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SUMMARY

A design and simulation study of the four-step copper—chlorine (Cu—Cl) cycle using Aspen Plus software (Aspen Technology
Inc., Cambridge, MA)is reported. The simulation consists of four main sections: hydrolysis, oxy-decomposition, electrolysis,
and drying. This paper explains and justifies how the actual reaction kinetics is factored into these four main sections. Also, it
illustrates all the process units that are used in the simulation of four-step Cu—Cl cycle, providing their associated specifications
and design parameters. It is found that hydrolysis reactors with smaller capacities and larger (>10/1) steam to CuCl ratios were
desirable to increase the reaction efficiency and prevent the formation of side products such as CuO and CuC. In contrast,
larger capacity oxy-decomposition reactors with longer residence times are preferable to allow enough time for the copper
oxychloride to decompose. Therefore, 10 (or more) small-scale hydrolysis reactors can feed one oxy-decomposition reactor
with large capacity to keep continuity of the flow in the overall cycle. On the basis of the process flow sheet, a pinch
analysis is developed for an integrated heat exchange network to enable effective heat recovery within the Cu—ClI cycle.
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1. INTRODUCTION

In today’s world, energy and its transformation play
critical roles in our lives and have a direct impact on every
sector of society, affecting the overall economic and socie-
tal well-being. Generally, economic and human health are
linked to per capita energy consumption. Energy is used
in almost every human activity, including transportation,
household uses, agriculture, industry and manufacturing,
and buildings. Energy is consumed both directly in some
uses and indirectly in others through use of materials that
require energy in their production or delivery.

Hydrogen is expected to play a significant role as an
energy carrier, and demand for it is expected to increase
in the near future, for it can be utilized as clean fuel in
diverse energy end-use sectors including conversion to
electricity with no direct CO, emission. Hydrogen can also
be stored and transported over long distances with lower
losses compared with electricity. But hydrogen is not an
energy source as it does not exist in abundance naturally
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in its elemental form. Therefore, hydrogen has to be
produced, and this is normally carried out from fossil fuels
and/or water.

Thermochemical water splitting with a copper—chlorine
(Cu—Cl) cycle is a promising process to decompose water
into its constituents, oxygen and hydrogen, through inter-
mediate copper and chlorine compounds. These chemical
reactions form a closed internal loop that recycles all
chemicals on a continuous basis, without emitting any
greenhouse gases. Thermochemical water splitting with a
Cu-Cl cycle is a promising process that could be linked
with nuclear reactors or solar thermal energy.

The Cu-Cl cycle has not yet been proven or
constructed. However, many studies of the Cu—Cl cycle
have been reported. For example, Al-Dabbagh and Lu [1]
have studied the design and reliability of control systems
for a Cu—Cl thermochemical hydrogen production plant.
Equilibrium conversion in the Cu—Cl cycle multiphase
processes has been studied by Daggupati et al. [2]. They
performed a thermodynamic equilibrium analysis of individual

Copyright © 2012 John Wiley & Sons, Ltd.
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steps in the cycle. Recently, they studied solid particle decom-
position and hydrolysis reaction kinetics in Cu—Cl [3] and a
solid conversion process during hydrolysis and decomposition
of cupric chloride in the Cu—Cl cycle [4].

One of the most challenging steps in the thermochemi-
cal Cu—ClI cycle is the hydrolysis of CuCl, into Cu,OCl,
and HCI while avoiding the need for excess water and
the undesired thermolysis reaction, which yields CuCl
and Cl,. Argonne National Laboratory has designed a
spray reactor where an aqueous solution of CuCl, is atom-
ized into a heated zone, into which steam/Ar are injected in
co-current or counter-current flow [5]. Also, an experimen-
tal study using a spray reactor with an ultrasonic atomizer
has been carried out [6].

Jaber et al. [7] have studied heat recovery from molten
CuCl in the Cu—Cl cycle. They examined the convective
heat transfer between molten CuCl droplets and air in a
counter-current spray flow heat exchanger.

Ceramic carbon electrode-based anodes for use in the
Cu-Cl cycle have been studied by Ranganathan and
Easton [8,9]. Ceramic carbon electrode materials, prepared
using 3-aminopropy! trimethoxysilane, are investigated in
their study.

Wang et al. [10] have compared sulfur—iodine and Cu—Cl
thermochemical hydrogen production cycles from the
perspectives of heat quantity, heat grade, thermal efficiency,
related engineering challenges, and hydrogen production cost.

Thermophysical properties of copper compounds in the
Cu—Cl cycle have been studied by Zamfirescu et al. [11].
Also, the kinetics has been studied of the copper/hydro-
chloric acid reaction in the Cu—Cl [12].

Issues related to equipment scale-up and process simu-
lation were examined by Rosen ez al. [13]. The study basi-
cally outlines the challenges and the design issues of
hydrogen production with the Cu—Cl cycle. The system
was simulated using Aspen Plus to find efficiencies. The
total heat requirement to produce 1 mole of hydrogen using
the Cu—Cl cycle was calculated as 543.7 kJ, and the energy
efficiency was found to be about 53% [13].

