ∆Tsc leads to a minor change in the COP of 

the system because the LVHX depends on a common compressor that also operates 

the main cycle, so the changes it causes are limited compared to the DMSC system. 

The sizing of components and their compatibility with the cooling cycle are 

also essential in the VCRC designing. Figure 55 and Figure 56 demonstrate the effect 

of the cooling capacity “�̇�𝑄e ” value on the condenser for both the main and subcooling 

cycles “�̇�𝑄c ” and “�̇�𝑄c,sub
 ”. Results of the analysis indicate that the effect of the cooling 

capacity on the main cycle condenser capacity is significant compared to the 
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subcooling cycle condenser capacity. The increment of “�̇�𝑄c ” and “�̇�𝑄c,sub
 ” is due to the 

increase in the mass flow rate of the main and subcooling cycles. The findings are 

summarized in Table 22. 

 
Figure 55: Effect of the evaporator capacity variation on the 

subcooling cycle condenser capacity of the VCRC with liquid-vapor 
heat exchanger and dedicated mechanical subcooler 

 
Figure 56: Effect of the evaporator capacity variation on the main cycle 
condenser capacity of the VCRC with liquid-vapor heat exchanger and 

dedicated mechanical subcooler 
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Table 22: Effect of the evaporator capacity variation on the condensers capacity 
of the VCRC with liquid-vapor heat exchanger and dedicated mechanical 

subcooler 

Refrigerant R404A R410A R22 R134a 

�̇�𝑄c  
(min/max) 

Tc= 40 oC (1.05/6) (1.06/6.02) (1.06/6.04) (1.06/6.02) 
Tc= 55 oC (1.18/6.7) (1.16/6.62) (1.16/6.6) (1.16/6.6) 

�̇�𝑄c,sub
  

(min/max) 
Tc= 40 oC (0.06/0.34) (0.05/0.29) (0.04/0.21) (0.04/0.24) 
Tc= 55 oC (0.08/0.5) (0.08/0.46) (0.05/0.27) (0.06/0.33) 

 

It is observed from Table 22 that “�̇�𝑄c ” and “�̇�𝑄c,sub
 ” increased by 

approximately 470% as “�̇�𝑄e ” changes from 0.879 to 5 kW at the stated operation 

conditions. 

The size of the DMSC and LVHX is studied against different evaporator 

temperatures as shown in Figure 57 and Figure 58. The purpose of this study is to 

thoroughly understand the behavior of the heat exchangers and for designers to be 

able to select the suitable size that fits the system and meets its expected performance.  

At Tc= 40 oC, the capacity of the LVHX varied between 0.137 to 0.224 kW; whereas, 

when Tc was raised to 55 oC, the capacity varied between 0.167 to 0.307 kW, which is 

about 36.8 % increment in the heat exchanger capacity. For the DMSC, the capacity 

observed at Tc= 40 oC is 0.133 to 0.206 kW and 0.166 to 0.283 kW at Tc= 55 oC, 

which is about 37.4 % increment in the capacity. The common reason for this 

behavior in the LVHX and the DMSC is the decrement in the mass flow rate of the 

system as a result of decreasing the evaporator temperature, which leads to a decrease 

in the capacity of the heat exchangers at constant condenser temperature (see 

Equation 3.16). 

Figure 59-62 summarize the cycle component capacity at different operation 

conditions. This is of high importance to understand the overall view and to facilitate 

selecting the most suitable components for designing an efficient system that meets 

the requirements. The main cycle components capacity can be ordered as “�̇�𝑄c ”, “�̇�𝑊 
 ” 

and “�̇�𝑄LVHX ” and as “�̇�𝑄c,sub
 ”, “�̇�𝑄DMSC ”, and “�̇�𝑊 

 ” for the subcooling cycle. 

The exergy analysis was applied to understand the performance of the cycle 

from exergetic perspective. Figure 63 represents the COPEX and COP of the system 

versus different evaporator temperatures.  

 

 



 

111 

 
Figure 57: Effect of the evaporator temperature on the liquid-vapor heat 
exchanger capacity of the VCRC with liquid-vapor heat exchanger and 

dedicated mechanical subcooler 

 

 
Figure 58: Effect of the evaporator temperature on the dedicated mechanical 

subcooler capacity of the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 
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Figure 59: Capacity comparison of the main cycle condenser, liquid-vapor 
heat exchanger, and compressor at different evaporator temperatures and 

condenser temperature of 40 oC of the VCRC with liquid-vapor heat 
exchanger and dedicated mechanical subcooler 

 
Figure 60: Capacity comparison of the subcooling cycle condenser, dedicated 
mechanical subcooler, and compressor at different evaporator temperatures 
and condenser temperature of 40 oC for the VCRC with liquid-vapor heat 

exchanger and dedicated mechanical subcooler 
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Figure 61: Capacity comparison of the main cycle condenser, liquid-vapor 
heat exchanger, and compressor at different evaporator temperatures and 

condenser temperature of 55 oC for the VCRC with liquid-vapor heat 
exchanger and dedicated mechanical subcooler 

 
Figure 62: Capacity comparison of the main cycle condenser, liquid-vapor heat 
exchanger, and compressor at different evaporator temperatures and condenser 

temperature of 55 oC for the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 
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As explained earlier, the behavior of the COPEX is always inverse proportional 

to the COP; the system COPEX varies between 0.184 to 0.019, 0.18 to 0.019, 0.174 to 

0.018 and 0.169 to 0.018 for R22, R134a, R410A and R404A, respectively.  

The COPEX for the cycle is calculated as per the below Equation: 

𝐶𝐶𝑂𝑂𝑃𝑃𝐸𝐸𝐸𝐸 =
�𝑄𝑄�̇�𝑀 �1− �𝑇𝑇0𝑇𝑇𝑟𝑟

���

�̇�𝑊 + 𝑊𝑊𝑀𝑀𝑜𝑜𝑠𝑠̇
 

 
(3.20) 

The maximum values of COPEX decreased by 31.7%, 32.5%, 35.6% and 38%, 

respectively, as the evaporator temperature changes from -5 to 9 oC. The total XDR of 

the system at different condenser temperatures is shown in Figure 64 and Figure 65. 

The XDR of the cycle at both selected condenser temperatures is slightly lower in 

values compared to the XDR of the VCRC with single LVHX. The XDR value is 

calculated as per Equation 3.15. 

The Ẋdest for each component is illustrated in Figure 66-Figure 74 where 

equations 3.8-3.13 are used. 

 
Figure 63: Effect of the evaporator temperature on the energetic and exergetic 
COP of the VCRC with liquid-vapor heat exchanger and dedicated mechanical 

subcooler 
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Figure 64: Effect of the evaporator temperature on the exergy destruction ratio 

and exergetic COP at condenser temperature of 40 oC on the VCRC with 
liquid-vapor heat exchanger and dedicated mechanical subcooler 

 

 
Figure 65: Effect of the evaporator temperature on the exergy destruction 
ratio and exergetic COP at condenser temperature of 55 oC on the VCRC 

with liquid-vapor heat exchanger and dedicated mechanical subcooler 
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The Ẋdest of the DMSC is calculated as per the following equation: 

Ẋdest,DMSC = �̇�𝑚 ��ℎ3 − ℎ3𝑐𝑐� − �𝑇𝑇0 ∗ �𝑠𝑠3 − 𝑠𝑠3𝑐𝑐��� + �̇�𝑚𝑀𝑀𝑜𝑜𝑠𝑠 ��ℎ8 − ℎ5  � −

�𝑇𝑇0 ∗ �𝑠𝑠8 − 𝑠𝑠5  ���  

 
(3.21) 

 
Figure 66: Effect of evaporator temperature on the exergy destructed inside the 

compressors at condenser temperature of 40 oC on the VCRC with liquid-
vapor heat exchanger and dedicated mechanical subcooler 

 

 
Figure 67: Effect of evaporator temperature on the exergy destructed inside the 
compressors at condenser temperature of 55 oC of the VCRC with liquid-vapor 

heat exchanger and dedicated mechanical subcooler 
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Figure 68: Effect of evaporator temperature on the exergy destructed inside the 

throttling valves at condenser temperature of 40 oC of the VCRC with liquid-
vapor heat exchanger and dedicated mechanical subcooler 

 

 
Figure 69: Effect of evaporator temperature on the exergy destructed inside the 

throttling valves at condenser temperature of 55 oC of the VCRC with liquid-
vapor heat exchanger and dedicated mechanical subcooler 
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Figure 70: Effect of evaporator temperature on the exergy destructed inside the 
condensers at condenser temperature of 40 oC of the VCRC with liquid-vapor 

heat exchanger and dedicated mechanical subcooler 

 

 
Figure 71: Effect of evaporator temperature on the exergy destructed inside the 
condensers at condenser temperature of 55 oC of the VCRC with liquid-vapor 

heat exchanger and dedicated mechanical subcooler 
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Figure 72: Effect of evaporator temperature on the exergy destructed inside the 

evaporator of the VCRC with liquid-vapor heat exchanger and dedicated 
mechanical subcooler 

 

 
Figure 73: Effect of evaporator temperature on the exergy destructed inside the 
LVHX and DMSC at condenser temperature of 40 oC of the VCRC with liquid-

vapor heat exchanger and dedicated mechanical subcooler 
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Figure 74: Effect of evaporator temperature on the exergy destructed inside the 
LVHX and DMSC at condenser temperature of 55 oC of the VCRC with liquid-

vapor heat exchanger and dedicated mechanical subcooler 

To summarize the results of the graphs, Table 23 and Table 24 show the 

components in ascending order of destruction effect on the system for the main cycle 

and the subcooling cycle, respectively. For the subcooling cycle, the Ẋdest can be 

ordered as condenser, DMSC, compressor and throttling valve. The order is disturbed 

in few cases due to the refrigerant thermo-physical properties at certain operation 

conditions, such as the evaporator and condenser temperatures.  

At lower Tc 40 oC and using the R404A in the main cycle up to Te = -2.7 oC, 

the highest exergy destruction occurres in the compressor and the lowest occurs in the 

LVHX. When approaching Te 0 oC, the condenser showed the highest exergy 

destruction level. In addition, when R134a is used, the evaporator exergy Ẋdest was 

higher than that of the condenser and the compressor for all Te. As the Tc becomes 

higher 55 oC, the Ẋdest order using all refrigerants becomes uniform as mentioned 

earlier. For the subcooling cycle, it is observed that the Ẋdest order for R134A, R22 

and R410A is the same except at Te which is below 4.9, 4.3 and 3.7 oC, respectively. 

The Ẋdest,DMSC is roughly higher than the Ẋdest𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐 due to the reaction 

between the two cycles at different operation conditions, such as the mass flow rate 

and the difference in the level of heat exchanging between the cycles in the DMSC. It 

can be concluded that, as the Tc approaches higher temperatures, the exergy 
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destruction of the component become more uniform, and the Ẋdest level increases. 

The highest Ẋdest in the main cycle is found to be in the condenser, and the lowest is 

in the LVHX. For the subcooling cycle, the highest Ẋdest is found in the condenser, 

and the lowest is in the throttling valve. In general, the Ẋdest by the main cycle 

components is considerably high compared to the subcooling cycle.  

Figure 75 illustrates the total Ẋdest in the system for the used refrigerants. It is 

observed that the highest destruction in the components is caused by R404A followed 

by R410, R134a, and R22, respectively, at Tc= 40 oC with maximum values of 0.918, 

0.883, 0.848 and 0.828. As Tc increases to 55 oC, the total Ẋdest increases by 73.7%, 

67%, 58.8% and 56.9%, respectively. 

The effect of T0 on the cycle performance is illustrated in Figure 76. It is 

observed that at Tc = 55 oC, Te = 0 oC and with the increase in T0 from 25 to 50 oC, the 

COPEX increases and thus the XDR decreases. The same behavior is observed with 

the single-stage cycle in Figure 40. This is due to the increase in the  𝐸𝐸�̇�𝑃 and the 

decrease in the Ẋdest at constant Tc, �̇�𝑄c  and �̇�𝑊 
 . In other words, the increase in T0 leads 

to a lower rate of irreversibility. 

Table 23: Summary of the exergy destructed inside each component in the 
main cycle of the VCRC with liquid-vapor heat exchanger and dedicated 

mechanical subcooler ordered from the highest to the lowest. 

Exergy destruction level of the main 
cycle components from the highest to 
the lowest. 

1 2 3 4 5 

R404A Tc=40 oC Te=-5 oC Comp Cond Evap tv LVHX 
Te=9 oC Cond Evap Comp tv LVHX 

R404A Tc=55 oC Te=-5 oC Cond Comp Evap tv LVHX 
Te=9 oC Cond Comp Evap tv LVHX 

R134a Tc=40 oC Te=-5 oC Evap Cond Comp tv LVHX 
Te=9 oC Evap Cond Comp tv LVHX 

R134a Tc=55 oC Te=-5 oC Cond Comp Evap tv LVHX 
Te=9 oC Cond Comp Evap tv LVHX 

R22 Tc=40 oC Te=-5 oC Cond Evap Comp tv LVHX 
Te=9 oC Cond Evap Comp tv LVHX 

R22 Tc=55 oC Te=-5 oC Cond Comp Evap tv LVHX 
Te=9 oC Cond Comp Evap tv LVHX 

R410A Tc=40 oC Te=-5 oC Cond Comp Evap tv LVHX 
Te=9 oC Cond Evap Comp tv LVHX 

R410A Tc=55 oC Te=-5 oC Cond Comp Evap tv LVHX 
Te=9 oC Cond Comp Evap tv LVHX 

Average Cond Comp Evap tv LVHX 
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Table 24: Summary of the exergy destructed inside each component in the 
subcooling cycle of the VCRC with liquid-vapor heat exchanger and 

dedicated mechanical subcooler ordered from the highest to the lowest. 

Exergy destruction level of the subcooling 
cycle components from the highest to the 
lowest. 

1 2 3 4 

R404A Tc=40 
oC 

Te=-5 
oC 

Cond DMSC Comp tv 

Te=9 oC Cond DMSC Comp tv 

R404A Tc=55 
oC 

Te=-5 
oC 

Cond DMSC Comp tv 

Te=9 oC Cond Comp tv Evap 
R134a Tc=40 

oC 

Te=-5 
oC 

Evap Cond Comp tv 

Te=9 oC Cond DMSC Comp tv 
R134a Tc=55 

oC 

Te=-5 
oC 

Cond DMSC Comp tv 

Te=9 oC Cond DMSC Comp tv 
R22 Tc=40 

oC 

Te=-5 
oC 

Evap Cond Comp tv 

Te=9 oC Cond DMSC Comp tv 
R22 Tc=55 

oC 

Te=-5 
oC 

Cond DMSC Comp tv 

Te=9 oC Cond DMSC Comp tv 
R410A Tc=40 

oC 

Te=-5 
oC 

Evap Cond Comp tv 

Te=9 oC Cond DMSC Comp tv 
R410A Tc=55 

oC 

Te=-5 
oC 

Cond DMSC Comp tv 

Te=9 oC Cond DMSC Comp tv 
Average Cond DMSC Comp tv 

 

The subcooling temperatures have a great influence on the COP of the system, 

as shown earlier in Figure 53 and Figure 54. It is also important to understand the 

effect on the COPEX of the cycle to understand the system behavior under different 

conditions. Figure 77 and Figure 78 illustrate the effect of ∆Tsc and ∆Tsc,sub on the 

COPEX and the XDR, respectively, at constant Te, Tc and at fixed value of ∆Tsc with 

varying ∆Tsc,sub, and vice versa. It can be concluded from the figures that the effect of 

subcooling temperature on the COPEX is very minor.  

For some refrigerants, such as R22 and R410A, the COPEX decreased, unlike 

other refrigerants where it increases with the increase of the subcooling temperature 

as shown in Figure 77. This is directly related to the thermal power input to the 
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compressors. In the case of using R22 and R410A, the thermal power input to the 

main compressor is observed to be increasing; whereas, the thermal power input to the 

subcooling cycle compressor was decreasing. This behavior might change in different 

operation conditions, such as changing Tc or Te as shown in Figure 79 and Figure 80. 

Table 25 summarizes the observed values. 

 
Figure 75: Effect of evaporator temperature on the total exergy 
destructed in the VCRC with liquid-vapor heat exchanger and 

dedicated mechanical subcooler 

 
Figure 76: Effect of T0 on the COPEX and XDR on the VCRC with liquid-
vapor heat exchanger and dedicated mechanical subcooler at Tc= 55 oC 
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Figure 77: Effect of LVHX subcooling temperature on the COPEX and XDR 
on the VCRC with liquid-vapor heat exchanger and dedicated mechanical 

subcooler at Te=40 oC 

 

 
Figure 78: Effect of DMSC subcooling temperature on the COPEX and XDR 
on the VCRC with liquid-vapor heat exchanger and dedicated mechanical 

subcooler at Te=40 oC 
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Figure 79: Effect of LVHX subcooling temperature on the COPEX and XDR on 

the VCRC with liquid-vapor heat exchanger and dedicated mechanical 
subcooler at Te=55 oC 

 

 
Figure 80: Effect of DMSC subcooling temperature on the COPEX and XDR on 

the VCRC with liquid-vapor heat exchanger and dedicated mechanical 
subcooler at Te=55 oC 
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Table 25: Effect of the subcooling temperatures on the exergetic COP of the 
VCRC with liquid-vapor heat exchanger and dedicated mechanical subcooler 

Refrigerant COPEX improvement % 

R22 R134a R410A R404A 
∆Tsc 

variation 
Tc= 40 oC -1.2 1.1 -0.7 2.8 
Tc= 55 oC -0.3 2.5 1.3 6.5 

∆Tsc,sub 
variation 

Tc= 40 oC 4.2 5.2 5.8 7.3 
Tc= 55 oC 5.3 6.6 8.3 10.7 

 

As the study also aims to select the best refrigerant based on the cycle 

performance, Figure 81- Figure 84 represent the COP and COPEX of the cycle at 

different Te based on the utilized refrigerants and two other refrigerants, R1234yf and 

R152a, as they can be used in different cooling applications. It is noticed that both 

R134a and R22 refrigerants are too close in the COP values, and the same behavior is 

observed for R1234yf and R410A. In general, the refrigerants can be ordered 

ascendingly based on the VCRC behavior of the cycle COP as R152a, R22, R134a, 

R1234yf, R410A and R404A, respectively.  

 
Figure 81: Energetic COP variations using different refrigerants at 40 oC 

condenser temperatures for the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 
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Figure 82: Energetic COP variations using different refrigerants at 55 oC 

condenser temperatures for the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 

 
Figure 83: Exergetic COP variations using different refrigerants at 40 oC 

condenser temperatures for the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 
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Figure 84: Exergetic COP variations using different refrigerants at 55 oC 

condenser temperatures for the VCRC with liquid-vapor heat exchanger and 
dedicated mechanical subcooler 

3.1.7. Comparison between VCRC with LVHX and the two stage VCRC 

with LVHX and DMSC. The following section focuses on comparing and 

summarizing the results of the analysis of the previous two cycles (single-stage 

VCRC with LVHX and multi-stage VCRC with LVHX and DMSC). Table 26 

represents the selected parameter values used in the comparison. Table 27 represents 

the energetic and exergetic COP of both VCRC stages at different operating 

conditions along with the mass flow rate and thermal power input to the compressor. 

