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ABSTRACT

The hybrid copper-chlorine (Cu-Cl) thermo/electrochemical cycle for decomposing water into its con-
stituents is a novel method for hydrogen production. The process involves a series of closed-loop chemical
reactions. The cycle is assumed driven in an environmentally benign manner using nuclear energy. The
cycle involves five steps of which three are thermally driven chemical reactions and one has an elec-
trochemical reaction. In the present study, the electrochemical reaction, copper (Cu) production step, is
described with its operational and environmental conditions, and analyzed thermodynamically. Various
parametric studies are carried out on energetic and exergetic aspects of the step, considering variable reac-
tion and reference-environment temperatures. At a reaction temperature of 45 °C, the reaction heat of the
Cu production step is 140,450 k]/kmol H;. At a constant reaction temperature of 45 °C, the exergy destruc-
tion of the step varies between 50 kJ/kmol H, and 7000kJ/kmol H, when the reference-environment
temperature increases from 0 °C to 30 °C. At a reaction temperature of 45 °C and a reference-environment
temperature of 25°C, the exergy efficiency of this step is 99% and decreases with increasing reference-

Electrolysis

environment and/or reaction temperatures.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Energy is essential for biological existence. Historical trends
of energy consumption suggest that population growth rate may
be viewed as dependent on two main parameters: culture and
standard of living. Accordingly the role of energy sources is chang-
ing as the standard of living of the developing world rises. Fossil
fuels account for about 80% of the world annual energy demands
while renewables contribute 14% and nuclear 6% [1]. As fos-
sil fuels become scarcer, the demand for new and renewable
sources of energy is expected to increase and ultimately domi-
nate.

Recently, global warming due to the greenhouse effect, which
is widely considered to be a result of emissions of carbon dioxide
and other greenhouse gases, has become a serious environmental
problem. Consequently, the development of new environmentally
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benign energy sources and devices is anticipated to acceler-
ate, so as to address the world’s energy and environmental
situation.

Hydrogen is currently promoted as a possible future energy car-
rier. It can be converted with high efficiency to electricity in a fuel
cell without any emissions to air except water vapour. In addi-
tion, hydrogen has advantageous properties as an energy carrier
including being convenient to use, transport and store, and being
producible from a widely available raw material (water). Environ-
mental harm does not occur when hydrogen is used, provided it
is produced from environmentally benign energy sources (e.g., Ref.
[2]).

Extensive research on ways to meet potential hydrogen
demands is being conducted, mainly focusing on effective ways to
produce hydrogen. Sources of energy are needed from which hydro-
gen can be produced in large quantities, in an environmentally
benign manner and at low cost. The primarily renewable sources
such as solar, wave, tidal, hydraulic and wind do not yet meet these
requirements. In contrast, nuclear energy can be used, because sig-
nificant fuel reserves exist for nuclear power and electricity, heat,
and hydrogen can be produced from nuclear power with little effect
on the environment.

Several methods to produce H, are under development. Hydro-
gen can be produced from fossil fuels and biomass. Also, hydrogen
can be generated from water via electrolysis, or thermochemical


http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:Mehmet.Orhan@uoit.ca
mailto:Ibrahim.Dincer@uoit.ca
mailto:Marc.Rosen@uoit.ca
dx.doi.org/10.1016/j.tca.2008.09.014

M.E Orhan et al. / Thermochimica Acta 480 (2008) 22-29 23

Nomenclature
e specific energy (kJ/kmol)
E energy (KkJ)

Ex exergy (Kk])

specific chemical exergy (kJ/kmol)

specific Gibbs free energy (kJ/kmol)
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velocity (m/s)
elevation (m)