Naterer et al. [14] reported recent Canadian advances in
nuclear-based hydrogen production and the thermochemical
Cu-Cl cycle, including aspects of individual process and
reactor developments within the Cu—Cl cycle, thermochemi-
cal properties, advanced materials, controls, safety, reliabil-
ity, economic analysis of electrolysis at off-peak hours, and
integration of hydrogen plants with Canada’s nuclear plants.

Design issues associated with reactor scale-up in the
thermochemical Cu-Cl cycle have been examined by
Wang et al. [15]. The study focused on hydrolysis, hydro-
gen, and oxygen reactors. Scale-up design issues with
molten salt reactor for handling of three phase material,
including copper solid oxychloride particles, molten salt,
and oxygen have been studied. Moreover, variations of
hydrolysis reactor for the two-step, three-step, and five step
Cu-Cl cycles have been analyzed.

Lewis et al. [16,17] have reported that the Cu—Cl cycle
is chemically viable with respect to engineering and energy
efficiency. A conceptual process incorporating Aspen Plus
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mass and energy flows were designed, and the hydrogen
production cost was estimated as $3.30 per kg hydrogen.

The main objectives of this paper are to design and simu-
late the four-step Cu—Cl cycle using Aspen Plus process
simulation software. With the use of the simulation, main
steps of the Cu—Cl cycle are evaluated individually to
determine how each process reacts to varying key operating
and design variables. A sensitivity analysis is performed by
varying one or more flow sheet variables to study the effect
of that variation on other variables to achieve a simple
process optimization. This paper also explains how the actual
reaction Kkinetics is factored into the main steps of the
Cu—Cl cycle. Process units used in the simulation of four-
step Cu—Cl cycle are illustrated, providing all their associated
specifications and design parameters. On the basis of the flow
sheet, a pinch analysis is developed for an integrated heat ex-
change network to enable effective heat recovery within the
Cu—Cl cycle. Finally, a comparison of design and operation
conditions of individual components in the cycle is made
on the basis of a small scale experimental work on individual
reactions in the cycle, conducted at the Clean Energy Re-
search Laboratory (CERL) at the University of Ontario Insti-
tute of Technology (UOIT) in Oshawa, Canada.

2. SYSTEM STUDIED

An overview is presented of research activities on the Cu—Cl
cycle in the CERL at UOIT. This experimental setup is one
of the world’s first lab-scale demonstrations of the Cu—Cl
cycle of thermochemical water splitting for nuclear hydrogen
production (see [18] for further details). The setup is based
on the four-step Cu—Cl cycle described in Figure 1.

The hydrogen production step (Step 1 in Figure 1) is a
major reaction step taking place in the electrolyzer to produce
hydrogen. The electrochemical reaction between cuprous
chloride (CuCl) and hydrochloride acid (HCI) produces
hydrogen gas and cupric chloride. The cupric chloride gener-
ated from this step is used for regenerating CuCl and HCl,
using water and heat for continuous production of hydrogen.
The electrolysis reactor, the hydrogen production step, has
not been built in the CERL yet. However, experiments on
this step are being carried out by Atomic Energy of Canada
Limited, a project partner, demonstrating that hydrogen can
be produced at a current density of 0.1 A/em? for a cell volt-
age in the range of 0.6-0.7 V. A schematic of the experimen-
tal layout is illustrated in Figure 2.

The drying step (Step 2 in Figure 1) utilizes low-grade
heat to generate cupric chloride powder from the effluent
cupric chloride solution mixture exiting from the electroly-
sis step, Step 1. Figure 3 shows the experimental spray
dryer unit at the CERL.

In the hydrolysis step (Step 3 in Figure 1), solid cupric
chloride generated from the previous step, Step 2, is
contacted with steam at high temperatures around 400 °C
to split water, and form copper oxychloride and hydrogen
chloride. The hydrogen chloride is recycled back to Step
1, and the solid cupric chloride moves to Step 4 for oxygen
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Cu-Cl cycle splits H,0 into H, and 20, (all other chemicals are re-cycled continuously)

\ HCI(g) production spray dryer :

INPUT ! (fluidized bed; 400 C) (70 C) ' INPUT
H,0 : H,0 o i ' waste
: L >H/\/ . > 3| 2 : ' heat

. AA HC @ h |
" it heat .
OUTPUT ' CuO*CuCl, (s) H.0 "
O,gas ) 2 .
< ' \/\( < O, production '
: 4 | (molten salt cucl, | !
> reactor; 500 C) (aq) :
INPUT ! "
heat : CuClI (1) :
E HCI (aq) é heat recovery :
OUTPUT E y CuCl(s) :
H,gas ! > < "
< ; 1 '
; electrochemical cell (70 C) :
Step Reaction Temperature (°C)
1.Hydrogen production | 2CuCl(aq)+2HCl(aq)—2CuClz(aq)+H2(g) | <100 (electrolysis)
2 Drying CuCl(aq)—CuCly(s) <100
3. Hydrolysis 2CuCly(s)+H20(g)— Cu20Cly(s) +2HCI(g) | 400
4.Oxygen production Cu20Cl(s)—2CuCl(1)+1/202(g) 500

Figure 1. Schematic of process flow diagram for the Cu-Cl cycle in the Clean Energy Research Laboratory (adapted from [14]).

production. Figures 4 and 5 show the experimental units in
the CERL for the hydrolysis reaction.