It is observed from Table 27 that the energetic and exergetic COP of the multi-stage 

VCRC with LVHX and DMSC is much better that of the single-stage LVHX cycle. 

This is due to the extra subcooling caused by the DMSC which enhances the 

performance of the cycle by reducing the power consumed by the compressors. 

Furthermore, the refrigerants for both cycles can be ordered ascendingly based on the 

COP of the cycles as R22, R134a, R410A and R404A, respectively. This conclusion 

is highly useful as it is used in this study for the selection of the best clathrate that can 

be utilized in the thermal energy storage system. Table 28 and  

3.1.8. Table 29 present the component capacity (size) of the VCRC with 

LVHX versus the VCRC with LVHX and DMSC, respectively. 
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Table 26: Parameter values assumed in the comparison of the VCRC with 
LVHX vs VCRC with LVHX and DMSC 

Parameter Unit 
VCRC 

LVHX LVHX+DMSC 
Values 

Te oC 9 
Tc oC 40 and 55 

∆Tsc oC 5 N/A 
∆Tsc,sub oC 5 5 

T0 oC 25 
Tr oC Te+15 

∆Pc kPa 10 
∆Pe kPa 20 
𝜂𝜂comp % 75 
𝑸𝑸𝒆𝒆̇  kW or (TR) 3.52 (1) 

Intermediate pressure kPa N/A �(𝑃𝑃𝐶𝐶)(𝑃𝑃𝑀𝑀) 

Table 27: Comparing the energetic and exergetic COP of the VCRC with LVHX 
vs the VCRC with LVHX and DMSC 

VCRC Refrigerant Tc 
oC COP improvement 

% 
COPEX improvement 

% 
LVHX 

R22 

40 

5.49 
4.1 

0.0185 
4.1 LVHX+

DMSC 
5.72 0.0192 

LVHX 
R134A 

5.44 
4.9 

0.0183 
4.9 LVHX+

DMSC 
5.71 0.0192 

LVHX 
R410A 

5.19 
5.6 

0.0175 
5.6 LVHX+

DMSC 
5.48 0.0185 

LVHX 
R404A 

5.09 
6.9 

0.0171 
7 LVHX+

DMSC 
5.44 0.0183 

LVHX 
R22 

55 

3.379 
5.1 

0.0114 
5.1 LVHX+

DMSC 
3.551 0.0120 

LVHX 
R134A 

3.325 
6.2 

0.0112 
6.2 LVHX+

DMSC 
3.531 0.0119 

LVHX 
R410A 

2.982 
8.1 

0.0100 
8.2 LVHX+

DMSC 
3.223 0.0109 

LVHX 
R404A 

2.847 
9.9 

0.0096 
9.9 LVHX+

DMSC 
3.130 0.0105 
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Table 28: Component capacity of VCRC with LVHX 

VCRC with LVHX components capacity (size) [kW] 
Refrigerant Tc 

oC �̇�𝑸𝒄𝒄   �̇�𝑾 �̇�𝑸LVHX 
R22 

40 

4.161 0.641 0.134 
R134a 4.167 0.647 0.157 
R410A 4.198 0.678 0.189 
R404A 4.212 0.692 0.22 

R22 

55 

4.562 1.042 0.168 
R134a 4.579 1.059 0.2 
R410A 4.7 1.180 0.29 
R404A 4.756 1.236 0.310 

 

Table 29: Component capacity of VCRC with LVHX and DMSC 

VCRC with LVHX and DMSC components capacity (size) [kW] 
Refrigerant Tc 

oC �̇�𝑸𝒄𝒄   �̇�𝑸𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 �̇�𝑾 �̇�𝑾𝒔𝒔𝒔𝒔𝒔𝒔 �̇�𝑸LVHX �̇�𝑸DMSC 

R22 

40 

3.863 0.273 0.595 0.021 0.126 0.252 
R134a 3.817 0.32 0.593 0.024 0.15 0.296 
R410A 3.791 0.371 0.612 0.030 0.163 0.341 
R404A 3.726 0.441 0.611 0.036 0.206 0.405 

R22 

55 

4.163 0.348 0.951 0.041 0.15 0.308 
R134a 4.104 0.412 0.949 0.048 0.181 0.365 
R410A 4.057 0.555 1.02 0.072 0.212 0.482 
R404A 4.019 0.626 1.042 0.083 0.283 0.542 

 

A comparison between condensers capacity of VCRC with LVHX versus 

VCRC with LVHX and DMSC is illustrated in Table 30-Table 32. It can be realized 

from the tables that the total size (capacity) of the condensers and compressors of the 

multistage VCRC is less than the size of the condenser of the single-stage cycle. 

Although the average difference is not dramatic, the multi-stage cycle is much better 

from the energetic and exergetic COP point of view. The total heat exchangers size 

(capacity) in the multistage VCRC is higher compared to that of the single-stage 

VCRC; nonetheless, it has a great impact on the overall COP of the system.  

To facilitate the comparison between the multi-stage cycle in the study, other 

parameters are introduced. There are: the mass flow rate ratio “�̇�𝑚ratio”, the 

condensers load ratio “�̇�𝑄c,ratio” and the compressors thermal power input ratio 

“�̇�𝑊ratio”. �̇�𝑚c,ratio is the ratio between the mass flow rate of the subcooling cycle to 

the mass flow rate of the main cycle, �̇�𝑄c,ratio is the ratio between the subcooling 

cycle condenser capacity and the main cycle condenser capacity, and �̇�𝑊ratio  
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represents the ratio between the subcooling cycle thermal power input to the 

compressor and the main cycle thermal power input to the compressor in the multi 

stage cycle. These parameters can be used as a key for measuring the capacity and the 

performance of the cycle by tracing the trend of the plotted curves. Moreover, they 

can be used for adjusting the size of the components by varying the numerator or the 

dominator parameters value to match the desired requirements of the design. Figure 

85-Figure 90 present the mentioned ratio factors at the same operation conditions 

mentioned in Table 20, but the ∆Tsc,sub is taken at 10 oC to match with Table 26 for 

an easier comparison. 

Table 30: VCRC with LVHX vs VCRC with LVHX and DMSC, condensers 
capacity comparison 

VCRC with LVHX vs VCRC with LVHX and DMSC condensers capacity 
comparison 
Cycle LVHX LVHX+DMSC 

% improvement Refrigerant Tc 
oC �̇�𝑸𝒄𝒄  [kW] ∑�̇�𝑸  [kW] 

R22 

40 

4.161 4.136 0.6 
R134a 4.167 4.137 0.7 
R410A 4.198 4.162 0.9 
R404 4.212 4.167 1.1 
R22 

55 

4.562 4.511 1.1 
R134a 4.579 4.516 1.4 
R410A 4.7 4.612 1.9 
R404A 4.756 4.645 2.3 

 

Table 31: VCRC with LVHX vs VCRC with LVHX and DMSC, compressors 
size comparison 

VCRC with LVHX vs VCRC with LVHX and DMSC compressors size 
comparison 
Cycle LVHX LVHX+DMSC 

% improvement Refrigerant Tc 
oC �̇�𝑾 [kW] ∑�̇�𝑾 [kW] 

R22 

40 

0.641 0.616 3.9 
R134a 0.647 0.617 4.6 
R410A 0.678 0.642 5.3 
R404A 0.692 0.647 6.5 

R22 

55 

1.042 0.992 4.8 
R134a 1.059 0.997 5.9 
R410A 1.180 1.092 7.5 
R404A 1.236 1.125 9.0 
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Table 32: VCRC with LVHX vs VCRC with LVHX and DMSC, heat-exchangers 
capacity comparison 

VCRC with LVHX vs VCRC with LVHX and DMSC heat-exchangers 
capacity comparison 
Cycle LVHX LVHX+DMSC 

% improvement Refrigerant Tc 
oC �̇�𝑸𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 [kW] ∑�̇�𝑸HX [kW] 

R22 

40 

0.134 0.378 -182 
R134a 0.157 0.446 -184 
R410A 0.189 0.504 -167 
R404A 0.22 0.611 -178 

R22 

55 

0.168 0.458 -173 
R134a 0.2 0.546 -173 
R410A 0.29 0.694 -139 
R404A 0.310 0.825 -166 

 

As shown in the figures, the increment and the decrement of the ratio factors 

are not based only on the operation conditions, but also the refrigerant type has an 

effect. For R404A and R134a, �̇�𝑄c,ratio , �̇�𝑊ratio  and �̇�𝑚c,ratio values at Tc=40 oC and 55 oC 

decrease as the evaporator temperature increases. The main and common reason for 

this is the reduction of the main cycle thermal power input to the compressor. �̇�𝑄c,ratio 

using R22 increases, and the other two ratios �̇�𝑊ratio , and �̇�𝑚c,ratio decrease as the 

evaporator temperature increases; this is directly related to the refrigerant 

thermodynamic properties.  

When R404A is used, similar behavior is observed, except that the values of  

�̇�𝑊ratio  and �̇�𝑄c,ratio decreased, and the value of  �̇�𝑚c,ratio increased at Te=40 oC and 55 oC. 

The values obtained from the model are summarized in Table 33.  

Table 33: Summary of ratio factors values at different evaporator and condenser 
temperatures for the VCRC with LVHX and DMSC. 

Refrigerants Tc 
oC 

Ratio factors 
�̇�𝑾ratio �̇�𝑸c,ratio �̇�𝒎c,ratio 

R404A 

40 

0.029 to 0.0284 0.0569 to 0.0566 0.0648 to 0.0631 
R134a 0.0419 to 0.041 0.0843 to 0.0838 0.0934 to 0.0908 
R22 0.0353 to 0.035 0.0697 to 0.071 0.0790 to 0.0779 
R410A 0.0489 to 0.0491 0.0956 to 0.098 0.1122 to 0.1114 
R404A 

55 

0.0823 to 0.0799 0.1572 to 0.1556 0.1886 to 0.183 
R134a 0.0517 to 0.0504 0.1013 to 0.1005 0.1154 to 0.1118 
R22 0.0430 to 0.0427 0.0824 to 0.0837 0.0974 to 0.0959 
R410A 0.0709 to 0.071 0.1331 to 0.1367 0.1675 to 0.167 
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Figure 85: Effect of evaporator temperature on the condenser load ratio of the 

VCRC with DMSC and LVHX at Te= 40 oC 

 
Figure 86: Effect of evaporator temperature on the condenser load ratio of the 

VCRC with DMSC and LVHX at Te= 55 oC 
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Figure 87: Effect of evaporator temperature on the thermal power input to the 

compressor ratio of the VCRC with DMSC and LVHX at Te= 40 oC 

 

 
Figure 88: Effect of evaporator temperature on the thermal power input to the 

compressor ratio of the VCRC with DMSC and LVHX at Te= 55 oC 
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Figure 89: Effect of evaporator temperature on the mass flow rate ratio of the 

VCRC with DMSC and LVHX at Te= 40 oC 

 

 
Figure 90: Effect of evaporator temperature on the mass flow rate ratio of the 

VCRC with DMSC and LVHX at Te= 55 oC 
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3.1.9. Vapor compression refrigeration cycle with dedicated mechanical 

subcooler (DMSC). From the previous analysis, it is observed that the subcooling 

effect of the LVHX on the VCRC is very minor compared to the subcooling effect of 

the DMSC. 

In the VCRC shown in Figure 91, the LVHX was removed from the main 

cycle while the DMSC remained at the same location. The cycle operation did not 

change, but instead of getting superheated vapor at stage point 1, it is assumed to be 

saturated vapor as shown in the p-h diagram of the cycle in Figure 92.  

The subcooling effect occured at stage point 3d when the DMSC exchanged 

heat between the main cycle (points 3 and 3d) and the subcooling cycle (points 5 and 

8). The same refrigerants used in the previous cycle are used here for a feasible 

comparison. There is a probability that, by removing the LVHX, the exergetic and 

energetic COP of the cycle might increase to reach the ultimate performance from the 

new configuration and to decrease the volume occupied by the cycle.  

The subcooling temperature in the modeling of the cycle was Initially selected 

at 10 oC, which is equivalent to the total amount of subcooling in the LVHX+DMSC 

VCRC caused by the DMSC and the LVHX. In addition, other subcooling 

temperatures are selected to obtain reliable results and conclusions. Table 34 

summarizes the operation conditions and assumptions initially used in the modeling 

of the cycle.  

Table 34: Mathematical model assumptions of the VCRC with dedicated 
mechanical subcooler 

Parameter Unit Value 
Te oC varies between -5 to 9 
Tc oC varies between 40 and 55 

∆Tsc,sub oC 10 
T0 oC 25 
Tr oC Te+15 

∆Pc kPa 10 
∆Pe kPa 20 
𝜂𝜂comp % 75 
𝑸𝑸𝒆𝒆̇  kW or (TR) 3.52 (1) 

Intermediate pressure kPa �(𝑃𝑃𝐶𝐶)(𝑃𝑃𝑀𝑀) 
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Figure 91: VCRC with dedicated mechanical subcooler 

 

 
Figure 92: p-h diagram of VCRC with dedicated mechanical subcooler 
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The COP of the cycle is shown in Figure 93 at Tc=40 oC and Tc= 55 oC. Table 

35 is a comparison between the VCRC with LVHX, VCRC with LVHX and DMSC 

and VCRC with DMSC maximum COP using R22, R134a, R410A, and R404A. 

 
Figure 93: Effect of the evaporator temperature on the energetic COP of the 

VCRC with DMSC 

Table 35: Comparison of the maximum COP values of the VCRC with LVHX, 
the VCRC with LVHX and DMSC, and the VCRC with DMSC 

VCRC 
Maximum COP value at Te= 9 oC 

R22 R134a R410A R404A R22 R134a R410A R404A 
Tc=40 oC Tc=55 oC 

LVHX 5.49 5.44 5.19 5.1 3.38 3.33 2.98 2.85 
LVHX+DMSC 5.60 5.57 5.34 5.26 3.47 3.43 3.11 2.99 
DMSC 5.76 5.7 5.52 5.4 3.57 3.5 3.22 3.07 

 

From Table 35, it can be concluded that there is an improvement in the COP 

of the VCRC with DMSC compared to the previous two cycles (VCRC with LVHX 

and VCRC with LVHX+DMSC). The COP improvement percentages are represented 

in Table 36. 

The previous analysis indicates that the effect of the subcooling temperature 

on the COP of the system is very critical as it can dramatically improve the COP of 

the cycle. Figure 94 and Figure 95 represent the effect of ∆Tsc,sub on the COP of the 

cycle at Te = 0 oC and 9 oC, respectively, and Tc= 40 oC and 55 oC. Table 37 
 



 

139 

summarizes the results presented in Figure 94 and Figure 95. As shown in the Table 

37, when ∆Tsc,sub increases from 10 oC to 15 oC, the COP at Te=9 oC and Tc= 40 oC 

improved by 1.9%, 2.3%, 2.5% and 3.1% for R22, R134a, R410A and R404A, 

respectively. The percentage of improvement continues increasing as Tc increases. At 

Te=9 oC and Tc= 40 oC, the improvement in the COP is found to be 2.2%, 2.9%, 3.4% 

and 3.2% for R22, R134a, R410A and R404A, respectively. 

Table 36: Improvement percentage of the maximum COP values of the VCRC 
with LVHX, the VCRC with LVHX and DMSC, and the VCRC with DMSC 

Cycle 
COP improvement % 

R22 R134a R410A R404A R22 R134a R410A R404A 

Tc=40 oC Tc=55 oC 
DMSC        vs          
LVHX 4.9 4.8 6.4 5.9 5.6 5.1 8.1 7.7 

DMSC         vs 
LVHX+DMSC 2.9 2.3 3.4 2.7 2.9 2.0 3.5 2.7 

 

 
Figure 94: Effect of subcooling temperature on the energetic COP of the 

VCRC with DMSC at Te= 0 oC  
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Figure 95: Effect of subcooling temperature on the energetic COP of the 

VCRC with DMSC at Te= 9 oC of the  

 
Table 37: Comparison of the COP values at different subcooling temperatures of 

the VCRC with DMSC 

∆Tsc,sub 
oC 

Te  
oC 

Maximum COP 
R22 R134a R410A R404A R22 R134a R410A R404A 

Tc=40 oC Tc= 55 oC 
10 

0 
4.12 4.09 3.99 3.85 2.78 2.69 2.5 2.33 

15 4.26 4.19 4.09 3.98 2.84 2.77 2.58 2.44 
10 

9 
5.76 5.7 5.52 5.4 3.57 3.50 3.22 3.1 

15 5.87 5.83 5.66 5.57 3.65 3.60 3.33 3.2 
 

The capacity of the components in the VCRC with DMSC is compared with 

the previous VCRCs to analyze the changes and to be able to select the right 

components as a designer that meets the desired cycle performance. Figure 96-Figure 

99 present the size/capacity of the main cycle and the subcooling cycle components 

using different refrigerants. The components can be ordered ascendingly based on the 

size/capacity in the main cycle and subcooling cycle as: condenser, compressor and 

as: condenser, DMSC and compressor, respectively.  
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Table 38 compares the capacity/size of the VCRC with DMSC at different Tc, 

Te= 9 oC and ∆Tsc,sub = 15 oC. 

Table 38: VCRC with DMSC components capacity at different operation 
conditions 

DMSC VCRC Components capacity (size) [kW] 

Refrigerant Tc 
oC �̇�𝑸𝒄𝒄   �̇�𝑸𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 �̇�𝑾 �̇�𝑾𝒔𝒔𝒔𝒔𝒔𝒔 �̇�𝑸DMSC 

R22 

40 

4.157 0.450 1.031 0.057 0.393 
R134a 4.091 0.547 1.048 0.069 0.477 
R410A 4.055 0.602 1.056 0.081 0.521 
R404A 3.940 0.761 1.075 0.105 0.656 
R22 

55 

4.500 0.577 1.458 0.098 0.478 
R134a 4.427 0.712 1.497 0.122 0.590 
R410A 4.350 0.888 1.550 0.169 0.720 
R404A 4.250 0.121 1.631 0.220 0.900 

 

The exergetic analysis of the VCRC with DMSC VCRC is also studied and 

presented in the following section. Figure 100 illustrates the COPEX of the cycle at 

different Te. The COPEX behavior of the cycle is found to be the same compared to the 

previous VCRCs; that is, when Te increases, the COPEX value decreases, and thus the 

COP value increases. Table 39 summarizes the maximum and minimum COPEX of the 

VCRC with DMSC at Tc= 40 and 55 oC and (at Te=9 oC). 