Greek letters
AG change in Gibbs function for a reaction (kJ)
TNex exergy efficiency

decomposition. Some of these processes are commercially avail-
able, while significant development work is required for others
before they can be commercialized. The potentially viable H, pro-
duction methods impose a set of difficult requirements on a nuclear
reactor, including delivery of heat at a near-constant high temper-
ature, isolation of the reactor from the H, production facility, and
low-pressure-coolant interfaces between the reactor and the H,
production facility. Current reactor technology can be modified to
meet these requirements, but the severity of the requirements sug-
gests that the nuclear reactor should be designed to match chemical
plant requirements. Significant development will likely be required
of both the H; production methods and the corresponding nuclear
reactor systems to achieve optimal combined systems. Many types
of nuclear reactors have the potential capabilities to match H,
production requirements. One example is nuclear hydrogen pro-
duction using the high-temperature gas-cooled reactor (HTGR),
being developed by the Japan Atomic Energy Research Institute
(JAERI), as described by Onuki et al. [3]. The reactor technology has
been developed using the high-temperature engineering test reac-
tor (HTTR) installed at JAERI's Oarai location. The HTTR reached
its full operating power of 30 MW in 2001 and reported a reactor
outlet helium temperature of 950 °C in April 2004. The correspond-
ing hydrogen-production technology under development at JAERI
is the thermochemical sulfur-iodine (SI) process.

The HTGR represents an advantageous concept for efficient,
economic and safe nuclear power generation in the future. Its
potential to produce heat at high temperatures can be utilized in
many industrial processes for the generation of hydrogen or other
synthetic chemical fuels, which may find broadening application
in future global energy markets. Verfondern and Lensa [4] describe

German long-term activities in the “Prototype Nuclear Process Heat
Reactor Project”, in which the technical feasibility of an HTGR in
combination with coal gasification has been demonstrated, and in
“Nuclear Long Distance Energy Transportation”. High-temperature
helium-cooled reactors appear to be the most well understood
nuclear technology that can supply high-temperature heat for
thermal processes for producing hydrogen. The GT-MGR reactor, an
innovative international modular design of a helium-cooled reac-
tor with a gas-turbine cycle, meets the requirements for hydrogen
production and has been proposed as a basis for a nuclear energy
source [5]. Technical aspects of the proposed HTGR application for
producing hydrogen have been analyzed by Mitenkov et al. [5],
who determined the required energy parameters for the HTGR for
present and future hydrogen-production technologies. Challenges
and additional research needs relating to the HTGR at high helium
temperatures are identified.

Forsberg [6] indicates that the infrastructure for H, use is com-
patible with the production of H, by nuclear reactors. By examining
alternative H, production processes, he defines the requirements
such processes would impose on the nuclear reactor, including
supplying heat at a near-constant high temperature, providing a
low-pressure interface with the H, production processes, isolat-
ing the nuclear plant from the chemical plant, and avoiding tritium
contamination of the H, product. The advanced high-temperature
reactor (AHTR) concept was developed to match these require-
ments for H, production.

Nishihara and Inagaki [7] summarize research activities on
hydrogen production using the HTTR. A key issue for the HTTR
hydrogen-production system is the development of a control tech-
nology for stable operation. A thermal load absorber using a steam
generator installed downstream of the reformer is proposed to pro-
tect against variations in helium temperature. Thermal-hydraulic
analyses during start-up and the suspension of the feed gas supply
to the reformer are carried out. Their results show that the reformer
outlet helium temperature varies notably with a change in the feed
gas flow rate. However, the steam generator can mitigate the varia-
tion in helium temperature. Hence, the HTTR can continue normal
operation independently of the feed gas flow rate.

Research on system integration has been carried out by Ina-
gaki et al. [8] in four areas: control technology to maintain
reactor operation despite thermal disturbances caused by the
hydrogen-production system, estimation of tritium permeation
into the hydrogen from the reactor, a countermeasure against
explosion, and development of a high-temperature valve to isolate
the reactor and hydrogen-production systems in the event of an
accident.