In Figure 4, the cold-model fluidized-bed unit in the
experiment has an internal fluidized column diameter of
0.1 m. It is made of Perspex glass. Copper, glass solids,
and air can be used for the experiment. Three pressure taps

(2 differential, 1 absolute) are located for both differential
and absolute dynamic pressure measurements. Various
aspect ratios, particle sizes, and distributor plate geome-
tries can be used for the experiments.

The fluidized-bed unit also includes a downstream-
processing network. The main purpose of the downstream-
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Figure 2. Single cell process flow diagram [20].
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Figure 3. Experimental spray dryer unit with scrubber.

processing network in the pilot size Cu—Cl cycle is to cool,
condense, and neutralize the CuCl laced steam. In the closed
loop cycle, which will be employed for the industrial-sized
cycle, there will be no need for a downstream network as
all chemicals will be recycled within the cycle. However,
because of the semi-continuous operation of the pilot scale
setup in the CERL, it is required that the steam be neutralized
after exiting the hydrolysis reactor.

The downstream network consists of three main sections:
heat exchanger, separator, and scrubbing sections. Glycol
and a CuCl laced steam enter the heat exchanger section,
and the steam is cooled and condensed before entering the
separator. The separator is used to separate two phases of the
flow. The fluid is extracted and neutralized. Non-condensable

M. F. Orhan, I. Dincer and M. A. Rosen

Figure 5. Experimental hydrolysis reactor with accessories,
steam boiler, and superheater.

gases are then blown to a packed bed scrubber to be cleaned
and exhausted to the atmosphere.

In oxygen production step (Step 4 in Figure 1), copper
oxychloride produced from the hydrolysis step is decom-
posed to produce cuprous chloride (CuCl) and oxygen
gas. The CuCl is recycled back to the electrolysis step for
hydrogen production, and the oxygen is a byproduct.
Figure 6 shows the experimental setup of the oxygen
production reactor in the CERL.

3. EFFICIENCY ANALYSIS

Energy supply in the past decades, at present, and in the
future is the outcome of market coverage, and it is deter-
mined by main players of a very different kind such as
supply sources and efficiency. Efficiency is crucial for
the structure of the demand for energy. Energy demand
of thermodynamic systems can be reduced very signifi-
cantly by increasing their efficiency. Thus, efficiency has
received wider acceptance and is now seen as an important
tool for sustainable development.

Figure 4. Low-temperature fluidized-bed reactor for the hydroly-
sis reaction.

Int. J. Energy Res. 2013; 37:1160-1174 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er

Figure 6. High-temperature experimental unit for copper
oxychloride decomposition and oxygen production.
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The heat transfer for a chemical process involving no
work interaction W is determined from the energy balance
Ej — Eou = AE ygem applied to a system with W=0. For a
steady-state reaction process, the energy balance reduces to

O=H,— Hg= an(ﬁ; +E—E°)P (1)
=S (i +h =),

The overall energy efficiency of the Cu—Cl cycle, 7,,
can be described as the fraction of energy supplied that is
converted to the energy content of H, on the basis of its
lower heating value:

Eout LHV u
e =" =

Ei, (Qnel + W)in

3

I

2

where LHV p,is the lower heating value of hydrogen, W is
the electrical work required for the electrolyzer and auxil-
iary work required for pumps, compressors, and so on,
and Q,,, is the net heat (after subtracting the recovered
heat) used by the process to produce a unit amount of
product hydrogen, all per mole of hydrogen produced.
Therefore, Equation (2) can be rewritten as the following
to evaluate the effect of the effectiveness of the heat
exchangers (¢) on the overall efficiency of the cycle (n,),

_ LHV Hy
Tle (Q

- - 3)
e - gQrecovered) +W

The lower heating value of hydrogen is 240kJ/mol H,.
The overall exergy efficiency of the Cu—Cl cycle is expressed
as

X out
— o 4
Ter = i )

where ex,,,and ex; are output and input molar exergies.
Using the exergy balance in Equation (4) for the Cu—Cl
cycle, the exergy efficiency can be written alternatively as

e?cHz

vy (1-%)e

Nex ®)

where exy, is the exergy content of the hydrogen produced,
which is taken as 236.12 kJ/mol in this paper. For the overall
cycle, we obtained the total input exergy of the cycle by add-
ing the total work requirement and exergy content of net heat
input to the cycle. Again, in the summation of input exergy,
the exothermic reaction (i.e., the hydrogen production reac-
tion of five-step Cu—Cl cycle) is taken as negative, assuming
this energy can be used for other endothermic reactions.
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4. PROCESS DESIGN OF THE Cu-ClI
CYCLE

Based on the extensive literature review carried out, no
(or little) previous work has been performed on the realistic
modeling of the electrolyzer in the Cu—Cl cycle. In the prior
simulations, a simple stoichiometric reactor model has been
used for the electrolyzer. Because there was insufficient data
to model the electrolyzer, the inlet and outlet compositions
have been defined for the cathode and anode streams, and
values for the cell voltage and current density have been
assumed. This study presents an Aspen Plus simulation that
includes a realistic model of the electrolyzer written as a
user-defined Fortran model. The Aspen Plus model is devel-
oped in three steps. At first, a flow sheet is developed in
which all reactors are stoichiometric with reactions going to
completion. Secondly, equilibrium reactors (i.e., REquil
and RGibbs) are used for more realistic approach to process
reactions. The chemical reactions are assumed to achieve
thermodynamic equilibrium under the specified flow rates
and operating conditions. The HeatX module of Aspen Plus
is used to model the heat exchangers. The final step involves
the inclusion of the Fortran code to describe the operation of
the electrolyzer.