Table 39: Summary of values of the exergetic COP of the VCRC with DMSC at 
different operating conditions 

Tc oC 
Maximum COPEX (at Te=-5 oC) Minimum COPEX (at Te=9 oC) 
R22 R134a R410A R404

A 
R22 R134a R410A R404A 

40 0.193 0.189 0.185 0.179 0.0197 0.0196 0.0190 0.0188 

55 0.132 0.128 0.12 0.112 0.0123 0.0121 0.0112 0.0108 

 

The XDR of the cycle is presented in Figure 101 and Figure 102, and the 

results are illustrated in Table 40. The XDR values of the VCRC with DMSC are very 

close compared to the VCRC with (LVHX and DMSC). The same curve trends are 

also observed for both cycles. Full comparisons are included in the summary section 

of the VCRC with DMSC.  

The effect of T0 on the cycle COP and the XDR is illustrated in Figure 103. As 

T0 increases, the XDR values decrease, but the COP values increase. 
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Figure 96: Main cycle components capacity at condenser temperature of 40 

oC of the VCRC with DMSC 

 

 
Figure 97: Main cycle components capacity at condenser temperature of 55 

oC of the VCRC with DMSC 
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Figure 98: Subcooling cycle components capacity at condenser temperature 

of 40 oC of the VCRC with DMSC 

 

 
Figure 99: Subcooling cycle components capacity at condenser temperature 

of 55 oC of the VCRC with DMSC 
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Figure 100: Effect of the evaporator temperature on the energetic and 

exergetic COP of the VCRC with DMSC 

 

 
Figure 101: Effect of the evaporator temperature on the exergy destruction 

ratio and the exergetic COP of the VCRC with DMSC at evaporator 
temperature of 40 oC 
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Figure 102: Effect of the evaporator temperature on the exergy destruction 

ratio and the exergetic COP of the VCRC with DMSC at evaporator 
temperature of 55 oC 

 

 
Figure 103: Effect of the dead state temperature on the exergy destruction 

ratio and the exergetic COP of the VCRC with DMSC 
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The exergetic destructions of individual components in the VCRC with DMSC 

are presented in Figure 104-Figure 111. Figure 112 illustrates the total exergetic 

destruction of all components of the cycle. Table 40 and Table 41 present the level of 

exergy destruction caused by each component in the cycle.  

 
Figure 104: Exergy destructed inside the compressors of the VCRC with 

DMSC at condenser temperature of 40 oC 

 

 
Figure 105: Exergy destructed inside the compressors of the VCRC with 

DMSC at condenser temperature of 55 oC 
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Figure 106: Exergy destructed inside the throttling valves of the VCRC with 

DMSC at condenser temperature of 40 oC 

 

 
Figure 107: Exergy destructed inside the throttling valves of the VCRC with 

DMSC at condenser temperature of 55 oC 
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Figure 108: Exergy destructed inside the condensers of the VCRC with 

DMSC at condenser temperature of 40 oC 

 

 
Figure 109: Exergy destructed inside the condensers of the VCRC with 

DMSC at condenser temperature of 55 oC 
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Figure 110: Exergy destructed inside the evaporator of the VCRC with 

DMSC 

 

 
Figure 111: Exergy destructed inside the subcooler of the VCRC with 

DMSC 
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Figure 112: Total exergy destruction in the VCRC with DMSC 

Table 40: Exergy destruction level in the main cycle components of the VCRC 
with DMSC ordered from the highest to the lowest 

Exergy destruction level of the main cycle 
components from the highest to the lowest. 

1 2 3 4 

Refrigerant Tc [oC] Te [oC] 

R404A 40 
-5 Evap Comp Cond tv 

9 Evap Cond Comp tv 

R404A 55 
-5 Cond Comp tv Evap 
9 Cond Comp Evap tv 

R134a 
40 

-5 Evap Comp Cond tv 
9 Evap Cond Comp tv 

R134a 
55 

-5 Cond Comp Evap tv 
9 Cond Evap Comp tv 

R22 
40 

-5 Evap Cond Comp tv 
9 Evap Cond Comp tv 

R22 
55 

-5 Cond Comp Evap tv 
9 Cond Evap Comp tv 

R410A 
40 

-5 Evap Cond Comp tv 
9 Evap Cond Comp tv 

R410A 
55 

-5 Cond Comp Evap tv 
9 Cond Comp Evap tv 
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Table 41: Exergy destruction level in the subcooling cycle components of the 
VCRC with DMSC ordered from the highest to the lowest 

Exergy destruction level of the subcooling 
cycle components from the highest to the 
lowest. 

1 2 3 4 

Refrigerant Tc [oC] Te [oC] 

R404A 40 
-5 Cond Evap Comp tv 
9 Cond Evap Comp tv 

R404A 55 
-5 Cond Evap Comp tv 
9 Cond Evap Comp tv 

R134a 
40 

-5 Evap Cond Comp tv 
9 Cond Evap Comp tv 

R134a 
55 

-5 Cond Evap Comp tv 
9 Cond Evap Comp tv 

R22 
40 

-5 Evap Cond Comp tv 
9 Cond Evap Comp tv 

R22 
55 

-5 Cond Evap Comp tv 
9 Cond Evap Comp tv 

R410A 
40 

-5 Cond Evap Comp tv 
9 Cond Evap Comp tv 

R410A 
55 

-5 Cond Evap Comp tv 
9 Cond Evap Comp tv 

 

From Table 40 and Table 41, it can be concluded that the exergy destruction in 

the main cycle is higher compared to the exergy destruction caused by the subcooling 

cycle components. At Tc= 40 oC, the main cycle exergy destruction value of the 

components can be ordered as: evaporator, followed by compressor and condenser 

and then by the throttling valve. Whereas, at Tc=55 oC, the order changes to start with 

the condenser, followed by compressor and evaporator and then by the throttling 

valve. For the subcooling cycle at Tc= 40 oC and 55 oC, the order is: condenser and 

evaporator, followed by the compressor and then the throttling valve. 

From Figure 112, it can be concluded that the refrigerants performance in the 

cycle can be ordered descendingly based on the total exergy destruction level caused 

in the cycle as: R404A, R410A, R134a and R22. The values are summarized in Table 

42. 

Figure 113-Figure 116 present the mass flow rate ratio “�̇�𝑚ratio”, the condenser 

load ratio “�̇�𝑄c,ratio” and the compressors thermal power input ratio “�̇�𝑊ratio” of the 
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VCRC. Table 43 summarizes the results of the plots. It is concluded from Table 43 

that most of the ratio values decreased slightly with the increase of the evaporator 

temperature. Only few of the ratio values increased; for instance, the Q̇c ratio when 

R22 is used. The changes of the ratio values are very minor and are almost constant. 

Table 42: Summary of the total maximum exergy destruction level in the 
VCRC with DMSC from the highest to the lowest based on the used refrigerant 

Total maximum exergy destruction level in the cycle from the highest to the 
lowest based on refrigerant type. (at Te= -5 oC) 

Refrigerant Tc oC Ẋ𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝 [kW] 

R404A 40 0.856 
55 1.473 

R410A 40 0.823 
55 1.368 

R134a 40 0.802 
55 1.270 

R22 40 0.780 
55 1.223 

 

Figure 113-Figure 116 present the mass flow rate ratio “�̇�𝑚ratio”, the condenser 

load ratio “�̇�𝑄c,ratio” and the compressors thermal power input ratio “�̇�𝑊ratio” of the 

VCRC. Table 43 summarizes the results of the plots. It is concluded from Table 43 

that most of the ratio values decreased slightly with the increase of the evaporator 

temperature. Only few of the ratio values increased; for instance, the Q̇c ratio when 

R22 is used. The changes of the ratio values are very minor and are almost constant. 

Table 43: Summary of the ratio values of the VCRC with DMSC 

Refrigerants Tc 
oC 

Ratio factors 
�̇�𝑾ratio �̇�𝑸c,ratio �̇�𝒎c,ratio 

R404A 

40 

 0.0969 to 0.0950  0.193 to 0.191  0.204 to 0.199 
R134a  0.0659 to 0.0643  0.133 to 0.132  0.141 to 0.137 
R22  0.0553 to 0.0549  0.109 to 0.110  0.118 to 0.117 
R410A  0.0766 to 0.0768  0.149 to 0.153  0.166 to 0.165 
R404A 

55 

 0.134 to 0.130  0.263  to 0.26  0.287 to 0.278 
R134a  0.081 to 0.079  0.161 to 0.159  0.173 to 0.167 
R22  0.0672 to 0.0666  0.129 to 0.130  0.145 to 0.143 
R410A    0.109 to 0.109  0.206 to 0.2111  0.241 to 0.240 
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Figure 113: Effect of the evaporator temperature on the condensers load 

ratio and compressors thermal power input ratio at evaporator temperature 
of 40 oC 

 

 
Figure 114: Effect of the evaporator temperature on the condensers load 

ratio and compressors thermal power input ratio at evaporator temperature 
of 55 oC 
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Figure 115: Effect of the evaporator temperature on the mass flow rate 

ratio at evaporator temperature of 40 oC 

 

 
Figure 116: Effect of the evaporator temperature on the mass flow rate 

ratio at evaporator temperature of 55 oC 

To decide which refrigerant performs the best during the operation from a 

COP point of view, Figure 117-Figure 120 present the COP and COPEX of the cycle 
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for all the used refrigerants. From the figures, the refrigerants can be ordered 

ascendingly based on the COP value of the cycle: as: R152a, R22, R134a, R410A, 

R1234yf and R404A. At higher evaporator temperature starting from 0 oC, R1234yf 

shows a slightly higher COP, unlike when R22 is used. However, both R22 and 

R1234yf can be considered very close in the COP values. Moreover, it can be 

concluded that the refrigerants can be ordered ascendingly based on COPEX value as: 

R22, R152a, R134a, R410A, R1234yf and R404A. Both R22 and R125a are very 

close in the COPEX values, and the same is observed for R410A and R404A. 

3.1.10. Summary of the analysis of the VCRC with DMSC. This section 

summarizes and compares the VCRC with DMSC against the VCRC with LVHX and 

VCRC with LVHX and DMSC. Table 44 summarizes the operation conations and 

parameter values used in the comparison. Table 45 and Table 46 present the energetic 

and exergetic COP comparison between the three VCRCs (VCRC with DMSC, 

VCRC with LVHX and VCRC with LVHX andDMSC). Comparisons between the 

three VCRCs components capacity are presented in Table 47-Table 51. 

 
Figure 117: Energetic COP values of the VCRC with DMSC at different 
evaporator temperatures and constant condenser temperature of 40 oC 
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Figure 118: Energetic COP values of the VCRC with DMSC at different 
evaporator temperatures and constant condenser temperature of 55 oC 

 

 
Figure 119: Exergetic COP values of the VCRC with DMSC at different 
evaporator temperatures and constant condenser temperature of 40 oC 
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Figure 120: Exergetic COP values of the VCRC with DMSC at different 
evaporator temperatures and constant condenser temperature of 55 oC 

Table 44: Operation conditions and parameters value used in the comparison 
of the VCRC with DMSC against the VCRC with LVHX and VCRC with 

LVHX and DMSC 

VCRC: LVHX LVHX+DMSC DMSC 
Parameter Unit Values 

Te oC 9 
Tc oC 40 and 55 

∆Tsc oC 15 5 N/A 
∆Tsc,sub oC N/A 10 15 

T0 oC 25 
Tr oC Te+15 

∆Pc kPa 10 
∆Pe kPa 20 
𝜂𝜂comp % 75 
𝑸𝑸𝒆𝒆̇  kW or (TR) 3.52 (1) 

Intermediate 
pressure 

kPa N/A �(𝑃𝑃𝐶𝐶)(𝑃𝑃𝑀𝑀) 
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Table 45: Energetic and Exergetic COP comparison of the VCRC with DMSC, 
VCRC with LVHX, and VCRC with LVHX and DMSC) 

VCRC Refrigerant Tc 
oC Max COP Max COPEX 

LVHX 
R22 

40 

5.44 0.179 
LVHX+DMSC 5.72 0.188 

DMSC 5.87 0.193 
LVHX 

R134a 
5.50 0.178 

LVHX+DMSC 5.71 0.185 
DMSC 5.83 0.189 
LVHX 

R410A 
5.17 0.170 

LVHX+DMSC 5.48 0.179 
DMSC 5.66 0.185 
LVHX 

R404A 
5.23 0.169 

LVHX+DMSC 5.44 0.175 
DMSC 5.57 0.179 
LVHX 

R22 

55 

3.38 0.123 
LVHX+DMSC 3.55 0.129 

DMSC 3.65 0.132 
LVHX 

R134a 
3.41 0.121 

LVHX+DMSC 3.53 0.126 
DMSC 3.60 0.128 
LVHX 

R410A 
3.03 0.110 

LVHX+DMSC 3.22 0.117 
DMSC 3.33 0.120 
LVHX 

R404A 
3.03 0.107 

LVHX+DMSC 3.13 0.110 
DMSC 3.20 0.112 

 

Table 46: Summary of the improvement of the Energetic and Exergetic COP of 
the VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and DMSC 

VCRC Refrigerant Tc 
oC COP 

improvement % 
COPEX 
improvement % 

DMSC vs LVHX 
R22 

40 

7.9 7.8 
DMSC vs LVHX+DMSC 2.6 2.7 

DMSC vs LVHX 
R134a 6 6.2 

DMSC vs LVHX+DMSC 2.1 2.2 
DMSC vs LVHX 

R410A 9.5 8.8 
DMSC vs LVHX+DMSC 3.3 3.4 

DMSC vs LVHX 
R404A 6.5 5.9 

DMSC vs LVHX+DMSC 2.4 2.3 
DMSC vs LVHX 

R22 

55 

8 7.3 
DMSC vs LVHX+DMSC 2.8 2.3 

DMSC vs LVHX 
R134a 5.6 5.8 

DMSC vs LVHX+DMSC 2 1.6 
DMSC vs LVHX 

R410A 9.9 9.1 
DMSC vs LVHX+DMSC 3.4 2.6 

DMSC vs LVHX 
R404A 5.6 4.7 

DMSC vs LVHX+DMSC 2.2 1.8 
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Table 47: Comparison of the main cycle condenser capacity of the three VCRCs 
(VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and DMSC) 

VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 
DMSC) main cycle condensers capacity comparison 

VCRC with LVHX LVHX&DMSC DMSC 

Refrigerant Tc 
oC 

�̇�𝑸𝒄𝒄   [kW] 

R22 

40 

4.2 4.0 3.7 
R134a 4.2 4.0 3.6 
R410A 4.2 4.0 3.6 
R404A 4.2 4.0 3.5 

R22 

55 

4.6 4.4 4.0 

R134a 4.6 4.3 4.0 
R410A 4.7 4.3 3.8 
R404A 4.7 4.4 3.7 

 

Table 48: Comparison of the subcooling cycle condensers capacity of the three 
VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 

DMSC) 

VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX 
and DMSC) subcooling cycle condenser capacity comparison 

Cycle LVHX+DMSC DMSC 

Refrigerant Tc 
oC �̇�𝑸𝒄𝒄,𝒔𝒔𝒔𝒔𝒔𝒔  [kW] 

R22 

40 

0.14 0.41 
R134a 0.16 0.48 
R410A 0.20 0.55 
R404A 0.23 0.70 

R22 

55 

0.18 0.52 

R134a 0.20 0.62 

R410A 0.30 0.80 
R404A 0.33 0.95 

 

Table 52 presents the maximum total exergy destruction in each cycle at 

different condenser temperatures. Table 53 compares the decrement percentage in the 

maximum exergy destruction of the VCRC with DMSC against the VCRC with 

LHVX and the VCRC with LVHX and DMSC. 
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Table 49: Comparison of the main cycle compressor capacity of the three 
VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 

DMSC) 

VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 
DMSC) main cycle compressor capacity comparison 

VCRC LVHX LVHX+DMSC DMSC 

Refrigerant Tc 
oC �̇�𝑾   [kW] 

R22 

40 

0.65 0.62 0.60 
R134a 0.64 0.62 0.60 

R410A 0.68 0.64 0.60 

R404A 0.67 0.65 0.60 
R22 

55 

1.04 1.00 0.90 
R134a 1.03 1.00 0.91 
R410A 1.20 1.10 0.96 
R404A 1.20 1.13 0.97 

 

Table 50: Comparison of the subcooling cycle compressor capacity of the three 
VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 

DMSC) 

VCRCs (VCRC with DMSC, and VCRC with LVHX and DMSC) subcooling 
cycle compressor capacity comparison 

VCRC LVHX+DMSC DMSC 

Refrigerant Tc 
oC 𝑾𝑾𝒔𝒔𝒔𝒔𝒔𝒔̇   

 [kW] 

R22 

40 

0.011 0.031 
R134a 0.012 0.037 
R410A 0.016 0.044 
R404A 0.018 0.055 

R22 

55 

0.021 0.060 

R134a 0.025 0.072 

R410A 0.041 0.100 
R404A 0.043 0.127 
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Table 51: Comparison of the subcooling heat exchangers total capacity of the 
three VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX 

and DMSC) 

VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 
DMSC) subcooling heat exchangers total capacity comparison 

VCRC LVHX LVHX+DMSC DMSC 

Refrigerant Tc 
oC 

∑ �̇�𝑸 𝒔𝒔𝒔𝒔𝒔𝒔𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒉𝒉𝒆𝒆𝒉𝒉𝒉𝒉 𝒆𝒆𝒆𝒆𝒄𝒄𝒉𝒉𝒉𝒉𝒔𝒔𝒔𝒔𝒆𝒆𝒆𝒆𝒔𝒔  
 [kW] 

R22 

40 

0.38 0.26 0.38 
R134a 0.45 0.31 0.45 
R410A 0.51 0.36 0.51 

R404A 0.61 0.43 0.61 

R22 

55 

0.46 0.32 0.46 

R134a 0.55 0.38 0.55 
R410A 0.70 0.51 0.70 
R404A 0.83 0.60 0.83 

 

Table 52: Comparison of the total exergy destruction in the three VCRCs 
(VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and DMSC) 

VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 
DMSC) total exergy destruction comparison 

VCRC LVHX LVHX+DMSC DMSC 

Refrigerant Tc 
oC 

∑Ẋ𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝 [kW] 

R22 

40 

0.635 0.604 0.588 
R134a 0.628 0.605 0.592 
R410A 0.700 0.630 0.610 
R404A 0.661 0.635 0.620 

R22 

55 

1.030 0.980 0.953 

R134a 1.020 0.985 0.965 

R410A 1.150 1.080 1.050 
R404A 1.152 1.113 1.090 
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Table 53: Comparison of the percentage improvement of the total exergy 
destruction in the three VCRCs (VCRC with DMSC, VCRC with LVHX, and 

VCRC with LVHX and DMSC) 

VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX 
and DMSC) total exergy destruction improvement percentage. 

VCRC with DMSC vs LVHX DMSC vs LVHX+DMSC 

Refrigerant Tc 
oC 

Decrement % in ∑Ẋ𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝 [kW] 

R22 

40 

8.0 2.7 
R134a 6.1 2.2 
R410A 14.8 3.3 
R404A 6.6 2.4 

R22 

55 

8.1 2.8 
R134a 5.7 2.1 
R410A 9.5 2.9 
R404A 5.7 2.1 

 

Table 54 and Table 55 compare the ratio value of the compressors, condensers 

and mass flow rate of the VCRC with DMSC against the VCRC with LVHX and 

DMSC. 