The molten salt-cooled AHTR is a new reactor concept designed
to provide high-temperature (750-1000 °C) heat to enable efficient
low-cost thermochemical production of hydrogen or production
of electricity. Forsberg et al. [9] provide an initial description and
technical analysis of its key features. The proposed AHTR uses
coated-particle graphite-matrix fuel similar to that used in HTGRs,
such as the General Atomic gas turbine-modular helium reactor.
However, unlike the HTGRs, the AHTR uses a molten-salt coolant
and a pool configuration, similar to that of the General Electric
Super Power Reactor Inherently Safe Module liquid-metal reac-
tor. Because the boiling points for molten fluoride salts are near
1400°C, the reactor can operate at very high temperatures and
atmospheric pressure. For thermochemical H, production, the heat
isdelivered at the required near-constant high temperature and low
pressure. For electricity production, a multi-reheat helium Brayton
(gas turbine) cycle, with efficiencies exceeding 50%, is used. The
low-pressure molten-salt coolant, with its high heat capacity and
natural circulation heat transfer capability, creates the potential
for robust safety (including fully passive decay-heat removal) and
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Fig. 1. Conceptual layout of a thermochemical Cu-Cl hydrogen production cycle, showing the Cu production step assessed in this article in a dashed oval.

improved economics with passive safety systems that allow higher
power densities and scaling to large reactor sizes (over 1000 MW
electric).

This splitting of water can be achieved through direct electrol-
ysis or via one of the several thermochemical cycles where the
net reaction is the decomposition of water. Thermochemical cycles
aim to avoid the Carnot efficiency limitations in the production
of electricity from thermal energy, and thus can potentially have
higher efficiency than the electrolytic process. However, this higher
potential efficiency may not be realized because of the complex-
ity and poor selectivity of the proposed thermochemical systems.
As a result, the electrolytic decomposition of water, a relatively
well-known and established technology, may prove superior to
thermochemical cycles. Many types of thermochemical processes
for H, production exist. A demonstration experiment for hydrogen
production was carried out for a SI thermochemical water decom-
position process on a laboratory scale by Xinxin and Kaoru [10]. The
results confirmed the feasibility of the closed-loop operation for
recycling all reactants, except for water, H; and O,. Membrane tech-
nology was developed to enhance the decomposition efficiency.
The maximum attainable one-pass HI conversion rate was reported
to exceed 90% with membrane technology, whereas the equilibrium
rate is about 20%.

Hydrogen production with a fast breeder reactor may be an
attractive option as a long-term energy source with nuclear fuel
breeding. The thermochemical and electrolytic hybrid hydrogen-
production process using a sulfuric acid cycle requires a maximum
temperature of 500 °C, which can be supplied by a sodium-cooled
fast breeder reactor [11]. In that study, a hydrogen-production plant
using thermochemical and electrolytic hybrid processes is designed
by Chikazawa et al. [11], and the hydrogen-production efficiency is
evaluated. The structural materials of the components in the sys-
tem are steels such as high-Si cast iron, which has a good resistance
to sulfuric acid. A high efficiency for hydrogen production of 44%
(based on higher heating value) can be achieved, assuming the
development of high efficiency electrolysis.

Most thermochemical cycles require process heat at high
temperatures, exceeding 850-900°C. Recently, Atomic Energy of
Canada Limited and Argonne National Laboratory in the U.S.
have been developing a low-temperature cycle, to accommodate
heat sources around 500-550°C. Such cycles can be more read-
ily integrated with nuclear reactors. For this temperature range,
the copper-chlorine (Cu-Cl) cycle is one of the most promis-
ing. Several Cu-Cl cycles have been examined in the laboratory
and various alternative configurations identified. This hydrogen-
production cycle consists of a series of chemical reactions in which
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water is splitinto hydrogen and oxygen, through reactions involving
intermediate copper and chlorine compounds, which are recycled.
Proof-of-principle experiments that demonstrate the feasibility of
the process have been undertaken and a preliminary assessment of
the cycle efficiency demonstrated [12]. This study, as noted earlier,
focuses on the Cu production step of the Cu-Cl cycle.