While developing a flow sheet of the Cu—Cl cycles, at
first, the thermodynamic database used in the Aspen Plus
simulation is updated. For example, to prepare a more realis-
tic simulation, values of the enthalpy of formation, the free
energy of formation, and the heat capacity as a function of
temperature for Cu,OCl, had to be defined. Because
Cu,0Cl, is not commercially available, a new experimental
method for synthesizing it was developed by Lewis et al.
[16,17]. The enthalpy of formation at 25°C was measured
using two different methods and compared with the literature
data. A value of 380 £ 3 kJ/mol was determined to be the
most reliable. The heat capacity was measured over three
temperature regions: (i) from about 4 (liquid He temperature)
to 64 K (liquid N, temperature); (ii) from 64 to 360 K; and
(iii) from 298 to 700 K. The low-temperature heat capacities
were used to calculate the entropy. The free energy of forma-
tion was then derived from the experimental values for the
enthalpy of formation and entropy values. Also, CuCl under-
goes a solid—solid transition and then a solid-liquid transi-
tion. The specific enthalpy and Gibbs energy of formation
of CuCl(s) at the standard temperature of 298.15K are
—37.0kJ/mol and —120.0kJ/mol, respectively. The Gibbs
energy of formation of CuCl(s) was obtained by subtracting
the product of the entropy of formation of CuCl at
298.15K and the absolute temperature, 298.15 K, from the
enthalpy of formation of CuCl at 298.15 K.

In this study, all thermodynamic data for the various
chemical species is defined from literature and included in
the physical property database of Aspen Plus (see Table I).
In addition, the reliability of the data for the other compounds
is also checked by comparing data in various sources such as
HSC Chemistry software.

In the literature, five-step [19], four-step [14,20], and
three-step [16,17] configurations of the Cu—Cl cycle have

Int. J. Energy Res. 2013; 37:1160-1174 © 2012 John Wiley & Sons, Ltd.
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Tablel. Thermodynamic data used in the Aspen Plus Database.

Compound DHSFRM (kJ/mol) DGSFRM (kJ/mol)
CuCls (s) —217.4 —173.6

CuO (s) —162.0 —129.4

CuCl (s) —-137.0 —120.0

Cu (s) 0 0
Cu,0Cl, (s) -381.3 -310.45

DHSFRM: Enthalpy of formation at 298.15 K and 1 bar.
DGSFRM: Gibbs free energy of formation at 298.15K and 1 bar.
Source: [22].

been presented. Some of these configurations have remained
only as some ideas in theoretical studies. In contrast, an
experimental setup is being prepared for the four-step
Cu—Cl cycle at UOIT and three-step Cu—Cl cycle at the
Argonne National Lab in the US. This study focus on the
four-step Cu—Cl cycle so that the simulation results in this
study can be compared with the experimental results at UOIT.

The overall process flow sheet of the four-step Cu—Cl
cycle is shown in Figure 7, for which Aspen Plus was used
to develop mass and energy balances for a process based

HE10-C HE9-C HE8-C

M. F. Orhan, I. Dincer and M. A. Rosen

on four main reactions (see Figure 1). In Figure 7, heat
exchangers are denoted by HE (see [21] for detailed analysis
of heat exchangers in the Cu—Cl cycle). Also, H and C repre-
sent hot and cold streams, respectively. For example, HE1-H
denotes the hot stream of heat exchanger 1 and HE1-C the
cold stream of heat exchanger 1. The HeatX option of Aspen
Plus is used to simulate heat exchange between two (hot and
cold) streams. Equilibrium-based reactors are used to simu-
late chemical reactions. REquil and RGibbs options are used
to simulate hydrolysis and oxy-decomposition, respectively.
Also, a user-defined reactor model is used for electrolysis,
and the Flash2 separator model of Aspen Plus is used for
the drying process.

On the basis of the flow sheet in Figure 7, a pinch analysis
is developed for an integrated heat exchange network to
enable effective heat recovery within the Cu—Cl cycle. The
heat exchanger network is presented in Figure 8, and its
specifications are presented in Table II. The heat exchanger
parameter values in Figures 7 and 8§ are identical.

Tables Il and IV describe all the process units that are used
in the simulation of the four-step Cu—Cl cycle in Figure 7, pro-
viding their associated specifications and design parameters.

- MIX-1
HE7-C P1

H20-FEED —-

HE3-C

cuciz.

HE1-H S4
Q)< H20| h DRYER

MIX-2

HE2-C
Anode Fged Tank
V3 HE1-C
S3 P4
CATHODE — > <— ANODE —
H2|PRODUCTION
SEP3
V4
H2 —
H2-TANK
Figure 7. Simplified Aspen Plus flow sheet of the four-step Cu-Cl cycle.
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Figure 8. Aspen Plus flow sheet of heat exchanger network (HS: Heat source).