Table 54: Comparison of the condenser and compressor load ratio in the three 
VCRCs (VCRC with DMSC, VCRC with LVHX, and VCRC with LVHX and 

DMSC) 

VCRCs (VCRC with DMSC , and VCRC with LVHX and DMSC) condenser 
and compressor load ratio comparison 

Cycle LVHX+ 
DMSC 

DMSC LVHX+ 
DMSC 

DMSC 

Ratio 
�̇�𝑸c,ratio   �̇�𝑾ratio   Refriger

ant 
Tc 
oC 

R22 

40 

0.071 0.110 0.0349 0.0549 

R134a 0.084 0.132 0.0409 0.0643 
R410A 0.098 0.153 0.0491 0.0768 
R404A 0.119 0.191 0.0600 0.0950 

R22 

55 

0.084 0.130 0.0427 0.0666 

R134a 0.101 0.159 0.0504 0.0790 

R410A 0.137 0.211 0.0709 0.1090 
R404A 0.156 0.260 0.0800 0.1300 

 

 

 



 

163 

Table 55: Comparison of the mass flow rate ratio in the three VCRCs (VCRC 
with DMSC, VCRC with LVHX, and VCRC with LVHX and DMSC) 

VCRCs (VCRC with LVHX, and VCRC with LVHX and DMSC) mass flow 
rate ratio comparison 

Cycle LVHX+DMSC DMSC 

Ratio 
�̇�𝒎c,ratio Refrigerant Tc 

oC 
R22 

40 

0.078 0.117 
R134a 0.091 0.137 
R410A 0.111 0.165 
R404A 0.132 0.199 

R22 

55 

0.096 0.143 
R134a 0.112 0.167 
R410A 0.167 0.240 
R404A 0.183 0.2790 

 

In the previous section of this chapter, three different VCRCs are analyzed. 

The first cycle is a single-stage VCRC with liquid-vapor heat exchanger, and the 

second and third cycles are two-stage VCRCs with liquid-vapor heat exchanger and 

VCRC with DMSC.  Looking at the summary in Table 44-Table 55, it can be 

concluded that the VCRC with DMSC is better in performance compared to the 

VCRC with LVHX and the VCRC with LVHX and DMSC. The COP of the VCRC 

with DMSC is much higher in value compared to the single stage VCRC with LVHX 

and slightly better compared to the VCRC with LVHX and DMSC. The same 

conclusion can be considered when it comes to the exergetic COP. The capacity/size 

of the components of the VCRC with DMSC are the smallest when the main cycle 

condenser and compressor are compared with the VCRC with LVHX and the VCRC 

with LVHX and DMSC. The capacity/size of the compressor of the subcooling cycle 

of the VCRC with DMSC is slightly higher compared to the other two VCRCs. 

However, this is not considered as a critical issue or obstacle in the design because the 

subcooling compressor capacity/size is very small compared to the main cycle 

compressor, as shown in Table 54. The total exergy destruction of the components in 

the VCRC with DMSC is the lowest compared to the other VCRCs, which means that 

the cycle can perform better than the other two VCRCs at different ambient 

conditions. The best refrigerant selected based on the energetic and exergetic 

performance of the VCRC with DMSC is R22, followed by R134a, R410A and 
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R404A. The same order of refrigerants is observed in the analysis of the VCRC with 

LVHX and VCRC with LVHX and DMSC. 

In the next section, advanced two-stage VCRCs are introduced an analysis 

similar to the one illustrated in the previous section of the study is conducted, and the 

effect of orientation of connecting the cycle component (e.g., in parallel or in series) 

on the energetic and exergetic COPs is included. 

3.1.11. Two-Stage VCRC for dual refrigeration purposes. As in numerous 

applications, dual-purpose and multi-purpose VCRCs are necessary; for example, 

domestic refrigeration where the freezer and normal refrigerator units are separated, 

or cooling of different residential spaces using a central condensing unit. Multi-

purpose VCRCs have been investigated by several researchers in the field as stated in 

the literature review section. The COP of the cycle is a key parameter because higher 

COP results in a better performance and a lower power consumption. Figure 121 

presents a two-stage cycle with a single condenser unit and two evaporators connected 

to two compressors for cooling and subcooling applications.  

The subcooling cycle can be used also for electronic cooling where the 

capacity required for cooling the small size electronic devices is less compared to that 

needed to cool a larger space. 

3.1.12. Dual purpose vapor compression cycle with single condenser unit. 

Figure 121 presents the cycle construction, and Figure 122 presents the p-h diagram 

of the cycle along with the refrigerant flow directions. The cycle consists of two 

evaporators; the first is the main cooling evaporator, and the second is the subcooling 

evaporator. The cooling evaporator is connected to a separate LVHX (HX1), 

compressor and a throttling valve. The subcooling evaporator is connected to similar 

components, but not the same. Both, the cooling and subcooling evaporators, are 

connected with a common liquid-vapor separator and a common condenser. At state 

point 5, the liquid-vapor mixture received from the cooling evaporator enters the 

separator to be split into pure liquid and pure vapor refrigerant. The separated liquid 

refrigerant passes through the LVHX (HX2) at state point 6 to be subcooled, 

providing the freezing effect, and then transferred to the subcooling evaporator to 

absorb heat from the space. After that, it turns to a saturated refrigerant at state point 

10. The vapor refrigerant produced in the subcooling evaporator is inhaled by the 

compressor at state point 11 to be compressed to a superheated vapor. Back to state 
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point 5, the separated vapor refrigerant passes through the LVHX (HX1) at state point 

7 to be superheated and then inhaled by the high pressure compressor. The delivered 

superheated vapor refrigerants from both compressors are mixed at state point 1 at the 

same condenser pressure level. They then pass through the condenser to be condensed 

by exchanging heat with the surrounding. At state point 1, where both compressors in 

the cycle deliver the superheated refrigerants, the mass flow rate is mixed “𝒎𝒎𝒉𝒉̇ ”. At 

state point 5, the mass flow rate is separated to liquid mass flow rate 𝒎𝒎𝒔𝒔̇  and vapor 

mass flow rate 𝒎𝒎𝒗𝒗̇ . 

 
Figure 121: Dual purpose VCRC with single condenser unit 
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Figure 122: p-h diagram of the dual purpose VCRC with single 

condenser unit 

Energetic and exergetic analyses are considered in this model, using R404A, 

R134a, R22 and R410A. Table 56 summarizes the different assumptions used in the 

mathematical modeling of the VCRC. The system is assumed to be under a steady 

state operation, neglecting any losses to the surrounding. 

Table 56: Mathematical model assumptions of the dual purpose VCRC with 
single condenser unit 

Parameter Unit Value 
Te oC varies between 4 to 9 
Te,sub oC varies between -9 to 0 
Tc oC varies between 40 and 55 
∆Tsc oC 10 
∆Tsc,sub oC 5 
T0 oC 25 
Tr oC Te+15 
𝜂𝜂comp % 0.75 
𝑸𝑸𝒆𝒆̇  kW  3.32 
𝑸𝑸𝒆𝒆̇ 𝒔𝒔𝒔𝒔𝒔𝒔 kW 0.2 

 

where: 

Te,sub is the subcooling evaporator temperature. 
∆Tsc,sub is the subcooling temperature of the LVHX (HX2) connected to the 
subcooling evaporator. 
𝑸𝑸𝒆𝒆̇ 𝒔𝒔𝒔𝒔𝒔𝒔 is the cooling capacity of the subcooling evaporator. 

3.1.13. Results and discussion of the model. Figure 123 and Figure 124 

illustrate the effect of the cooling evaporator temperature variation on the COP of the 
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VCRC at condenser temperature of 40 oC and 55 oC, respectively, where the 

subcooling evaporator temperature is assumed to be constant with a value of -3 oC.  

 
Figure 123: Effect of the cooling evaporator temperature on the dual purpose 

VCRC with single condenser unit at a condenser temperature of 40 oC 
 

 
Figure 124: Effect of the cooling evaporator temperature on the dual 

purpose VCRC with single condenser unit at a condenser temperature 
of 55 oC 
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From the previous figures presented in this section, it can be concluded that 

the variation of the cooling evaporator temperature has a great impact on the energetic 

COP value of the VCRC. The higher the cooling evaporator temperature is, the higher 

the value of the COP gets. This is due to the lower thermal power input to the 

compressor required at higher evaporator pressure, which is also in direct relation 

with the evaporator temperature. At higher condenser temperatures, the COP 

decreases, but the same curve trends are obtained. 

Figure 125 and Figure 126 illustrate the relation between the subcooling 

evaporator temperature and the energetic COP value of the VCRC. The cooling 

evaporator temperature is assumed to be fixed at 9 oC. From Figure 125 and Figure 

126, it is observed that the subcooling evaporator temperature variation has the same 

effect of the cooling evaporator temperature variation on the COP of the cycle. Due to 

the smaller cooling capacity of the subcooling evaporator, the COP value increases, 

with the raise in the temperature of the subcooling evaporator considered less 

compared to the effect of the cooling evaporator on the VCRC. Table 57 presents the 

COP values obtained at different cooling evaporator and subcooling evaporator 

temperatures.  

In general, refrigerants can be ordered ascendingly based on the COP found 

as: R134a, R22, R410A and R404A, when both the cooling and subcooling 

evaporator temperatures change. At lower condenser temperatures, such as 40 oC, and 

when R404A is used, the COP values are higher compared to R410A. This is related 

to the thermos-physical properties of the refrigerant at different operation conditions. 

Table 57: Summary of the maximum energetic COP values of the dual purpose 
VCRC with single condenser unit at different subcooling evaporator and 

cooling evaporator temperatures 

 

Maximum energetic COP 

R404A R134a R22 R410A R404A R134a R22 R410A 
Tc=40 oC Tc= 55 oC 

Te,sub = -3 
oC & Te 
= var. 

5.21 5.66 5.54 5.18 2.97 3.46 3.42 3.02 

Te = 9 
oC 

& Te,sub 
= var. 

5.24 5.69 5.57 5.21 2.98 3.48 3.43 3.03 
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Figure 125: Effect of the subcooling evaporator temperature on the 

energetic COP of the dual purpose VCRC with single condenser unit at 
condenser temperature of 40 oC 

 
Figure 126: Effect of the subcooling evaporator temperature on the energetic 

COP of the dual purpose VCRC with single condenser unit at condenser 
temperature of 55 oC 
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The cooling capacity of the subcooling evaporator is assumed as 0.2 kW, and 

for the cooling evaporator, it is assumed as 3.32 kW. This leads to a reduction in the 

compressor size and the combustion of the subcooling VCRC compared to the 

consumption and size of the cooling evaporate compressor. Figure 127 and Figure 

128 present the compressor sizes in kW at different cooling evaporator and 

subcooling evaporator temperatures, respectively, at a constant condenser temperature 

of 40 oC. It is observed from Figure 127 that the variation of the cooling evaporator 

temperature has an effect on the cooling and subcooling compressors. This is because, 

as the cooling evaporator temperature increases, the pressure difference between the 

condenser and the cooling evaporator decreases and hence leads to less thermal power 

input to the compressor. However, the subcooling evaporator in this case requires 

higher mass flow rate to be able to cool the space at a lower temperature, which leads 

the subcooling compressor to consume more energy (size increase) to be able to meet 

the desired system output. On the other hand, as shown in Figure 128, the subcooling 

evaporator temperature variation has no effect on the cooling compressor but has a 

direct effect on the subcooling compressor. This is because the mass flow rate of the 

subcooling cycle (𝑚𝑚𝑒𝑒̇ ) is independent of the separation stage at state point 6. The 

higher the subcooling evaporator temperature is, the lower the subcooling thermal 

power input to the compressor is required. 

 
Figure 127: The effect of the cooling evaporator temperature on the thermal 
power input to the cooling compressor and the subcooling compressor of the 

dual purpose VCRC with single condenser unit 
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Figure 128: The effect of the subcooling evaporator temperature on the 

thermal power input to the cooling compressor and the subcooling 
compressor of the dual purpose VCRC with single condenser unit 

For thorough understanding of the cycle performance, the exergetic analysis 

based on the second law of thermodynamics is implemented. Figure 129 and Figure 

130 present the exergetic COP of the cycle at different cooling evaporator and 

subcooling evaporator temperatures, respectively, at two different condenser 

temperatures 40 and 55 oC. 

 

Figure 129: Effect of the cooling evaporator temperature on the exergetic 
COP of the dual purpose VCRC with single condenser unit. 
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Figure 130: Effect of the subcooling evaporator temperature on the 
exergetic COP of the dual purpose VCRC with single condenser unit. 

It can be concluded from Figure 129 and Figure 130 that the variation of the 

cooling evaporator and the subcooling evaporator temperatures has a noticeable effect 

on the exergetic COP of the cycle. As the evaporator temperatures increase, the 

exergetic COP starts decreasing. The variation of the cooling evaporator temperature 

has higher effect on the COPEX of the system compared to the variation of the 

subcooling evaporator temperature. This is due to the smaller cooling capacity size of 

the subcooling evaporator compared to the cooling evaporator capacity. Table 58 

illustrates the Maximum exergetic COP values for different refrigerants at different 

condenser temperatures. The refrigerants can be ordered ascendingly based on the 

exergetic COP as: R134a, R22, R410A and R404A, respectively. The same order was 

also found from the results of the energetic COP analysis. 

For refrigerants R22 and R410A, the improvement is not observable due to 

their thermo-physical properties. This might change at higher subcooling 

temperatures, which are not applicable in the case of this study. In the study of the 

two-stage dual-purpose refrigeration system, the total cooling capacity of the cooling 

evaporator and the subcooling evaporator are set as 3.52 kW (one TR). For better 

understanding of the system performance at different cooling capacities, a ratio 

between the subcooling evaporator and the cooling evaporator capacity “�̇�𝑄e,ratio” is 
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calculated at different values, keeping the total cooling capacity as a constant value. 

Figure 133 presents the energetic and exergetic COP variation due to the change of 

the cooling capacity ratio from 2% to 100% at evaporator temperature of 9 oC, 

subcooling evaporator temperature of -3 oC and condenser temperature of 40 oC. 

From Figure 133, it is observed that as the cooling capacity ratio increases, the 

energetic COP decreases, and the exergetic COP dramatically increases as a normal 

relation between the energetic and exergetic COPs (inverse proportion). The energetic 

COP decreases with the increase of the cooling capacity because the thermal power 

input to the cooling compressor decreases; whereas, the subcooling thermal power 

input to the compressor increases massively compared to the decrement of the thermal 

power input to the cooling compressor which results in increasing the summation of 

the thermal power input to the compressors, leading to a reduction in the energetic 

COP value.  

Table 58: Summary of the maximum exergetic COP values of the dual purpose 
VCRC with single condenser unit at different subcooling evaporator 

temperatures 

 

Maximum exergetic COP 
R404A R134a R22 R410A R404A R134a R22 R410A 

Tc=40 oC Tc= 55 oC 
Te,sub = -
3 

oC & 
Te = var. 

0.0954 0.104
1 

0.102
2 0.0954 0.0564 0.0662 0.0657 0.0579 

Te = 9 
oC 

& Te,sub 
= var. 

0.0362 0.039
3 

0.038
5 0.0360 0.0208 0.0242 0.0239 0.0211 

 

The maximum energetic and exergetic values of the COP at different 

subcooling temperatures in Table 57 and Table 58 are compared in the form of % 

improvement and illustrated in Table 59. 

Table 59: Summary of percentage improvement in the energetic and exergetic 
COP of the dual purpose VCRC with single condenser at different HX1 

subcooling temperatures 

 R404A R134a R22 R410A 
∆Tsc = 15 [oC] 

COP 5.28 5.69 5.52 5.18 
COP % improvement 1.3 0.5 -0.4 0 

COPEX 0.0304 0.0328 0.0318 0.030 
COPEX % improvement 1.3 0.6 -0.3 0.3 

 Tc=40 oC, Te= 9 oC, Te,sub= -3 oC and COP values where ∆Tsc was set to 10 oC. 
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Figure 131: Effect of the cooling LVHX “HX1” on the energetic and exergetic 

COP of the dual purpose VCRC with single condenser unit 

 

 
Figure 132: Effect of the subcooling LVHX “HX2” on the energetic and 

exergetic COP of the dual purpose VCRC with single condenser unit 
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Figure 133: Effect of cooling capacity ratio on the energetic and exegetic 

COP of the dual purpose VCRC with single condenser unit 

The exergetic destruction of each component in the system is studied, and all 

results are plotted and compared to each other to identify the most exergetic 

destructive component in the cycle, so that designers and developers can focus on 

how to overcome the matter and find new solutions to further improve the system 

efficiency and reduce power consumption. Figure 134-Figure 138 present the 

destruction of the compressors, evaporators, condenser, throttling valves and LVHXs, 

respectively.  

The exergy destruction values are plotted at different cooling evaporator 

temperatures, since they have greater effect on the system performance compared to 

the subcooling evaporator temperatures. The subcooling evaporator temperature was 

set at -3 oC, and the condenser temperature was taken at fixed rate of 40 oC. The rest 

of the parameter values are set as mentioned in Table 56. A summary of the results is 

illustrated in Table 60. 

From Table 60, it can be concluded that the highest exergy destruction caused 

by the cycle components is caused by the condenser followed by the evaporators, 

compressors, throttling valves and finally the LVHXs. Due to heat exchanging that 

occurs between the condenser and the surrounding at high temperature, the exergy 

destruction level caused by the condenser is higher compared to all other components 
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in the VCRC, regardless of the type of the refrigerant used. This is applicable for all 

other components, so when the difference between the component temperature and 

the interaction medium temperature increases, the exergy destruction level increases 

accordingly. 

 
Figure 134: Effect of the cooling evaporator temperature on the exergy 

destructed inside the compressors in the dual purpose VCRC with single 
condenser unit 

 

 
Figure 135: Effect of the cooling evaporator temperature on the exergy 
destructed inside the evaporators in the dual purpose VCRC with single 

condenser unit 
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Figure 136: Effect of the cooling evaporator temperature on the exergy 
destructed inside the condenser in the dual purpose VCRC with single 

condenser unit 

 

 
Figure 137: Effect of the cooling evaporator temperature on the exergy 

destructed inside the throttling valves in the dual purpose VCRC with single 
condenser unit 
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Figure 138: Effect of the cooling evaporator temperature on the exergy 

destructed inside the LVHXs in the dual purpose VCRC with single 
condenser unit 

Table 60: Summary of the maximum exergy destructed inside each component 
in the dual purpose VCRC with single condenser unit 

 

Maximum exergy destruction by components 
R404A R134a R22 R410A 

Tc=40 oC 
Cooling compresor 0.1712 0.1554 0.15100 0.16340 

Subcooling compresor 0.00953 0.00924 0.00918 0.00941 
Cooling evaporator 0.1789 0.1831 0.18340 0.18210 

Subcooling evaporator 0.01184 0.0116 0.01161 0.01163 
Condenser 0.2417 0.2304 0.25530 0.26890 

Cooling throttling valve 0.08714 0.0509 0.04871 0.06991 
Subcooling throttling valve 0.00055 0.00026 0.00030 0.00044 

Cooling LVHX 0.03394 0.02487 0.02014 0.02783 
Subcooling LVHX 0.00020 0.00016 0.00013 0.00017 
 

To discover which refrigerant causes the highest exergy destruction in the 

system, Figure 139 presents the total exergy destruction in the system at two different 

condenser temperatures 40 oC and 55 oC, respectively.  

From Figure 139, it can be stated that the highest exergy destruction is found 

when R404A is used, followed by R410A, R22 and R134a.  
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Figure 139: Total exergy destruction with the variation of the cooling 

evaporator temperature in the dual purpose VCRC with single condenser 
unit 

The exergy destruction ratio is an important parameter as it represents the ratio 

between the exergy destructed in the system and the useful exergy (exergy in 

product). The exergy destruction ratio is in inverse proportion relation with the 

exergetic COP. Figure 140 presents the XDR value at different cooling evaporator 

temperatures, and Figure 141 illustrates the effect of the subcooling evaporator 

temperature on the XDR of the cycle. The values are taken at two different condenser 

temperatures 40 oC and 55 oC. 

From Figure 140 and Figure 141, it is observed that the exergy destruction 

ratio increases with the increase of the evaporator temperature. This is due to the 

increase in the evaporator temperature and the decrease in the thermal power input to 

the compressor, referring to Equations 3.5 and 3.15. The maximum XDR at cooling 

and subcooling evaporator temperatures are summarized in Table 61. 

Table 61: Summary of maximum exergy destruction ratio of the dual 
purpose VCRC with single condenser unit at different cooling evaporator 

and subcooling evaporator temperatures 

Evaporator 
temperature 

variation 

XDR 
R404A R134a R22 R410A R404A R134a R22 R410A 

Tc=40 oC Tc=55 oC 
Te 32.3 29.7 30.3 32.5 57.4 49.1 49.8 56.5 

Te,sub 36.1 33.1 33.9 36.3 64.2 54.9 55.6 63.2 
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The effect of the ambient temperature (dead state temperature) on the system 

performance is investigated using analysis similar to that used earlier in the study. 

Figure 142 illustrates the effect of different ambient temperatures on the exergetic 

COP and the exergy destruction ratio of the system. 

 
Figure 140: Exergy destruction ratio of the dual purpose VCRC with single 

condenser unit at different cooling evaporator temperatures 

From Figure 142, it is observed that the exegetic COP increases with the 

increase in the dead state temperature. This is a direct proportion relation because as 

the dead state temperature approaches the condenser constant temperature (55 oC) at 

constant thermal power input to the compressor and constant cooling capacity, the 

exergy product increases (lower irreversibility), leading to higher system performance 

and lower exergy destruction ratio values. R404A and R410A show the same exergy 

COP and exergy destruction ratio curve trends as they are almost overlapping. Similar 

behaviors are observed for R22 and R134a refrigerants. 

3.1.14.  Summary of the analysis of dual purpose VCRC with single 

condenser unit. In the previous section, a two-stage VCRC for dual-purpose 

refrigeration was investigated by analyzing the system using the first and second law 

of thermodynamics (energetic and exergetic approaches). It was found that the COP 

of the system is good compared to the conventional VCRC that is analyzed in the 

chapter. The cooling capacity of the subcooling evaporator is lower compared to the 
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cooling capacity of the cooling evaporator. This is not a system limitation, but the 

evaporator cooling capacity was assumed as a certain value in the calculation to keep 

the total cooling capacity within the limit of one TR to fit the application and purpose 

of the current research. Further studies can be conducted to find the optimum cooling 

capacity ratio “�̇�𝑸e,ratio” at different selected cooling capacities as it was found that 

“�̇�𝑸e,ratio”  has a great impact on the overall system energetic and exergetic efficiency. 

The effects of the LVHXs subcooling temperatures have a great impact on the overall 

performance of the cycle. It was found that the subcooling temperature of HX2 has 

lower effect on the system performance compared to the effect of HX1, but it still 

plays an important role in the cycle because it superheats the subcooling evaporator 

refrigerant which helps in maintaining the compressor lifetime and efficiency.  

The main problem in the previous cycle configuration is the difficulty in 

operating the evaporators separately due to the series connection between the cooling 

evaporator and the subcooling evaporator. Moreover, the cycle is limited to a single 

type refrigerant to be used because of the mixing that occurs before the condenser 

input. If the cooling evaporator load increases, the separated liquid by the liquid-vapor 

separator decreases, leading to a decrease in the subcooling evaporator mass flow rate, 

and hence it lowers its effective cooling load.  

 
Figure 141: Exergy destruction ratio of the dual purpose VCRC with single 

condenser unit at different subcooling evaporator temperatures 
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Figure 142: Effect of dead state temperature on the exergetic COP of the 

dual purpose VCRC with single condenser unit at constant condenser 
temperature of 55 oC 

The liquid-vapor separator operation is also very difficult from a controlling 

point of view. To overcome the operation problem of the previous VCRC, a new two-

stage cycle for dual-purpose refrigeration needs to be developed and studied through 

simulation and physical implementations. 

3.2. Summary of the Analyzed VCRCs 

In the previous section, different VCRCs are analyzed based on the energetic 

(first law of thermos dynamics) and exergetic (second law of thermos dynamics) 

thermodynamic concepts and are compared to each other. The exergetic analysis is 

taken into account as it simulates the real performance of the VCRC under different 

conditions, considering the irreversibility of the cycle due to different ambient 

conditions and the thermal losses in different components in the cycle. All the 

analyzed VCRCs are simulated using different refrigerants to discover which 

refrigerant takes the system to its ultimate performance and to select a suitable 

refrigerant for creating the clathrate in the CTES system. 

The first VCRC is the basic one with integrated LVHX. The LVHX improves 

the energetic and exergetic COPs of the VCRC by increasing the degree of subcooling 

of the saturated liquid received from the condenser. , It also superheats the saturated 

vapor delivered to the main cycle compressor. The evaporator temperature has a great 

effect on the cycle performance, considering the energetic and exergetic COPs. The 
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COP values using R22, R134a, R410A and R404A are 5.49, 5.44, 5.19, and 5.1, 

respectively. Whereas, the COPEX values are 0.0171, 0.0174, 0.0183, and 0.0185 

respectively. 

 It is also found that the degree of subcooling of the LVHX can improve the 

energetic and exergetic COPs of the cycle dramatically because an increase in the 

subcooling results in lowering the thermal power input to the compressor and 

enlarging the cooling capacity of the evaporator. The best refrigerants in an ascending 

order of the VCRC COPs are: R22, R134A, R410A and R404A. For different 

applications that require more cooling (larger cooling capacities), such as 

conditioning system of large areas in residential buildings, the VCRC shall be 

economic as much as possible to reduce the energy consumed by the compressor. In 

other words, the COP of the VCRC must be better. For that reason, multi-stage 

VCRCs are analyzed. The VCRC with LVHX and DMSC shows a better energetic 

and exergetic COP compared to the single stage VCRC with LVHX alone. The 

percentage increase in the COP and COPEX values of the VCRC using R22, R134a, 

R410A and R404A are 4.1%, 4.9%, 5.6% and 6.9%, respectively. In addition, the 

sizes of components are smaller when compared to the VCRC with LVHX alone. The 

summation of the heat exchangers capacity in the VCRC with LVHX and DMSC 

compared to the LVHX in the basic VCRC is high; however, it is worthy as it 

increases the overall COP of the system.  

The LVHX effect on the overall performance of the VCRC compared to the 

DMSC is minor; therefore, the VCRC is analyzed without the LVHX (VCRC with 

DMSC). Results of the analysis indicate that the COP values increased compared to 

the VCRC with LVHX and DMSC. This is because the LVHX is removed from the 

cycle and the degree of subcooling of the DMSC is set at 15 oC. The thermal power 

input to the subcooling cycle compressor slightly increased, but the thermal power 

input to the main cycle compressor decreased noticeably which makes the summation 

of the thermal power input to both compressors less by approximately 9% compared 

to the VCRC with DMSC and LVHX. The capacity of the condenser in the VCRC 

with DMSC decreased by approximately 14% compared to the condenser capacity 

size of the VCRC with LVHX, which means a smaller size condenser can be utilized. 

The COP values are 5.87, 5.83, 5.66 and 5.57 using R22, R134a, R410A and R404A, 

which is equals to an improvement percentage of 7.3%, 5.8%, 8.1% and 5.6% 
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compared to the energetic and exergetic COPs of the VCRC with LVHX. The COPEX 

is improved by the same percentage. The total exergetic destruction of the VCRC with 

DMSC compared to the VCRC with LVHX is found to be less by approximately 9%. 

For dual-purpose refrigeration VCRC, two VCRC configurations were modeled. The 

first one is the dual purpose VCRC with single condenser unit. It is found that the 

energetic and exergetic COPs of the VCRC are good compared to the VCRC with 

LVHX. The COP value found to be 5.21, 5.66, 5.54 and 5.18 using R404A, R134a, 

R22 and R410A, respectively. One of the evaporators in the cycle can be used for 

normal cooling applications, and the other evaporator can be used for subcooling 

applications, such as electronic boards or food reservation. The liquid vapor separator 

in the cycle is problematic when it comes to the controlling part. Moreover, the cycle 

is limited to a single type of refrigerant for every operation because the evaporators 

are connected in series. 

It can be concluded that the basic VCRC with LVHX is a very good cycle as it 

has less number of components which makes its maintenance and controlling easier.  

Furthermore, it occupies smaller area for installation due to its smaller size 

components. More thermodynamic and heat transfer studies using heat exchangers 

with different materials in the construction of the cycle and new types of refrigerants 

are recommended. There is always a chance that the VCRC with subcooling heat 

exchangers can perform better with higher energetic and exergetic COPs. 
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Chapter 4: Description of the Experimental Test Facility and the 
Experiment Procedures 

 
In this chapter, an overview of the description of the experimental apparatus 

(VCRC) is explained with details about the thermal energy storage system and the 

experimental procedure of the clathrate formation. 
 

4.1. Introduction 

To form a clathrate, the thermal energy storage system is required. In this 

work, a multistage VCRC with direct and indirect CTES system designed for 

multipurpose operations is used for conducting the experimental runs. The system can 

be subdivided into four main sections: the main cycle components, the subsystem 

components, system enhancement components and system data acquisition devices. 

The main cycle components consist of evaporator (Storage tank), compressor, 

condenser and a throttling valve. The storage tank is common for the main and 

secondary (multistage) VCRC. The subsystem components are: indirect charging 

copper coils integrated in the main evaporator, water and fan coils discharging units, 

condenser water cooling tower and data acquisition system. The cycle enhancement 

components are: oil separator, filter dryer, refrigerant receiver, special storage tank 

sight side glasses, condenser pressure regulator and compressor safety pressure switch 

sensor. Data acquisition devices are: temperature thermocouples, pressure gauges, 

pressure transducers and refrigerant and water mass flow rate rotameters. The system 

configuration is illustrated in Figure 143-Figure 145 

4.2. Single Stage Cycle Description 

The utilized part of the CTES system used in conducting the experiments is the single 
stage VCRC unit with direct contact thermal storage system;  

Figure 148 illustrates the experimental apparatus. The direct storage system is 

called so because the water and refrigerant mixture is in direct contact with the cycle 

refrigerant inside the storage tank. From the literature review, it is found that the 

direct contact CTES system is better compared to the indirect system because the 

thermal conductivity between water and the refrigerant in the storage tank is higher, 

which has a direct effect on the overall cycle performance. Furthermore, the direct 

thermal storage system is used as the cycle evaporator and as the crystallizer (storage 

tank) where the clathrate is formed inside, which reduces the components number in 

the cycle. The system is controlled using a data acquisition system that is PLC based. 
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The data acquisition system gathers the temperature reading and pressure reading of 

the cycle components every 30 seconds. Moreover, the controller system can control 

the compressor motor speed through a variable speed drive that is connected to the 

compressor. 

 
Figure 143: Thermal energy storage system front view 

without the water cooling tower 

 
Figure 144: Side view of the storage tank 
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Figure 145: Side view of the water cooling tower connected to the 
condensers of the thermal energy storage system 

 

 
Figure 146: Data acquisition system  
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Figure 147: Output data screen connected with the data 

acquisition system. 

 

 
 

Figure 148: Schematic of single thermal energy storage system (Experiment 
apparatus) 

4.3. Components of Thermal Energy Storage System  

In this section, more details about the single stage CTES components are 

explained. The data sheets of the components are attached in Appendix A. 

4.3.1. Data acquisition system. All the temperature sensors, pressure 
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sensors, and safety sensors are connected to the data acquisition system. The data 

acquisition system gathers all the readings from the sensors every 31 seconds and 

saves them in a CSV format that can be displayed on excel sheets or EES software. 

The data acquisition system is PLC based; the PLC model is DVP series from 

DELTA PLCs. The PLC has multi analog digital converters channels that are 

programmed to accurately collect data from all the sensors across the CTES cycle. 

The data collected by the PLC is monitored and recorded through a human interface 

screen from DELTA manufacturer which is programmed and designed to work with 

the DVP PLC series to display the temperature and pressure readings during the 

process. In addition, all the pumps operations can be controlled through the screen, 

and the variable speed driver (VSD) connected to the compressor can also be 

controlled via the same screen. The PLC system and the interface screen are shown in 

Figure 146 and Figure 147, respectively.  

4.3.2. Storage tank (direct contact evaporator type). Inside the direct 

storage CTES tank, a copper coil is integrated. It is connected to a water-discharging 

tank and a fan unit to be able to simulate the cooling process of a space at certain 

temperature ranges using either water or air and water simultaneously as working 

fluids. On the storage tank sides, a special sight glass of 12cm diameter is integrated 

with the tank side steel flanges; this allows monitoring of the clathrate 

formation/dissociation behavior in the storage tank for different processes. The 

storage tank side view is shown in Figure 144. The storage tank includes a centralized 

located refrigerant distributing system in the form of a stainless-steel tube with 64 

equal distance holes on its top side. The refrigerant distrusting system is connected to 

the evaporator inlet side to ensure regular distribution of the refrigerant during the 

clathrate formation process and better clathrate formation levels along the storage 

tank. The mass flow rate of the refrigerant entering the evaporator is controlled 

manually using a manual type of throttling valve and a calibrated rotameter with sight 

glass and float for observing the mass flow rate during the clathrate charging mode. 

4.3.3. Compressor. The single stage CTES system contains a hermetic single 

cylinder compressor with a 1.5 Hp capacity with variable speed drive for controlling 

the compressor speed as per the requirements from (2000 rpm to 3000 rpm at 50Hz). 

The nominal compressor speed without the VSD is 2900 at 50 Hz. The compressor is 

connected to a pressure safety switch sensor for system safety purposes; for example, 
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at higher pressure level (programmed in the data acquisition system), the system will 

automatically shut down immediately. Two spring-based safety switches exist in the 

system: one before the compressor inlet to detect very low pressure (close to 0.7 bars), 

and a high pressure safety switch sensor is located at the compressor exit to switch the 

system at 15.8 bar. In addition to these sensors, a current sensor is integrated with the 

compressor to indicate the ampere level and switch the compressor off if the ampere 

exceeds the safety levels of operation as per the manufacturer data sheets at different 

compressor speeds. During the clathrate formation in the storage tank, cooling oil 

from the compressor might mix with the refrigerant as the evaporator is a direct 

contact (mixing) type; therefore, to prevent this issue, the oil separator is connected to 

the compressor. Furthermore, to avoid any leakage of moisture with the vapor 

refrigerant inhaled by the compressor from the storage tank, a standard type filter 

dryer in connected to the suction line of the cycle. 

4.3.4. Condenser. The single stage CTES system has a parallel flow-brazed-

plate water cooled type condenser with a capacity of 2.2 kW. The condenser is cooled 

down during the condensation process using the air flowing between the condenser 

plates and the lower temperature water supplied by the water cooling tower to 

enhance the condensation process by accelerating the formation of liquid refrigerant 

inside the condenser and slightly subcool it. The water cooling tower, shown in Figure 

145, consists of a water tank, a cooling fan operated via three phase induction motor, 

a water rotary type sprinkler at the top of the cooling tower (below the fan level), a 

water circulating pump and cooling corrugated plates made of aluminum (filling). A 

condenser pressure regulator is located between the water cooling tower and the 

condenser to ensure that an optimum amount of water is always supplied to the 

condenser at maximum operation based on the condenser pressure readings 

(automatic operation). In case the pressure between the condenser and the evaporator 

gets very close, the pressure regulator sends a signal to the PLC to switch off the 

system to prevent any malfunctioning. The water mass flow rate to the condenser is 

controlled using a rotameter with manual controlling single directional valve. A 

refrigerant accumulator is also another subcomponent added to the system to ensure 

constant supply of refrigerant to the evaporator. The refrigerate accumulator 

(receiver) is connected after the condenser and before the throttling valve as shown in 

Figure 148. 
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4.3.5. Operation parameters measuring devices. Each component in the 

cycle is supported with pressure transducers, pressure mechanical gauges and K type 

temperatures thermocouples at its inlet and outlet for monitoring and collecting the 

necessary data about the system during the experimental runs. The storage tank 

contains four temperature thermocouples located at its inlet, exit and center sides for 

better temperature reading of the formed clathrate. The water discharging tank is 

heated up using heater coils connected to the water tank, and the temperature is 

controlled using thermocouples located at four different locations across the tank (at 

the inlet, outlet and center of the tank).  

4.3.6. Water discharging tank. Water is distributed inside the tank through 

copper coils centralized inside the storage tank and connected to a water pump located 

beside the water tank to distribute the water across the copper heat exchanging coils. 

The water mass flow rate is controlled using a rotameter with float and single 

directional valve. The system components and connecting copper tubes are insulated 

using special rubber plastic foam sheets coated with a thin aluminum layer to reduce 

the thermal loss or gain during the operation (see Appendix A for more details about 

the system components). Table 62 summarizes the single-stage VCRC components. 

4.4. Experimental Procedures 

This section explains the different experimental modes and procedures and the 

idea behind each mode. The experimental cycle is divided into three main sections: 

the charging mode, the storage mode and the recovery mode. The multi-stage CTES 

VCRC is switched to a single-stage cycle by closing the secondary cycle valves (inlet 

and outlets) and disconnecting its compressor from the power supply. 

4.4.1. System preparation. Before starting the experiments, each component 

and sensor in the system was checked to ensure that there is no leakage, all the valves 

are functioning properly and the machine safety circuits are functioning normally. 

Some of the pressure gauges and temperature sensors were replaced to ensure better 

output readings from the system during the operation. The system was re-insulated 

using thermal sheets to reduce the loss or gain of heat by the system components. 