The simulation in Figure 7 consists of four main sections:
hydrolysis, oxy-decomposition, electrolysis, and drying.
Figures 9-13 explain and justify how the actual reaction
kinetics is factored into these four main sections. Hydrolysis
is Step 1 of the Cu—Cl cycle and is denoted S1 in Figure 7. In
the hydrolysis reactor, the hot and pressurized CuCl, is
sprayed into a superheated vapor environment at 400 °C,
forming a free jet. Thermal energy is used to preheat the
streams (see Figure 9). Spraying process takes place at
24 bar so that it forms a free jet. This high pressure is used
to expand the CuCl, and aspirates the superheated steam into
the jet. As the jet expands, it aspirates the superheated steam
into the jet resulting in high mass and heat transfer between
the CuCl, in the jet and the steam. The CuCl, is then
converted to Cu,OCl, and HCI. The chemical reaction

equation is 2CuCly(s) + H,O(g) — CuO*CuCly(s) + 2HCI
(g). The HCI and steam exit the hydrolysis reactor, and are
cooled and fed to the cathode part of electrolysis section.
Also, solid Cu,OCl, accumulates at the bottom of the hydro-
lysis reactors because of gravitation. The solid Cu,OCl, is
then transferred to the oxy-decomposition reactor.

In the oxy-decomposition reactor (see Figure 10), the
Cu,OCl, is heated to 500°C using thermal energy. At
500 °C, the Cu,OCl, decomposes to O, and molten CuCl.
The oxygen leaves at the top of oxy-decomposition reactor
as a gas flow, and the CuCl spills over a weir to a separate
section. CuCl is then pumped back to the anode feed tank.

Figure 11 demonstrates the electrolysis process in the
four-step Cu—Cl cycle. The CuCl is added to the anode
feed tank in aqua form. The dissolved CuCl is then

Table Il. Specifications for heat exchangers in the four-step Cu-Cl cycle.

Hot stream

Cold stream

Temperature (°C)

Temperature (°C)

Heat

exchanger ID In Out ID In Out
HE1 HE1-H 80 30 HE1-C 25 60
HE2 HE2-H 112 93 HE2-C 60 80
HE3 HE3-H 400 112 HE3-C 80 378
HE4 HE4-H 423 409 HE4-C 378 400
HEB HE5-H 500 423 HE5-C 400 482
HE6 HS 578 490 HEG6 482 500
HE7 HE7-H 93 33 HE7-C 25 69
HES HE8-H 409 77 HES-C 69 213
HE9 HE9S-H 417 312 HE9-C 213 308
HE10 HE10-H 500 417 HE10-C 308 400
1166 Int. J. Energy Res. 2013; 37:1160-1174 © 2012 John Wiley & Sons, Ltd.
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Table lll. Reactor process units used in the simulation and their specifications.
AH
Process unit ID Description (model) Temp. (°C) (kJ/molH,) W (kJ/molH,)
Steam S1 Hydrolysis (REquil) 400 120.2 -
HCl, Cu20CI2 < SO Cuci2
00
XUXXX
’AAA‘A.
Cu20Ci2 S2  Decomposion (RGibbs) 500 125.5 -

@Sz

CuCl, 02

s3 S3 Electrolysis (User-defined) 25 - 55
Ho [ >-{ CATHODE cuc
CuCl2(aq), H2
CuClI2 S4 Drying (Flash2) 80 - 33.2
S4
H20
CuCI2 (aq)

pumped to the anode section of the electrolyzer. Chloride
ions migrate from the cathode across the electrolyzer
membrane and react at the anode with the CuCl to form
CuCl, (see Figure 12). The aqueous CuCl, is then trans-
ferred to the dryer (see Figure 13). Also, aqueous HCI is
pumped from the cathode feed tank to the cathode, where
the H* ions are reduced to form H,. The C1~ ions transfer
across the electrolyzer membrane as described previously.
Water from the cathode is superheated to 400°C and
recycled to the hydrolysis section.

Simulation of the process flow sheet in Figure 7 provides
stream flows and properties, heat duties as well as auxiliary
work requirements for the four-step Cu—Cl cycle. For exam-
ple, the mass flow rates of main streams are given in Table V.
However, the results obtained from the simulation may vary
on the basis of specified conditions and inputs to the simula-
tion. After many runs of simulation at various reaction condi-
tions, it is found that (in general) the hydrolysis reactors with

Int. J. Energy Res. 2013; 37:1160-1174 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er

smaller capacities and larger (10/1 and more) steam to CuCl
ratios are desirable to increase the reaction efficiency and pre-
vent the formation of side products such as CuO and CuC. In
contrast, larger capacity oxy-decomposition reactors with
longer residence time are preferable to allow enough time
for the copper oxychloride to decompose. Therefore, 10 (or
more) small-scale hydrolysis reactors can feed one oxy-de-
composition reactor with large capacity to keep continuity
of the flow in the overall cycle.