Moreover, the compressor was re-charged with suitable cooling oil to prevent any 

malfunction during the experiment. All the water circulating pumps were maintained 

and checked. The temperature and pressure sensors calibration were also checked as 

per the manufacturer data sheets. Current leaking to the metallic components of the 
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system was checked to ensure safety during the operation. Before the experiment, the 

system was also filled with Nitrogen gas for one week under high pressure to make 

sure no other leaks exist in the system connections or components. The system was 

then discharged and vacuumed using a vacuum pump. The required amounts of water 

and refrigerant were charged in the storage tank through the charging valves available 

at the sides of the storage tank and the compressor. The pressure across the 

components was monitored using both the pressure transducers and mechanical 

pressure gauges to ensure the validity of the output values. The temperature inside the 

storage tank is taken from four different thermocouples located in different areas 

inside the storage tank. For all the other components, the temperature is measured at 

the inlets and outlets. 

Table 62: Single stage thermal energy storage VCRC components 

Component Description 

Data acquisition 

system 

DELTA DNV PLC type, with multiple analog digital 

converter channels. 

Storage tank 

(Evaporator) 

Direct contact system made of stainless steel with length of 

90cm and inner diameter of 40cm. 

Water filter dryer Type: GC 164, manufacturer: Sporlan Valve Company, 

maximum working pressure 44.8 bar. 

Compressor Danfoss reciprocating (hermetic) compressor, 1.5 Hp capacity 

at nominal speed 2900 rpm at 50Hz, maximum operating 

pressure is 25 to 30 bar at the lower and higher pressure sides 

of the compressor respectively. 

Oil separator Blackdiamond regular type oil separator. 

Condenser Dolphin heat transfer parallel flow brazed plate water cooled 

type condenser, with a load of: 2.2kW. 

Throttling valve Manual controlled throttling valve. 

Pressure 

transducer 

OMEGA PX240A Series, pressure reading level up to 690 

kPa, with a range of +/- 17 kPa. 

Thermocouples OMEGA K-type series thermocouples. 

4.4.2. Charging mode. During the charging mode, the single-stage CTES 

cycle is operated through the user interface screen. All the concerned valves are 
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opened before operating the compressor. Once the compressor is energized, the 

refrigerant starts circulating in the cycle and in the storage tank to extract heat from 

the water/R134a mixture to form the clathrate. The clathrate formation time depends 

on the cooling rate inside the storage tank which is related to the operational 

parameters, such as the compressor speed, the refrigerant mass flow rate, the mass 

ration of the water/R134a mixture and pressure and temperature in the storage tank; 

that is explained further in the next chapter. During the charging mode, all the inlet 

and outlet temperature and pressure parameters for each component in the cycle are 

recorded. 

4.4.3. Storage mode. Once the clathrate is fully formed in the storage tank in 

solid phase within the insulated crystallizer (evaporator), the storage mode starts by 

switching off the cycle and closing the inlet and outlet valves of the storage tank 

(evaporator). The clathrate is stored for a certain known duration. In the current study, 

the storage period is set to be for one hour. The storage mode generally examines the 

characteristics of the formed clathrate and the heat transfer between the environment 

and the clathrate by recording all temperature and pressure readings from the storage 

tank.  

4.4.4. Recovery mode. After storing the formed clathrate for the set duration, 

the discharging mode starts by allowing warm water to pass through the inner storage 

tank copper coils (heat exchanger) at fixed mass flow rate at constant temperature. 

The process continues until the clathrate is melted, and all the temperature and 

pressure readings recover to their initial state values. The behavior of the clathrate 

dissociation is observed visually and by taking all the temperature and pressure 

readings during the process. Once the storage medium reaches its initial state, the 

water circulating pump and all other active components in the system are switched 

off. 
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Chapter 5: Experimental Analysis and Results 
 

This chapter reports the results of the experimental analysis conducted on a 

thermal energy storage system with direct contact heat exchanger in the lab to form 

clathrate hydrate at different operating conditions. Various operating conditions were 

selected; for instance, different mass flow rates, different compressor motor speeds and 

different water/R134a mass ratios. The characteristics of the formed clathrate are also 

studied at the exact thermodynamic conditions during system operation. The visual 

characteristics of the formed clathrate are examined by visually observing the crystal 

growth of the clathrate during the charging stage and by snapping pictures at different 

intervals of the experiment. In addition, this chapter provides a comparison between the 

performance of the thermal energy storage cycle and the theoretical results of the VCRCs 

from the previous chapter. The energetic and exergetic COPs are key indicators selected 

to evaluate the overall efficiency of the CTES cycle based on the operating conditions. 

5.1. Behavior of the Thermal Energy Storage System 

The behavior of the CTES system can be divided into three main stages: 1) 

during the charging mode, 2) during the storage mode and 3) during the recovery 

mode. The behavior of the CTES cycle is analyzed by collecting the temperature and 

pressure readings for the three stages. Data collected is used to calculate the COP and 

other performance indicators to better understand the characteristics of the formed 

clathrate and the CTES cycle performance. 

5.1.1. Summary of the experimental runs. Table 63 summarizes the 

experimental runs and the selected operating conditions in each case. 

The R134a clathrate has a heat of formation of 272 kJ/kg when transferred 

from a liquid status (R134a (l)+H2O (l)) to solid status (R134a (s)+H2O (s)). This is 

equivalent to 1 kg of refrigerant for each 2.32 kg of water (water to refrigerant mass 

ratio of 2.32). In the first experimental run, the clathrate built crusts at the bottom of 

the storage tank and on the top of the water; this resisted the continuity of the 

refrigerant flow through the storage tank and ended the charging process after 21 

minutes. 

5.1.2. Behavior of the storage tank during charging mode. Before the 

charging operation, the storage tank was charged with the required amount of water 

and refrigerant. It was ensured that the temperature and pressure inside the tank are 

constant and that the mixture is in stable condition as shown in Figure 149. The 
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system was thermally insulated to reduce the thermal exchanging of heat between the 

storage tank and the surroundings. 

Table 63: Summary of the operation conditions for the experimental runs 

Run 

no. 

Clathrate 

water to 

refrigerant 

mass ratio 

Compressor 

speed 

(r.p.m) 

Mass 

flow rate 

(kg/min) 

Charging 

period 

(min.) 

Storage 

period 

(min.) 

Discharging 

period 

(min.) 

1 1.743 2500 0.3 21 60 11 

2 1.743 2500 0.5 79 60 78 

3 1.743 2500 0.8 132 60 95 

4 1.743 2500 1 92 60 52 

5 1.743 2500 1.2 73 60 45 

6 1.743 2100 1.2 71 60 38 

7 1.743 2300 1.2 75 60 41 

8 1.743 2700 1.2 71 60 46 

9 1.743 2900 1.2 68 60 41 

10 1.585 2500 1.2 82 60 45 

11 1.453 2500 1.2 84 60 47 

12 1.341 2500 1.2 81 60 40 

13 1.245 2500 1.2 124 60 50 

 

 
Figure 149: Water and refrigerant mixture inside the 
storage tank before the charging operation (Run.7 at 

compressor speed 2300 rpm) 
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5.1.3. Behavior of the storage tank during charging mode. In the charging 

mode, the cycle was operated to circulate the refrigerant across the storage tank. 

During this process, the refrigerant vapor passes through the water and liquid 

refrigerant mixture in the tank at the bottom side which creates bubbles in the liquid 

refrigerant due to heat extraction, as shown in Figure 150. After a short duration, an 

additional thin layer of liquid refrigerant (with lower density) is formed above the 

water layer, the storage tank becomes cloudier and the bubbling rate increases rapidly, 

as shown in Figure 151. At the start of formation of the clathrate, which is found to be 

approximately at pressure of 1.72 bars and temperature of 11.5 oC, a thin layer of 

clathrate is formed on the water, as shown in Figure 152. Within a short duration and 

while the temperature and pressure of the tank were decreasing, the volume of 

clathrate started increasing rapidly with some refrigerant bubbling observed, as show 

in Figure 153. Before the end of the charging process, the refrigerant bubbling inside 

the tank faded, and only the final clathrate volume remained in the storage tank 

without any change in level or shape, as shown in Figure 154. 

 
Figure 150: Liquid refrigerant bubbles during the start of 

the charging process in the storage tank (Run.7 at 
compressor speed 2300 rpm after 20 seconds) 
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Figure 151: More bubbling and clouds inside the storage 
tank during the charging process (Run.7 at compressor 

speed 2300 rpm after 1 minutes) 

 

 
Figure 152: Thin layer of clathrate is formed on the 
liquid mixture at the start of the clathrate formation 

(Run.7 at compressor speed 2300 rpm after 5 minutes) 
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Figure 153: Clathrate level increasing in 
the storage tank with liquid refrigerant 
bubbling inside (Run.7 at compressor 
speed 2300 rpm after 11 minutes from 

the start of the charging) 

 

Figure 154: Final clathrate form in the storage tank close to 
end of charging stage (Run.7 at compressor speed 2300 rpm 

after 65 minutes, end of charging mode) 
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The storage tank behavior is recorded by taking readings of the pressure and 

temperature for all the conducted experiments. Figure 155-Figure 165 preview the 

measurements of temperatures and pressure of the storage tank during the charging 

mode for all the experiments conducted, along with the compressor exit pressure. 

 
Figure 155: Average pressure and temperature of the storage tank during 

charging mode of run no. 1 

 
Figure 156: Average pressure and temperature of the storage tank during 

charging mode of run no. 2 
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Figure 157: Average pressure and temperature of the storage tank during 

charging mode of run no. 3 

 

 
Figure 158: Average pressure and temperature of the storage tank 

during charging mode of run no. 4 
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Figure 159: Average pressure and temperature of the storage tank during 

charging mode of run no. 5 

 

 
Figure 160: Summary of the storage tank average temperature during 

charging mode for run no. 1 to 5 
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Figure 161: Summary of the storage tank average pressure during charging 

mode for run no. 1 to 5 

 

 
Figure 162: Summary of the storage tank average temperature during 

charging mode for run no. 5 & 6 to 9 

 



 

203 

 
Figure 163: Summary of the storage tank average pressure during charging 

mode for run no. 5 & 6 to 9 

 
Figure 164: Summary of the storage tank average temperature during 

charging mode for run no. 5 & 10 to 13 

 



 

204 

 
Figure 165: Summary of the storage tank average pressure during charging 

mode for run no. 5 & 10 to 13 

From the previous figures, it can be concluded that, in all the cases, the 

temperature of the storage tank starts at high level and gradually decreases during the 

charging time and until the clathrate is formed. After that, the curve trend becomes 

almost constant, with minor decreasing related to the transition of the mixture from a 

liquid state to solid state (latent process). The same explanation is applicable to the 

pressure behavior of the storage tank during the charging mode. At higher mass flow 

rate and constant compressor speed, it is observed that the decrease in the rate of 

temperature and pressure is higher compared to other cases at lower mass flow rate. 

Moreover, the formation time might change based on the mass flow rate value; for 

example, at a mass flow rate of 0.8 kg/min and compressor speed of 2500 rpm, the 

formation time was found to be 132 minutes while when the mass flow rate was 

raised to 1.2 kg/sec, the formation time reduced to 71 minutes. This is related to the 

cooling rate inside the storage tank; that is, at higher mass flow rate, the cooling rate 

increases. In general, during the sensible heat extraction at the start of the charging 

process, the rate of pressure and temperature decrease is higher compared to that of 

the latent heat releasing stage. 

5.1.4. The power input to the compressor during charging stage. The rate 

of power input to the compressor during the clathrate formation time is approximately 
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equal to the rate of energy transferred to the refrigerant during the formation of the 

clathrate, neglecting any thermal losses and any changes in the kinetic or potential 

energy during the operation. The power required to operate the compressor can be 

calculated using two methods. The first method is by calculating the thermal power 

input to the compressor, and the second method is by calculating the electrical power 

required to operate the compressor motor. 

Determining the thermal power input to the compressor can be calculated 

using the following Equation: 

�̇�𝑊𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝 = 𝑚𝑚𝑟𝑟̇ �∆ℎ𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝� (5.1) 

 where  𝑚𝑚𝑟𝑟̇  represents the mass flow rate of the refrigerate in the cycle, and ∆ℎ𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝 

represents the difference in enthalpy across the compressor. 

The rate of thermal power input to the compressor (energy transferred to the 

refrigerant) for the first five runs (at different mass flow rate, constant compressor 

speed and constant mass ratio) is summarized in Figure 166. It can be noticed from 

the figure that during the initial charging period (before clathrate formation), the rate 

of energy transferred to the clathrate is increasing gradually at the beginning of the 

charging process (in the first 3-5 minutes approximately). This is because the rate of 

energy transferred to the refrigerant is low due to the higher storing tank pressure and 

temperature which have direct effects on the performance of the compressor (lower 

compression ratio).  

After few minutes of charging, the rate of energy transferred to the refrigerant 

started increasing noticeably. Once the clathrate formation started, the power of the 

compressor fluctuated due to the minor variation in the mass flow rate during this 

period, which is influenced by the rate of energy transferred to the refrigerant and the 

number of refrigerant molecules captured inside the water molecules. In general, the 

overall trend continued increasing. The mass flow rate was regulated and maintained 

constant using the throttling valve during the charging mode. When the clathrate 

crystal growth stopped (all mixture turned to clathrate), the rate of the energy 

transferred to the clathrate became almost constant until the end of the process as 

most of the host molecules (water) were occupied with guest molecules (refrigerant) 

which lead to constant thermal power input to the compressor during the latent heat 

period. It is also observed that with the increase of the refrigerant mass flow rate, the 

rate (run no. 2 to 5) of thermal energy transferred to the refrigerant increases, and this 
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is in direct relation with Equation 5.1.  

In addition, it is observed that as the refrigerant mass flow rate increases at 

constant compressor speed, the thermal power input to the compressor increases 

gradually; this is related to the increase in the cooling rate of the storage tank. At the 

end of the process, the energy transferred to the refrigerant (thermal power input to 

the compressor) might increase slightly and then remain constant, and the cooling rate 

become almost constant, which leads to a decrement in the COP trend as explained in 

the coming sections. 

Based on the above explanation, the energy transferred to the refrigerant for 

the second four runs (at different compressor motor speed and constant mass ratio) are 

plotted and summarized in Figure 167 along with the fifth run at mass flow rate = 1.2 

kg/min for comparison. It is observed that, as the speed of the compressor motor 

increases, the thermal power input to the compressor increases. At compressor speed 

of 2900 rpm, it is observed that the fluctuation in the curve trend of the thermal power 

input to the compressor is less compared to other curves. This behavior is related to 

the effect of the compressor speed at constant refrigerant mass flow rate on the 

cooling rate inside the storage tank. 

 
Figure 166: Thermal power input the compressor at different refrigerant 

mass flow rate and constant compressor motor speed. 
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Figure 167: Thermal power input to the compressor at constant refrigerant 

mass flow rate and different compressor motor speed. 

Following to the previous analysis of the last four runs at different mass ratios 

(water to refrigerant mass ratio), constant compressor motor speed and constant mass 

flow rate are illustrated in Figure 168. 

 
Figure 168: Thermal power input to the compressor at constant refrigerant 
mass flow rate and constant compressor motor speed with different water to 

refrigerant mass ratios. 
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It is observed that, at water/R134a mass ratio of 1.585, the thermal power 

input to the compressor is much higher compared to other values in the figure. This 

might be due to the extra amount of refrigerate that leads to longer charging duration 

with negative effects on the cycle performance due to the increased liquid refrigerant 

quantities trapped between the clathrate layers and at the bottom of the storage tank. 

This extra amount is not turned to vapor and cannot absorb any more heat from the 

formed clathrate, which leads to a decrease in the enthalpy difference inside the 

storage tank and therefore an increase in the thermal power input to the compressor. 

In general, decreasing the mass ratio (fixed amount of water and increased 

amount of refrigerant) increases the thermal power input to the compressor. However, 

this does not necessarily improve the clathrate formation or the cooling rate in the 

storage tank in all cases; for instance, if the thermal power input to the compressor is 

very high and the cooling rate is found at good value, the overall COP will decrease, 

which means that there is always an optimum compressor speed and mass flow rate at 

which the system can reach the upmost performance.  

The electric power consumed by the compressor during the charging mode is 

calculated and used in the COP calculations based on Equation 5.2: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝 = 𝐼𝐼 ∗ 𝑉𝑉 ∗ 𝑃𝑃𝑃𝑃 (5.2) 

 where 𝐼𝐼 represents the electric current across the compressor motor in Amperes, 𝑉𝑉 

represents the voltage across the compressor in Volts, and 𝑃𝑃𝑃𝑃 = Cos(Ф) is the power 

factor of the compressor that is assumed to be 0.85 in the calculations.  

The speed of the compressor is controlled by the variable speed drive unit 

connected to the compressor motor. It is observed that, generally, the electrical power 

consumed by the compressor is higher than the thermal power input to the compressor 

(energy transferred to the refrigerant) based on Equation 5.1. This is due to the losses 

(Irreversibility) across the compressor during the operation. Table 64 summarizes the 

thermal power input to the compressor based on the energy equation and the electrical 

power consumption during the operation. 

5.2. Comparison between Conventional VCRCs and CTES Cycle Performance 

To be able to understand the overall cycle behavior during the charging mode 

and compare it to conventional VCRCs, the COP of the cycle is calculated based on 

the thermal power input to the compressor and the electric power consumed by the 

compressor motor during the charging mode based on the following two equations.  
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𝐶𝐶𝑂𝑂𝑃𝑃𝑊𝑊𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐 = �̇�𝑄𝑀𝑀𝑡𝑡𝑀𝑀/�̇�𝑊𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝 (5.3) 
 
 

𝐶𝐶𝑂𝑂𝑃𝑃𝑃𝑃𝑀𝑀𝑃𝑃𝑀𝑀𝑟𝑟 = �̇�𝑄𝑀𝑀𝑡𝑡𝑀𝑀/𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑠𝑠𝑀𝑀𝑚𝑚𝑝𝑝 (5.4) 

 

Table 64: Summary of the thermal and electrical power input to the compressor 
during charging mode 

Run 

no. 

Clathrate 

water to 

refrigerant 

ratio 

Compressor 

speed 

(r.p.m) 

Mass 

flow rate 

(kg/min) 

Supplied 

Voltage 

[V] 

Average 

�̇�𝑾𝑪𝑪𝒔𝒔𝒎𝒎𝑪𝑪 

[kW] 

Average
𝑷𝑷𝒔𝒔𝑷𝑷𝒆𝒆𝒆𝒆𝒄𝒄𝒔𝒔𝒎𝒎𝑪𝑪  

[kW] 

2 1.743 2500 0.5 308.3 0.163 0.545 

3 1.743 2500 0.8 308.3 0.289 0.525 

4 1.743 2500 1 308.3 0.312 0.533 

5 1.743 2500 1.2 308.3 0.341 0.535 

6 1.743 2100 1.2 260.5 0.291 0.468 

7 1.743 2300 1.2 284.4 0.330 0.553 

8 1.743 2700 1.2 332.3 0.392 0.574 

9 1.743 2900 1.2 356.2 0.391 0.567 

10 1.585 2500 1.2 308.3 0.465 0.499 

11 1.453 2500 1.2 308.3 0.349 0.549 

12 1.341 2500 1.2 308.3 0.386 0.552 

13 1.245 2500 1.2 308.3 0.426 0.530 

 

Figure 169-Figure 174 illustrate the COP of the cycle during the clathrate 

charging operation. At the beginning of the charging operation, the COP values were 

low due to the lower thermal power input to the compressor and lower cooling rate 

(cooling effect) in the storage tank as the pressure and temperature are high compared 

to the rest of the charging process. After a short period, almost 2-4 minutes, the COP 

started increasing dramatically because the cooling rate started increasing due to the 

higher rate of energy transferred to the refrigerant during the sensible period. Once the 

clathrate was semi formed, the COP started decreasing slightly due to the slight 

increase in the thermal power input to the compressor, as shown in the previous 

sections. At this stage, the cooling rate in the storing tank was almost constant due to 
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the latent period. Only in few cases, such as in the 4th run at mass flow rate of 1 

kg/min and constant compressor speed, it is noticed that the COP starts at higher rate 

and slightly decreases until the end of the charging process. In general, it is observed 

for all the runs that the COP based on the electric power consumed by the compressor 

is lower compared to the COP based on the energy transferred to the refrigerant. This 

is because the electrical energy consumed by the compressor is higher than the energy 

transferred to the refrigerant due to the internal and external exergetic losses during 

the process, as shown in the previous section. 

To better analyze the cycle performance, the exergetic COP (COPEX) is 

calculated at each run. The COPEX is the ratio between the exergy recovered during 

the charging time and the exergy input to the system. The dead state temperature T0 is 

taken close to the evaporator surrounding at 16 oC for all the cases as the room 

temperature was recorded at the same level during the experiments. Equation 3.5 was 

used to calculate the COPEX. Figure 175-Figure 177 present the COPEX of the cycle at 

different mass flow rates, different compressor speeds and different mass ratios, 

respectively.  

 
Figure 169: Energetic COP of the CTES cycle during the charging mode at 

different refrigerant mass flow rate and constant compressor speed 
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Figure 170: Energetic COP of the CTES cycle based on electrical consumption 
of the compressor during the charging mode at different refrigerant mass flow 

rate and constant compressor speeds 

 
Figure 171: Energetic COP of the CTES cycle during the charging mode at 

constant refrigerant mass flow rate and variable compressor speeds 
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Figure 172: Energetic COP of the CTES cycle based on electrical consumption 
of the compressor during the charging mode at constant refrigerant mass flow 

rate and variable compressor speeds 

 
Figure 173: Energetic COP of the CTES cycle during the charging mode at 

constant refrigerant mass flow rate and constant compressor speeds at 
different water to refrigerant mass ratio 
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Figure 174: Energetic COP of the CTES cycle based on electrical consumption 
of the compressor during the charging mode at constant refrigerant mass flow 

rate and constant compressor speeds at different water to refrigerant mass 
ratio 

 
Figure 175: Variation of dynamic exergetic COPs during charging mode at 

different refrigerant mass flow rates (R-134a) 
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Figure 176: Variation of dynamic exergetic COPs during charging mode at 

different compressor speeds (R-134a) 

 
Figure 177: Variation of dynamic exergetic COPs during charging mode at 

different water/refrigent mass ratios (R-134a) 

5.2.1. Comparison of energetic coefficient of performance of the CTES 

and VCRC cycles during charging mode. To compare the cycle performance during 

the clathrate formation mode, the average COP of each run is compared with the COP 
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of the VCRC with LVHX and COP of VCRC with DMSC. The operation conditions 

in each experimental run, such as the average evaporator temperature, the average 

condenser temperature and the cooling capacity of the clathrate mass of 0.5 ton 

refrigerant, are considered in the simulation the average evaporator, condenser 

temperatures and average COP are calculated based on the following formulas: 

𝑇𝑇𝑀𝑀𝑒𝑒𝑡𝑡𝑝𝑝𝑡𝑡𝑒𝑒𝑎𝑎 = � 𝑇𝑇𝑀𝑀𝑡𝑡𝑒𝑒𝑝𝑝𝑡𝑡𝑒𝑒𝑎𝑎  𝑑𝑑𝑑𝑑
𝑡𝑡𝑖𝑖𝑚𝑚𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒

0
∗

1
𝑑𝑑𝑡𝑡𝑚𝑚𝑒𝑒𝑡𝑡𝑀𝑀𝑡𝑡𝑡𝑡𝑀𝑀

 
 
(5.5) 

𝑇𝑇𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐𝑡𝑡𝑒𝑒𝑎𝑎 = � 𝑇𝑇𝑠𝑠𝑀𝑀𝑛𝑛𝑐𝑐𝑡𝑡𝑒𝑒𝑎𝑎  𝑑𝑑𝑑𝑑
𝑡𝑡𝑖𝑖𝑚𝑚𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒

0
∗

1
𝑑𝑑𝑡𝑡𝑚𝑚𝑒𝑒𝑡𝑡𝑀𝑀𝑡𝑡𝑡𝑡𝑀𝑀

 
 
(5.6) 

𝐶𝐶𝑂𝑂𝑃𝑃𝑡𝑡𝑒𝑒𝑎𝑎 = � 𝐶𝐶𝑂𝑂𝑃𝑃 𝑑𝑑𝑑𝑑
𝑡𝑡𝑖𝑖𝑚𝑚𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒

0
∗

1
𝑑𝑑𝑡𝑡𝑚𝑚𝑒𝑒𝑡𝑡𝑀𝑀𝑡𝑡𝑡𝑡𝑀𝑀

 
 
(5.7) 

 

where the integral term represents the area under curve which is calculated by 

obtaining 6th order polynomial equations for each individual case, and 

𝑑𝑑𝑡𝑡𝑚𝑚𝑒𝑒𝑡𝑡𝑀𝑀𝑡𝑡𝑡𝑡𝑀𝑀  represents the total charging time duration of the clathrate formation.  

Figure 178-Figure 180 represent the energetic comparison between the CTES 

cycle and VCRC with dedicated medical subcooling (DMSC) and VCRC with liquid 

vapor heat exchanger (LVHX). The two VCRCs are selected for the comparison 

based on the theoretical study conclusions, as the VCRC with DMSC is the best 

performance cycle due to its high energetic and exergetic COPs compared to the 

VCRC with LVHX. 

 
Figure 178: Average COP value comparison of the theoretical VCRCs 

and the CTES system at different refrigerant mass flow rates.  
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Figure 179: Average COP value comparison of the theoretical VCRCs 

and the CTES system at different compressor motor speeds. 

 

 
Figure 180: Average COP value comparison of the theoretical VCRCs 

and the CTES system at different water/R134a mass ratios. 

Table 65-Table 67 summarize the average COP comparison at different 

operating conditions of the storage system against the conventional VCRCs. The 

average COP is calculated by integrating the area under curves. It was found that, at 

lower refrigerant mass flow rate (run no.2 and 3), the average COP of the CTES 

system during the charging process is very low which is due to lower cooling rate and 

longer elapsed charging time. In other cases, the COP of the CTES system, compared 

to the conventional VCRCs, is found to be higher by a minimum of 24% in one case 

and up to 44% in other cases. Furthermore, it is noticed that, at compressor speed of 
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2700 rpm and refrigerant mass flow rate of 1.2 kg/sec (run no.8), the COP values of 

the CTES system compared to the VCRCs are close but not higher. The increase in 

the amount of refrigerant added to the clathrate mixture in the storage tank affects the 

COP dramatically as it was found that adding more than 20% extra refrigerant 

decreases the COP. When 30% and 40% extra amount of refrigerant is added in the 

storage tank, the COP of the CTES system is not comparable with the COP of the 

conventional VCRCs but almost equal (runs no. 12 and 13). 

Table 65: COP comparison between CTES cycle and the Conventional cooling 
cycles at different refrigerant mass flow rates and constant compressor speed 

Run 

no. 

Mass 

flow rate 

(kg/min) / 

Comp. 

speed 

(rpm) 

Mass 

ratio 

CTES

_Avg. 

COP 

VCRC_

LVHX 

Avg. 

COP 

Improve 

CTES vs. 

VCRC 

with 

LVHX 

VCRC_

DMSC 

Avg. 

COP 

Improve 

CTES vs. 

VCRC 

with 

DMSC 

2 0.5/2500 1.743 0.8 8.349 _ 8.521 _ 

3 0.8/2500 1.743 0.7 8.039 _ 8.205 _ 

4 1.0/2500 1.743 11.85 6.813 42.5% 6.954 41.3% 

5 1.2/2500 1.743 11.81 6.551 44.5% 6.686 43.4% 

 

Table 66: COP comparison between CTES cycle and the Conventional cooling 
cycles at constant refrigerant mass flow rates and variable compressor speed 

Run 

no. 

Mass 

flow rate 

(kg/min) / 

Comp. 

speed 

(rpm) 

Mass 

ratio 

CTES

_COP 

VCRC_

LVHX 

COP 

Improve 

CTES vs. 

VCRC 

with 

LVHX 

VCRC_

DMSC 

COP 

Improve 

CTES vs. 

VCRC 

with 

DMSC 

6 1.2/2100 1.743 14.28 7.444 47.9% 7.597 46.8% 

7 1.2/2300 1.743 12.65 7.079 44% 7.225 42.9% 

5 1.2/2500 1.743 11.81 6.551 44.5% 6.686 43.4% 

8 1.2/2700 1.743 6.675 7.811 _ 7.973 _ 

9 1.2/2900 1.743 8.901 6.736 24.3% 6.875 22.8% 
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Table 67: COP comparison between CTES cycle and the Conventional cooling 
cycles at constant refrigerant mass flow rates and constant compressor speed at 

different water to refrigerant mass ratios 

Run 

no. 

Mass 

flow rate 

(kg/min) / 

Comp. 

speed 

(rpm) 

Mass 

ratio 

CTES

_COP 

VCRC_

LVHX 

COP 

Improve 

CTES vs. 

VCRC 

with 

LVHX 

VCRC_

DMSC 

COP 

Improve 

CTES vs. 

VCRC 

with 

DMSC 

5 1.2/2500 1.743 11.81 6.551 44.5% 6.686 43.4% 

10 1.2/2500 1.585 7.381 6.94 6% 7.083 4% 

11 1.2/2500 1.453 10.55 7.064 33% 7.209 31.7% 

12 1.2/2500 1.341 7.2 7.717 _ 7.877 _ 

13 1.2/2500 1.245 7.586 8.015 _ 8.181 _ 

 

5.2.2. Comparison of exergetic coefficient of performance of the CTES 

and VCRC cycles during charging mode. Figure 181-Figure 183 illustrate a 

comparison between the exergetic COP of the conventional VCRCs and the CTES 

cycles. Table 68-Table 70 summarize the average COPEX values and compares them 

with the VCRC with LVHX and VCRC with DMSC at the same operation condition. 

Based on the above mentioned tables and figures, it can be concluded that the COPEX 

at lower compressor speed and high mass flow rate is better compared to all the other 

results. This is because it varies between 0.570 to 0.614 which is higher than the 

conventional cycles with LVHX and DMSC by approximately 34%. It is also noted 

that the lowest exegetic efficiency is found when the water and refrigerant mass ratio 

was changed by adding extra refrigerant in the storage tank. This is related to that 

lower exergy was recovered during the charging process due to the lower cooling rate 

as concluded in the previous sections. 

5.3. Behavior of the Storage Tank During Storage and Recovery Modes 

After the charging mode, the storage mode starts immediately, where the 

compressor is switched off and the storage tank inlets and outlets are closed (inlet and 

outlet valves). The clathrate inside the tank is kept for one hour in this mode to be 

able to study the behavior of the storage tank and the effect on the formed clathrate by 

taking all the temperature and pressure readings across the storage tank. It is observed 
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that, during the storage mode for one hour, the temperature and pressure of the storage 

tank increased slightly; this is related to the heat gained in the storage tank due to the 

heat exchanging between the storage tank and the surroundings. This condition can be 

improved by using better quality of insulation material to thermally insulate the CTES 

system and avoid any heat gain or loss with the ambient space. Table 71 summarizes 

the storage tank characteristics during the one hour storing period. 

 

 
Figure 181: Average exergetic COP value comparison of the theoretical 
VCRCs and the CTES system at different refrigerant mass flow rates 

 

 
Figure 182: Average exergetic COP value comparison of the theoretical 

VCRCs and the CTES system at different compressor motor speeds 
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Figure 183: Average exergetic COP value comparison of the theoretical 

VCRCs and the CTES system at different water/R134a mass ratios 

Table 68: Comparison of Exergetic COPs for CTES and VCRCs at different 
refrigerant mass flow rates (R-134a) 

Run 

no. 

Mass 

flow rate 

(kg/min) / 

Comp. 

speed 

(rpm) 

Mass 

ratio 

CTES

_Avg. 

COPEX 

VCRC_

LVHX 

Avg. 

COPEX 

Improve 

CTES vs. 

VCRC 

with 

LVHX 

VCRC_

DMSC 

Avg. 

COPEX 

Improve 

CTES vs. 

VCRC 

with 

DMSC 

2 0.5/2500 1.743 0.0205 0.306 _ 0.318 _ 

3 0.8/2500 1.743 0.0369 0.361 _ 0.375 _ 

4 1.0/2500 1.743 0.593 0.378 36% 0.392 34% 

5 1.2/2500 1.743 0.570 0.364 36% 0.377 34% 

 

From Table 71, it can be concluded that if the clathrate is subcooled to lower 

temperatures, the difference in the temperature at the start of the storage mode till the 

end of the storage mode might reach up to 9 oC. This is due to the higher rate of heat 

transfer between the storage tank and the surroundings, while the difference in the 

pressure might vary between 73 to 80 kPa. In addition, when an extra amount of 

refrigerant is added (run no. 10 to 13), the clathrate formed during the charging mode 

is subcooled but at higher temperatures varying between -0.18 to -3, which is low 

compared to other runs. This leads to lower temperature difference, which varies 

between 3.9 to 6 oC, between the start and end of the storage mode. 
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Table 69: Comparison of Exergertic COPs for CTES and VCRCs at different 
compreesor speeds (R-134a) 

Run 

no. 

Mass 

flow rate 

(kg/min) / 

Comp. 

speed 

(rpm) 

Mass 

ratio 

CTES

_Avg. 

COPEX 

VCRC_

LVHX 

Avg. 

COPEX 

Improve 

CTES vs. 

VCRC 

with 

LVHX 

VCRC_

DMSC 

Avg. 

COPEX 

Improve 

CTES vs. 

VCRC 

with 

DMSC 

6 1.2/2100 1.743 0.614 0.390 36% 0.404 34% 

7 1.2/2300 1.743 0.606 0.388 36% 0.402 34% 

5 1.2/2500 1.743 0.570 0.364 36% 0.377 34% 

8 1.2/2700 1.743 0.322 0.335 _ 0.348 _ 

9 1.2/2900 1.743 0.403 0.299 26% 0.311 23% 

 
Table 70: Comparison of Exergertic COPs for CTES and VCRCs at different 

water to refrigent R-134a mass ratiost mass flow rates 

Run 

no. 

Mass flow 

rate 

(kg/min) / 

Comp. 

speed 

(rpm) 

Mass 

ratio 

CTES_

COPEX 

VCRC_

LVHX 

COPEX 

Improve 

CTES vs. 

VCRC 

with 

LVHX 

VCRC_ 

DMSC 

COPEX 

Improve 

CTES vs. 

VCRC 

with 

DMSC 

5 1.2/2500 1.743 0.570 0.364 36% 0.377 34% 

10 1.2/2500 1.585 0.251 0.248 12% 0.250 _ 

11 1.2/2500 1.453 0.415 0.301 27% 0.313 24% 

12 1.2/2500 1.341 0.273 0.436 _ 0.452 _ 

13 1.2/2500 1.245 0.306 0.447 _ 0.464 _ 

 
5.3.1. CTES system storage tank coefficient of performance. To have 

another key indicator of the performance of the cold CTES, the COP of the storage 

tank is calculated. The CTES COP gives a clearer picture about the medium 

performance in the storage tank compared to the cycle performance which is 

explained in the previous section. 

𝐶𝐶𝑂𝑂𝑃𝑃𝐶𝐶𝑇𝑇𝐸𝐸𝐶𝐶 = 𝑚𝑚𝑠𝑠𝑀𝑀 ∗
𝐿𝐿𝐻𝐻

�̇�𝑊 ∗ ∆𝑑𝑑𝑡𝑡𝑀𝑀𝑡𝑡𝑡𝑡𝑀𝑀  
 (5.8) 
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Table 71: Summary of the storage tank behaviour during the storage mode at 
one hour duration for all the experimental runs 

Run 

no. 

Mass flow 

rate 

[kg/min] / 

compressor 

speed [rpm] 

Water/ 

Refrigerant 

mass ratio 

Storage tank 

temperature 

[oC] (start of 

storage) 

Storage 

tank 

temperature 

[oC] (end of 

storage) 

Storage 

tank 

pressure 

[kPa] (start 

of storage) 

Storage 

tank 

pressure 

[kPa] (end 

of storage) 

2 0.5 / 2500 1.743 0.2 5.2 70 152 

3 0.8 / 2500 1.743 -5.5 3.3 50 130 

4 1.0 / 2500 1.743 -4.1 3.7 55 133 

5 1.2 / 2500 1.743 -3.9 4.6 65 140 

6 1.2 / 2100 1.743 -1.5 5.1 78 153 

7 1.2 / 2300 1.743 -5 4.3 70 146 

8 1.2 / 2700 1.743 -4.9 5.4 70 148 

9 1.2 / 2900 1.743 -3.9 4.9 62 146 

10 1.2 / 2500 1.585 -0.2 5.1 67 146 

11 1.2 / 2500 1.453 -1.2 4.6 70 140 

12 1.2 / 2500 1.341 -3.5 4.5 75 147 

13 1.2 / 2500 1.245 -1.5 3.8 70 131 

 

 where 𝑚𝑚𝑠𝑠𝑀𝑀 represents the total mass of the clathrate, 𝐿𝐿𝐻𝐻 represents the latent heat of 

clathrate formation, and ∆𝑑𝑑𝑡𝑡𝑀𝑀𝑡𝑡𝑡𝑡𝑀𝑀   is the total time during the charging mode. 

Table 72 presents the COP of the average CTES storage tank calculated for 

each run based on Equation 5.5.  

From the previous analysis, it can be concluded that at lower refrigerant mass 

flow rate of 0.5 kg/min and constant compressor speed of 2500 rpm, the COP average 

CTES storage tank is high compared to other results. This is because, at lower mass 

flow rate, the thermal power input to the compressor is less and thus the cooling rate 

is lower. This makes the COP of the average CTES higher, regardless of the charging 

duration in this case. On the other hand, the COP of the cycle dynamic is very low 

which, as concluded in section 5.2, is equivalent to consuming more power, and hence 

the operation condition in this specific case is not recommended. At mass flow rate of 

0.8 kg/min, the COP of the CTES is found less. 
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Table 72: CTES system storage tank average energetic COP (COPCTES) 

Run 

no. 