The thermodynamic database was expanded to make it
capable of handling the reactions to facilitate study of the
hydrolysis reaction. The focus of the sensitivity analysis for
the hydrolysis reactor is to maximize the yield of CuO*-
CuCl, while minimizing the formation of side products.
The results of these sensitivity studies are shown in
Figures 14 and 15. The hydrolysis reactor is modeled with
a feed of various water steam and CuCl, ratios (H,O/CuCl,).
Figure 14 shows the effect of reaction temperature on the
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Table IV. Auxiliary equipment models and their specifications.

Process unit ID Description (model) Temp. (°C) W (kJ/molH,)
SEP1 SEP1 Separator (Sep) 400 0.87
HCl < HCI+Cu20CIi2
Cu20CI2
CuCIl+02 SEP2 Separator (Sep) 500 1.2
SEP2
02
CuCl
CuCl2+H20+H2 SEP3 Separator (Sep) 25 1
SEP3
H20 CuCl2
H2
P1,2,3,4 P1,P2,P3,P4 Pump (Pump) 25 4.93
MIX-1 MIX-1 Mixer (Mixer) 25 0.4
H20
CuCl MIX-2 Mixer (Mixer) 25 0.31
MIX-2
CuCl(aq)
H20
TANK O2-TANK H2-TANK  Storage Tank (TANK) 25 -

V1.2.3.4 V1, V2, V3, V4 Valve (Valve) 25 -

Int. J. Energy Res. 2013; 37:1160-1174 © 2012 John Wiley & Sons, Ltd.
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CuCl, Stream

(24 bar) Hydrolysis Reactor

o

- HCland Steam

Steam

\

Free Jet Spray

Steam Environment
2CuCl, + H,0 = 2 HCI + Cu,0Cl,
(400°C/1 bar

Figure 9. Hydrolysis reactor of the second option of the four-step Cu-Cl cycle (adapted from [22]).

CuO*CuCl, yield at a H,O/CuCl, ratio of 10, 15, and 20. As
can be seen from the figure, the CuO*CuCl, yield increases
with reaction temperature up to 400 °C. Above that point, it
starts decreasing. Also, an excess of steam is required for
achieving high yields of CuO*CuCl,. For example, to
achieve a yield of 70% (and more) mol of CuO*CuCl, at
400 °C, an H,O/CuCl, ratio of more than 10 is needed. The
effect of H;O/CuCl, ratio on the CuO*CuCl, generation
can be seen more clearly in Figure 15.

The results in Figure 15 are obtained at reaction tempera-
tures of 350, 400, and 450 °C. The effect of H,O/CuCl, ratio

Oxydec Reactor

Oxygen

Product
Heat from

Thermal Source

T

2Cu,0Cl,= 0,+2 CuCl
(550°C/1 bar)

CuCl to Recycle

Figure 10. Oxy-decomposition reactor of the second option of
the four-step Cu-Cl cycle (adapted from [22]).

Int. J. Energy Res. 2013; 37:1160-1174 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er

on CuO*CuCl, yield is significant until a ratio of 20. Above
a feed ratio of 20, this effect starts to decrease, and it becomes
constant at an H,O/CuCl, ratio of 40 after CuO*CuCl, yield
reaches its peak value of 80% mol.

The results of the sensitivity analysis for the oxy-
decomposition step are shown in Figure 16, in which the
effect of reaction temperature on oxygen production is inves-
tigated. The results show that oxygen generation starts at a
temperature as low as 350 °C and increases to a peak point
at around 450 °C for reaction efficiency () values of both
100% (complete reaction) and 80%. The oxygen yield
remains fairly constant with an increase in temperature above
450°C. Traces of side products (i.e., chlorine gas) are also
observed in this model analysis at incomplete reaction cases.
The side-products generation increases with temperature and
peaks at about 450°C and then starts to decline as the
temperature of the reactor is raised. At a reactor temperature
of 550°C, the generation rate of side products is negligible.
Thus, undesirable side products can be eliminated by a better
reactor design and optimization of operating conditions.

5. VALIDATION

The Cu—Cl cycle has not yet been scaled up sufficiently to the
level of industrial equipment, and it is still at the stage of
proof-of-principle and small bench-scale apparatus. Thus,
there are few previous studies on the same subject that the
results of this study can be compared with. Nonetheless, to
facilitate the validation of the simulation models, a compari-
son is made in three stages. First, the simulation is compared
with the previous thermodynamic analyses to make sure that
the results are within the boundary of thermodynamic laws
and logic. Secondly, although the present experimental stud-
ies by the UOIT and other partners are at the level of small
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Ancde Feed Tank
25°C, 1bar

CuCl

CuClz(aq)

Anode Feed
Pump

Hydrogen Product

T Water to Hydrolysis

Electrolyzer
(100°C, 24 bar)

3 Cathode Reaction: 2H'+2e =H,
Anode Reaction: 2CuCl + 2CI'= 2CuCl; + 2e’

vnode Preheat

Cathode Feed
Pump

Cathode Feed Tank
100°C, 1bar

HCI

Figure 11. Electrolysis reactor of the second option of the four-step Cu-Cl cycle (adapted from [22]).

bench-scale apparatus and for only individual steps, not the
overall cycle, the simulation is compared with these experi-
mental results to make sure that the trends are conformable.
Finally, there are some theoretical studies about the Cu—Cl
cycle in the literature that are given in the reference part of
this study. To facilitate the validation of the results here, a
comparison is made among the previous studies on the
Cu—Cl cycle (see Table VI) and other hydrogen production
processes such as steam methane reforming (SMR) and
sulfor-iodine (SI) cycle.