Mass flow rate 

[kg/min]  

Compressor 

speed [rpm] 

Water/Refriger

ant mass ratio 

Average CTES 

storage tank 

COP 

2 0.5  2500 1.743 5.430 

3 0.8 2500 1.743 2.301 

4 1.0 2500 1.743 3.083 

5 1.2 2500 1.743 3.541 

6 1.2 2100 1.743 4.012 

7 1.2 2300 1.743 3.738 

8 1.2 2700 1.743 3.172 

9 1.2 2900 1.743 3.335 

10 1.2 2500 1.585 2.315 

11 1.2 2500 1.453 3.007 

12 1.2 2500 1.341 2.827 

13 1.2 2500 1.245 1.664 

 

Although the thermal power input to the compressor was less, the charging 

duration is the highest among all the runs. At higher mass flow rates of 1 and 1.2 

kg/min, the CTES COP was increasing, respectively. This is due to better clathrate 

formation, which slightly increases the thermal power input to the compressor but 

improves the rate of cooling of the clathrate in the storage tank. It was also found that 

at lower compressor speed of 2100 and 2300 rpm and constant mass flow of 1.2 

kg/min, the COP of the CTES is high compared to other runs. The reason for this is 

the higher cooling rate inside the storage tank. From 2100 to 2700 rpm, the COP of 

the CTES was decreasing slightly. When extra amount of refrigerant was added (runs 

no. 10-13), the COP of the CTES generally decreased, respectively, due to lower 

cooling rate in the storage tank and extra charging time. Finally, it can be concluded 

that at constant mass ratio, higher mass flow rate and low compressor speed, the COP 

of the CTES is the best among all the runs. This conclusion may change if other types 

of refrigerant were used, if different operating conditions were selected or if there 

were any changes in the ambient condition. More CTES experiments using different 

refrigerants at similar operating conditions are required to be able to create full 
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thermodynamic charts. 

5.3.2. Behavior of the storage tank during recovery (discharging) mode. 

In the recovery mode, which is also known as discharging mode, the thermal energy 

stored in the clathrate inside the storage tank is recovered by delivering warm water 

across internal copper coils. These copper coils are attached inside the storage tank 

which is linked to an external water tank occupied with warm water. The discharging 

system is operated by a discharging pump with inlet and outlet valves for controlling 

and monitoring water flow rate. The temperature and pressure of the storage tank 

during the recovery mode are recorded in a systematic manner to be able to study the 

behavior of the clathrate during that mode. For all the runs, water delivered to the tank 

was kept at constant temperature of approximately 33 oC and constant water flow rate 

of 6 kg/min.  

5.3.3. Table 73 illustrates the discharging elapsed time for all the 

experimental runs. 

Table 73: Summary of recovery mode operation conditions of the CTES system 

Run 

no. 

Clathrate 

water to 

refrigerant 

ratio 

Compressor 

speed (r.p.m) 

Refrigerant 

mass flow rate 

(kg/min) 

Discharging 

period (min.) 

2 1.743 2500 0.5 78 

3 1.743 2500 0.8 95 

4 1.743 2500 1 52 

5 1.743 2500 1.2 45 

6 1.743 2100 1.2 38 

7 1.743 2300 1.2 41 

8 1.743 2700 1.2 46 

9 1.743 2900 1.2 41 

10 1.585 2500 1.2 45 

11 1.453 2500 1.2 47 

12 1.341 2500 1.2 40 

13 1.245 2500 1.2 50 

 

The discharging time of the clathrate can differ even at constant discharging 

conditions, such as water mass flow rate and temperature. This is because the 
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formation and geometrical shape of the formed clathrate for each charging mode 

differs different based on the selected operating conditions.  This has a direct effect of 

the way the clathrate dissociate to its original form (liquid water/R134a mixture) as, in 

some cases, the melting rate was found to be homogeneous while it was not in other 

cases. This is due to the asymmetrical clathrate formed shape across the storage tank. 

The geometrical shape of the formed clathrate is totally asymmetrical at lower 

charging refrigerant mass flow rate compared to all other cases, where the geometry 

of the clathrate mass is more symmetrical in the storage tank. From the previous table, 

it can be stated that, at lower mass flow rate and constant compressor speed, the 

formed clathrate leads to higher discharging time, as in runs 2 and 3. On the other 

hand, when the mass flow rate is increased, as in runs 4 and 5, the discharging time is 

shorter compared to the second and third experimental runs. It is also observed that at 

lower compressor speed and constant mass flow rate, the discharging time is shorter 

compared to the other runs. Adding extra refrigerant of 10% up to 40% did not affect 

the discharging time, as the discharging time in runs no. 10 and 11 was almost 

comparable to run 5 (at mass flow rate of 1.2 kg/min and constant compressor speed 

of 2500 rpm). When extra refrigerant was added (extra 30%), as shown in run no. 12, 

the discharging time decreased by 6 minutes compared to runs no. 10 and 11. When a 

very high amount of refrigerant was added (40 % extra), as shown in the last run, the 

discharging time was improved again to become 50 minutes compared to run no. 10 

which has discharging time of 45 minutes. Finally, it can be concluded that at lower 

mass flow rate, the quality of the clathrate formed has a better property that allows it 

to stand longer discharging periods although the COP of the cycle at runs no.2 and 3 

is the lowest among all the conducted experiments. On the other hand, at lower 

compressor speed, the discharging time was found to be comparable with the runs at 

extra added refrigerate amounts (runs no. 10-13). The clathrate formed at lower 

compressor speed is recommended for the CTES system as the cycle COP was the 

highest compared to all the conducted experiments. More studies are required to be 

able to understand why the clathrate formed at lower mass flow rate has better 

characteristics compared to others. Further studies may involve the clathrate crystal 

growth behavior at microscale scale. Figure 184-Figure 195 illustrate the temperature 

and pressure profile of all the runs, including charging mode, storage mode and 

recovery mode behavior. In these figures, points A to B, B to C and C to D represent 

 



 

226 

the charging mode duration, the storage mode duration and the recovery mode 

duration, respectively. The induced charts can be used as thermodynamic comparison 

charts to understand different CTES cycle behavior for R134a clathrate and even for 

other clathrate types through comparison. They can also be used to compare the 

performance if additives are mixed with the clathrate to improve its thermal 

conductivity or crystal structure enhancement. 

5.4. Summary of the Effect of Operating Parameters on the Performance of the 
CTES System 
 
5.4.1. Effect of the refrigerant mass flow rate on the CTES system 

performance. In the experiments carried out, five different mass flow rates were tried 

at constant compressor speed and fixed mass ratio to be able to evaluate the 

performance of the system and the formation of the clathrate in the charging mode. It 

is observed that the condenser temperature during the operation remains constant as 

the water cooling tower keeps the water temperature at the same level at constant 

water mass of 45 kg/min. It is observed that, generally, as the refrigerant mass flow 

rate increases from 0.3 kg/sec to 1.2 kg/sec, the formation of the clathrate becomes 

faster, and the charging time increases accordingly. Moreover, it is noticed that at 

lower mass flow rate, the COP of the cycle is very low due to the lower cooling rate 

in the storage tank. At very low mass flow rate, such as 0.3 kg/min, the clathrate level 

in the tank was less and lower in quality as most of the liquid refrigerant and water 

remain in their liquid form and do not turn to solid clathrate.  

It is recommended to use higher mass flow rate to form high quality clathrate 

crystals and to increase the energetic and exergetic COPs of the cycle and COP of the 

CTES. 

5.4.2. Effect of the compressor speed on the CTES system performance. 

The total five runs were carried out with different compressor speed, starting from 

2100 rpm up to 2900 rpm at constant refrigerant mass flow rate of 1.2 kg/min and 

constant mass ratio of 1.743 (13.6 kg water / 7.8 kg or R134a). It was found that at 

lower compressor speed and high refrigerant mass flow rate, the COP of the cycle is 

enhanced. This is due to the reason that at lower compressor motor speed and high 

refrigerant mass flow rate, the cooling rate increases and the compressor input thermal 

power decreases. This is shown in the experiment summary tables for runs no. 6 and 

7. At higher compressor speed and high mass flow rate, the COP of the cycle is good 
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but not better than that observed at lower compressor speeds. 

5.4.3. Effect of different mass ratios (load) inside CTES tank on the 

overall CTES system performance. To be able to understand the real effect of 

different mass ratios inside the storage tank, five runs were conducted at different 

mass ratios as follow: 1.743, 1.585, 1.453, 1.341 and 1.245. The water amount was 

fixed to 13.6 kg in all the experiments, but the amount of the refrigerant was changed 

from 10% up to 40% extra refrigerant added for each experiment. It was observed 

that, when extra refrigerant was added, the charging time increased compared to runs 

no. 6-9. This is due to the increase of the load inside the storage tank, which requires 

longer time to form the clathrate. It is also noted that the COP has no exact increment 

or decrement trend when extra refrigerant is added, which can draw the conclusion 

that by increasing the load in the storage tank, the COP of the system is not exactly 

affected. This is also related to the fact that the temperature and pressure inside the 

storage tank are not fully influenced by the increase of the load.  

 
Figure 184: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.2 
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Figure 185: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.3 

 

 
Figure 186: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.4 
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Figure 187: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.5 

 

 
Figure 188: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.6 
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Figure 189: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.7 

 

 
Figure 190: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.8 
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Figure 191: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.9 

 

 
Figure 192: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.10 
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Figure 193: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.11 

 

 
Figure 194: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.12 
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Figure 195: Average storage tank temperature and pressure profile during 

charging, storage and discharging mode for run no.13 
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Chapter 6: Conclusions and Future Work Recommendations 
 

This chapter summarizes the main results of the theoretical and experimental 

analyses. It also draws conclusions and provides recommendations for future work. 

6.1.  Conclusions 

This study provides an extensive theoretical analysis of different innovative 

single-stage, two-stage and two-stage with dual evaporator unit vapor compression 

refrigeration cycle (VCRC) using different refrigerants (R134a, R22, R410A and 

R404A) under different operating conditions, such as different refrigerant mass flow 

rates, different evaporator and condenser temperatures and different dead state 

temperatures. I also investigated the effect of subcooling temperature on the cycle 

coefficient of performance using integrated liquid vapor heat exchanger and dedicated 

mechanical heat exchanger. The theoretical analyses are based, not only on energetic 

analysis (first law of thermodynamics), but also on the exergetic analysis (second law 

of thermodynamics). The exergetic analysis assists the system behavior and efficiency 

considering the irreversibility of the system and the exergy destructions in each 

component of the cycle during the operation.  

Investigation of cooling thermal energy storage system (latent heat storage 

system) using R134a and water to form clathrate at a load of 0.5 ton refrigerant is 

carried out experimentally under different operating conditions, such as different 

refrigerant mass flow rates, different compressor speeds and different water to 

refrigerant mass ratios. The experimental apparatus is a multistage VCRC fully 

automated with data acquisition system to collect various operation parameters, such 

as temperature and pressure at different locations and for different components in the 

system. The utilized section of the testing apparatus for the experimental work is the 

single-stage cycle. The investigated cold storage thermal energy storage (CTES) 

system can be implemented to reduce the burden on the electric networks generating 

capacity, especially during summer times, by managing the load. Managing the load 

can be accomplished by shifting the electrical consumption from the on peak periods 

to off peak periods. 

To correlate and assist the experimental work with the theoretical work, a 

comparison is made between the thermal energy storage cycle and the conventional 

cooling VCRC with liquid vapor heat exchanger and with dedicated mechanical heat 

exchanger.   
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The theoretical investigation of the vapor compression cycles using different 

types of heat exchangers leads to the following conclusion: 

• Using integrated liquid vapor heat exchanger can improve the system 

performance by increasing the subcooling effect at the outlet of the condenser. 

Increasing the subcooling temperature is equivalent to increasing the cooling 

capacity of the cycle.  

• The energetic and exergetic coefficients of performance vary between 5.17 to 

5.50 and 0.169 to 0.179, respectively, at one ton refrigeration capacity for the 

VCRC with liquid vapor heat exchanger and VCRC with dedicated 

mechanical subcooling at same operating conditions. 

• Using the dedicated mechanical subcooling heat exchanger in the cycle is 

more efficient compared to the liquid vapor heat exchanger due to lower 

thermal power input to the main cycle compressor and lower overall exergy 

destruction. The energetic and exegetic coefficients of performance vary 

between 5.66 to 5.87 and 0.179 to 0.193, respectively, at one ton refrigeration 

capacity. 

• The subcooling heat exchangers have other advantages; for example, they 

reduce the size of the condenser and evaporator required for building efficient 

VCRC. 

• The dual refrigeration VCRC (with two evaporators) is less in the energetic 

and exergetic coefficients of performance when compared to the VCRC with 

dedicated mechanical subcooling heat exchanger.  

• The best refrigerants based on the maximum energetic and exergetic 

coefficient values for all the investigated cycles are R134a and R22 due to 

their good physical and thermodynamic properties. 

From the experimental work, the following conclusion can be drawn: 

• Direct contact thermal energy storage system has the advantage of eliminating 

thermal coils inside the storage tank. This consequently increases the thermal 

conductivity between the water and the refrigerant to form good quality 

clathrate in shorter charging duration. 

• The R134a clathrate formation started at 11.5oC and 1.72 bars at 0.5 ton 

refrigeration capacity. The clathrate as a latent heat storage medium is better 

than ice because ice requires very low formation temperature, and this can 
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lead to lower cycle coefficient of performance due to higher energy 

consumption. 

• At higher refrigerant mass flow rate and lower compressor motor speed, the 

formation of the clathrate is faster, and the cycle energetic and exegetic 

coefficients of performance are higher compared to other runs. 

• Increasing the quantity of the refrigerant at fixed water amount might lead to 

lower cycle performance due to longer charging duration and lower cooling 

rate in the storage tank. 

• The storage tank thermal insulation material plays an important role since with 

better system thermal insulation, the clathrate formation can increase during 

the charging mode, and the temperature increases during storage mode 

because the heat gained from the space can be reduced. 

Results of the comparison of the theoretical and experimental studies show 

that: 

• The energetic coefficient of performance of the CTES system is higher than 

that of the conventional cooling VCRC with dedicated mechanical heat 

exchanger by 22.8% to 48% at 0.5 ton refrigeration capacity and same 

operation conditions. 

• The exergetic coefficient of performance is high than the conventional cooling 

VCRC, with dedicated mechanical heat exchanger by 23% to 34%. 

6.2. Recommendation for Future Work 

For further in-depth understanding of the CTES systems using clathrates and 

the characteristics of the clathrate formation at different operating conditions, the 

following recommendations are suggested for future research: 

• Conducting a comparative study of CTES systems using ice with indirect 

contact storage tank to compare results with clathrate hydrate formed with 

different refrigerants and its blend. 

• Mixing different solid or liquid additives with the clathrate in the storage tank 

to further improve the thermal conductivity of the clathrate mixture and study 

its effect on the system performance. 

• Designing a transparent storage tank with suitable material to be able to study 

the crystal growth and the exact clathrate formation behavior visually during 

the charging, storage, and discharging modes. 
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• Integrating thermal and optical cameras inside the storage tank to capture 

precisely the clathrate formation behavior. This will aid in understanding the 

growth rate of the clathrate from a thermodynamic engineering aspect.  

• Developing analytical and numerical models that can simulate and optimize 

the behavior and formation conditions of the clathrate growth using different 

refrigerants and additives at different operating and environmental conditions 

considering the thermos-economic analysis. 

• Using the multi-stage VCRC to form a thermal energy storage cycle as it has a 

higher probability of increasing the energetic and exergetic coefficients of 

performance. 
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Appendix: A (Cycle Components Datasheets) 
 
1) Single stage CTES VCRC compressor 

Table 74: General characteristic of the single stage VCRC compressor 

Manufacturer Danfoss Maneurop, 
France 

Model number (on compressor nameplate) MTZ22JC4AVE 
Suction and discharge connections 
Suction connection 
Discharge connection 
Suction connection with supplied sleeve 
Discharge connection with supplied sleeve 

Rotolock  
1" Rotolock 
1 " Rotolock 
1/2"ODF 
3/8 " ODF 

Oil sight glass 
Oil equalisation connection  
Oil drain connection 
 

Threaded 3/8'' 
flare SAE 
None  
 Cylinders  

Swept volume 
 

     1 
38,12 cm3/rev 

Displacement @ Nominal speed 6.6 m3/h @ 2900 rpm - 
8.0 m3/h @ 3500 rpm 

Net weight Oil charge 21 kg 
    

 
Maximum system test pressure Low Side / High 
side Maximum differential test pressure 

25 bar / 30 bar 
30 bar 

Maximum number of starts per hour 12 

Refrigerant charge limit 2,5 kg 

Approved refrigerants R404A, R507A, R134a, 
R407C 

 
Table 75: Electrical characteristics of the single stage VCRC compressor 

Nominal voltage 380-400V/3/50Hz - 460V/3/60Hz 
Voltage range 340-440 V @ 50Hz - 414-506 V @ 

60Hz 
Winding resistance (between phases) 
+/- 7% at 25ºC 

      10.24 # 

Maximum Continuous Current (MCC) 6 A 
Locked Rotor Amps (LRA) 16 A 
Motor protection Internal overload protector 
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2) Pressure transducers 

Table 76: Characteristic of the pressure transducers 

Manufacturer  OMEGA Engineering Inc, USA 

Model PX242A-100G5V 

Excitation 8 Vdc regulated, 7 to 16 Vdc 

Output 1 to 6 Vdc @ 8 Vdc into 800 Ω min 

Repeatability ±0.1% 

Compensated temperature range -27 to 63°C 

Response Time 1 ms 

Gage Type Solid state piezoresistive 

Body Material Stainless steel 

Diaphragm Material 2.5 mm square silicon sensor chip 

with Buna-N O-ring 

Pressure range  0 to 100 psig (up to 689.476 bar) / 

with rated accuracy (±2.5 psig) 

 

3) Pressure Gauges 

Table 77: Characteristic of the pressure gauges 

Manufacturer LEITENBERGER, Germany 

Model Glycerin filled pressure gauge DS 63 

(011.x.063) 

Measuring units Dual Scales in psi and bar Standard 

Accuracy class 1.6 

Pressure range -1/500 bar/psig. 

Case stainless steel, case diameter DS 63 

mm, with O-Ring seal between case 

and socket. 

Dampening fluid Glycerin 99.7% 
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4) Refrigerant rotameter 

Table 78: Characteristic of the refrigerant rotameter 

Manufacturer Platon 

Model GTF Flow Tube 

Tube Boroscilicate glass 

Scale markings  Fused ceramic ink 

Accuracy ± 1.25% FSD standard 

Range 0.2 to 1.5 l/min 

Maximum operation pressure 25 bar 

Max Temperature  100°C  
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Appendix: B (EES Modeling Codes) 
 
VCRC with LVHX EES modeling code 
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VCRC with DMSC and LVHX EES modeling code 
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