As shown in Table VI, a conceptual process design based
on the three-reaction Cu—Cl cycle has been developed to

Inlet Feed : Inlet Feed:
CuCl, HCI Cu(s) HCI
deposits I
2CuCl+ 2CI 2H+ 2e

i

2 CuCl, + 2¢ |

—

cucl, H, HCI

Figure 12. Schematic of electrolysis process in the second op-
tion of the four-step Cu—Cl cycle [20].
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produce 125 MT of hydrogen/day by Ferrandon et al. [22].
Defining efficiency as energy out divided by energy in results
in estimated efficiency of around 39%. The voltage assumed
for the electrolyzer is 0.7 V, which is for ambient conditions.
Operating costs were also estimated using a tool called
Hydrogen Analysis (H2A). The estimated cost of producing
hydrogen is $3.07/kg H, with a range from $3.60 to 2.80/kg
H, depending on the capital investment, amount of equity
financing, and the cost of thermal and electrical energies.
These results from Argonne National Laboratory vary in a
more recent study by Lewis et al. [16,17]. On the basis of
the earlier assumptions (used by Ferrandon et al. [22]), Lewis
etal.[16,17] have estimated the cost and efficiency of hydro-
gen production as $3.30/kg H, and 40.4%, respectively.

Inlet Air Air
Compressed
Air
Spray Dryer
Feed
Tank
+
Heater  Peristaltic CuCI.Z
particles
Pump

Figure 13. Spray drying of CuCl,(aq) (adapted from [20]).
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A number of sensitivity analyses were run on the economics.
Depending on the sensitivity tested, the cost of hydrogen can
range from $3.00 to 3.95/kg Ho.

Besides the above-mentioned studies on the Cu—Cl
cycle by Argonne National Laboratory in the US, there
have been some preliminary studies at UOIT as well. For
example, Orhan et al. [19] have performed a cost estima-
tion for the five-step Cu—Cl cycle on the basis of energy

M. F. Orhan, I. Dincer and M. A. Rosen

and exergy analyses of the cycle. The study applies the
sixth-tenths-factor rule in determining the fixed capital
investment and total production cost for a plant capacity
of 5t/day hydrogen on the basis of the data for a similar
process (the SI cycle). In the study by Orhan et al. [19],
the cost of producing hydrogen using the five-step thermo-
chemical Cu-Cl cycle is $1.68/kg H,. The energy
efficiency of the cycle was stated as 43% for this estimation.

Table V. Mass flow rates (t/h) of main streams in the simulation of the four-step Cu-Cl cycle.

Hydrolysis reactor
Stream

Oxy-decomposition Dryer Electrolyzer

Feed Product Feed

Product Feed Product Feed Product

H,O 925 -
HCI - 2.72 -
CuCl - - -
CuCl(aq) - - -
CuCl, 158.5 - -
CuCly(aq) - - -
Cu,0Cl, - 449.1 4491
02 - - -
HZ = - -

- - 624.3 - -

CuCO*CucCl, Yield (%mol)

—e— H20/CuClI2 =15
— ® - H20/CuCl2 =20
--&=-- H20/CuClI2 =10

0
300 350 400
T, (°C)

450 500

Figure 14. Variation of the CuO*CuCl, yield with reaction temperature.

90

80 -
»
P SR Y
. R

CuO*CuCl, Yield (% mol)

——— - -

- & = T1=400°C
—&—T1=350°C
--A--T1=450°C

0 5 10 15 20
H,0/CuCl,

25 30 35 40

Figure 15. Variation of CuO*CuCl, yield with H,O/CuCl, ratio.
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Figure 16. Variation of oxygen yield with the oxy-decomposition reaction temperature.

Table VI. Comparison of studies on the Cu—Cl cycle.

Three-step Cu-Cl

Four-step Cu-Cl

Five-step Cu-Cl

Cycle Cycle Cycle C;/’Et H Reference
n(%) nex(%) (%) nex(%) (%) ey 9T
Results in this
- - 43.8 9.8 - - 2.80
study
Argonne 40.4 - - - - - 3.30 [16, 17]
National Lab 39 - - - - - 3.07 [22]
Previous - - - - 43.0 7.9 1.68 [19]
theoretical 41.65 - - - 445 - - [23]
studies - - 43 - - - 1.52 [14]

Because of lack of data at that time, this analysis, however,
only considered five main steps and does not include
process flow sheet parameters such as heat exchanger
duties, shaft work, and so on.

Chukwu [23] has reported the energy efficiency of the
five-step Cu—Cl cycle as 45.5% and three-step Cu—Cl cycle
as 41.65%. Also, a recent study has been carried out by
Naterer et al. [14] estimating the cost and efficiency of the
four-step Cu-Cl cycle as $1.52/kg H, and 43%, respectively.

Williams et al. [24] have analyzed a hydrogen produc-
tion using SMR technology. In the study, the cost of
producing hydrogen by SMR varies between $1.50/kg H,
for large-scale production such as over 500t/day and
$3.75/kg H, for small-scale production below 500 kg/day.
In this calculation, the natural gas price of $7.00/GJ has
been assumed. In SMR technology, natural gas is used
for energy source and feedstock, and thus, the cost of
produced hydrogen depends on the cost of natural gas.

Hydrogen production using an SI thermochemical cycle
has been studied by Brown ez al. [25]. It has been reported that
for a hydrogen production plant with a capacity of 584 t/day,
the cost varies between $1.53/kg H, and $2.01/kg H,. In the
study, an energy efficiency of 42% has also been calculated.

The comparison of these previous studies on the Cu—Cl
cycle and similar hydrogen production processes (SMR and
SI) shows that the results in this study are valid enough to be
used in the future studies. With ongoing research, the results

1172

in this study can assist the efforts to understand the thermody-
namic losses in the cycle, to improve efficiency, and reduce
cost to facilitate eventual commercialization. It also indicates
that the designs presented in this study for the Cu—Cl thermo-
chemical water decomposition cycles can be good candidates
for the future applications of hydrogen production.

6. CONCLUSIONS AND
RECOMMENDATIONS

A design and simulation study of the four-step Cu—Cl cycle
using Aspen Plus software is successfully undertaken in
this paper. The design and analysis techniques presented
in this study require a minimum of available data and
provides effective assistance in improving and optimizing
thermal systems, particularly when they are complex and/
or in cases where conventional optimization techniques
cannot be applied in system optimization. These analyses
are useful tools in evaluating the potential for improving
the cycle efficiency and cost effectiveness. This informa-
tion can assist ongoing efforts to understand the thermody-
namic losses in the cycle, to improve efficiency, and to
facilitate eventual commercialization.

The analysis, design, and simulation reported in this
study of a Cu-Cl thermochemical water decomposition
cycle for hydrogen production have allowed several main
conclusions to be drawn.

Int. J. Energy Res. 2013; 37:1160-1174 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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It is found that the hydrolysis reactors with smaller
capacity and larger (15/1 and more) steam to CuCl ratio
are desirable to increase the reaction efficiency and
prevent the formation of side products such as CuO and
CuC. In contrast, the larger capacity oxy-decomposition
reactors with longer residence time are preferable to
allow enough time for the copper oxychloride time to
decompose. Therefore, 10 (or more) small-scale hydro-
lysis reactors can feed one oxy-decomposition reactor
with large capacity to keep continuity of the flow in
the overall cycle.

In an oxy-decomposition reactor, oxygen generation
starts at a temperature as low as 350 °C and increases
to a peak point at around 450°C. The oxygen yield
remains fairly constant with an increase in temperature
above 450°C. Traces of side products (i.e., chlorine
gas) are also observed in this model analysis at incom-
plete reaction cases. The side-products generation
increases with temperature and peaks at about 450 °C,
then starts declining as the temperature of the reactor
is increased. At a reactor temperature of 550 °C, the
generation rate of side products is negligible. This unde-
sirable side product can be eliminated by better reactor
designs and choice of operating conditions.

As reaction temperature increases, the reaction heat
load of the oxy-decomposition step increases.

The electrolyzer design is the most challenging step in
this cycle. More rigorous and realistic unit operations
and thermodynamic models should be developed to
design this step to better represent the actual electrolysis
process. A low-cost material for the membrane of the
electrolyser should be chosen. In addition, there is a need
for a good catalyst for the process and a way to reduce
the energy requirement by lowering the cell potential.
Effects of reaction kinetics are crucial in the oxygen
production step. To improve the reaction efficiency
and product yield, optimum kinetics should be deter-
mined, including the characteristics of the products
from the fluidized bed and side reactions.

Research into analysis and comparison of different
methods of recovering heat from the molten CuCl
are required to establish the best method for recover-
ing heat from the molten salt. Future studies should
aim to determine the best configuration of injectors,
number of injectors, droplet diameters, and potential
dust/particle in the outlet air stream.

To thoroughly understand the heat recovery system
for the cycle, a detailed pinch analysis of the heat
exchangers should be undertaken to determine the
best heat matching. An integrated heat exchange
network should be designed to determine material,
size, and number of heat exchangers and other heat
management equipments.

Detailed research on materials and equipment of heat
exchangers should be carried out, and effective methods
should be specified for the drying step. The ways of
how to use low-temperature waste heat from nuclear
reactors for the drying process should be determined.

M. F. Orhan, I. Dincer and M. A. Rosen

e More experimental studies on the individual process
steps are required to validate the results and better
estimate the thermodynamic properties of the cycle
compounds and components. In addition to small-scale
semi-continuous experiments of individual steps, a
closed loop experimental setup of complete cycle
should be build to determine the thermal management
and energy handling options within the cycle. Such a
closed loop network is vital to examine heat recovery
opportunities, use the heat from the process streams
efficiently, and decrease the external heat demand.

* Considerations for coupling of a thermochemical
hydrogen plant with a nuclear power plant must be
taken into account. Most of nuclear reactors in North
America are water cooled and operates at a tempera-
ture range of 300—400°C, whereas waste heat from
these reactors is at 70-80°C. In contrast, the maxi-
mum operation temperature in the Cu—Cl cycle is
around 550 °C. The heat upgrading methods should
be examined to specify how to use process/waste
energy from the nuclear reactor.
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