The objectives of this study are to describe the copper produc-
tion step of the Cu-Cl cycle for hydrogen production, to perform a
thermodynamic analysis of the step accounting for relevant chemi-
cal reactions and including the determination of energy and exergy
efficiencies, and to perform various parametric studies on energetic
and exergetic aspects of the step, considering various reaction and
reference-environment temperatures.

2. System description

A conceptual layout of a Cu-Cl process is illustrated in
Fig. 1. Thermochemical water decomposition, potentially driven by
nuclear heat, splits water into hydrogen and oxygen through the
cycling of intermediate copper and chlorine compounds. This cycle
consists of three main thermally driven chemical reactions and
one electrochemical reaction. The cycle involves five main steps:
(1) HCI(g) production using such equipment as a fluidized bed, (2)
oxygen production, (3) copper (Cu) production, (4) drying and (5)
hydrogen production. A chemical reaction takes place in each step,
except drying. The chemical reactions form a closed internal loop
that re-cycles all of the Cu-Cl compounds on a continuous basis,
without emitting any greenhouse gases to the atmosphere. The five
steps the Cu-Cl cycle are described in Table 1.

As illustrated in Fig. 1, only water and nuclear-derived
heat/electricity enter the cycle and at the end of the process only
H, and O, are produced (with no greenhouse gas emissions). Liquid
water at ambient temperature enters the cycle and passes through
several heat exchangers where it evaporates and increases in tem-
perature to 400 °C. Heat for this process is obtained from cooling
the hydrogen and oxygen gases before they exit the cycle. Steam
at 400°C and solid copper chloride (CuCly) at 400°C from the
dryer enter the fluidized bed, where a chemical reaction occurs.
This reaction is endothermic and yields hydrochloric gas (HCI) and
Cu,0Cl,. Hydrochloric gas is compressed and Cu,0Cl; is trans-
ferred to another process step after its temperature is increased
to the oxygen production reaction temperature of 500°C.

In the second (oxygen production) step an endothermic chem-
ical reaction takes place in which Cu,0Cl; is heated and O,
and copper monochloride (CuCl) are produced. Liquid copper
monochloride is solidified by cooling it to 20°C, after which it
enters the third (copper production) step together with the solid

Table 1
Key steps of Cu-Cl cycle with their corresponding reactions, highlighting the copper
production step studied in the paper.

Temperature | Pressure Feed/utpat
Step Reaction Range (°C) (kPa) (nolceggif:::;izzg? V-
1 2CuCh(s)+H:0(g)— 400 101 il s e S
uO* +2 o
CuO™CuCly(s)+2HCI(g) Output: | CuO*CuCly(s) tHCI(g)
B ~0O*CuClafs
2 CuO*CuCly(s)— 500 101 Eeed; CuDCuCLENQ
2 ~1/204(2 -
2CuCKD+1/204(g) Output: | Molten CuCl salt + O,
. 4CUCKs)+HA0— o o Feed: | CuCland H,O +V
HEb@ el ) Output: | Cu and slurry
Feed: CuCly(aq)+Q
4 | CuCly(aq)—CuClx(s) =100 101
Output: | CuCly+H,O vapors
< |2cusancie- 30475 o Feed: | Cu+ HCI
7| 2CuCK(I)y+Ha(g 7
s Output: | H> + CuCI() salt+Q

Source: Adapted from Ref. [13].

copper monochloride from the fifth step. In the third process step,
as illustrated in Fig. 2, solid copper monochloride and water react
endothermically at 20°C. However in this reaction water acts as a
catalyst, and does not react with the other elements or compounds.
The chemical formula for this reaction is given by:

4CuCl(s) + HyO(1)-% 2CuCly(s) + 2Cu(s) + HoO(1)

Another specification for this third reaction that differentiates
this step from others and makes it the most expensive, based on
the price of electricity, is that electrolysis occurs. In this reaction,
solid copper and a copper chloride-water solution are produced. A
mixture of copper chloride and water is transferred to the dryer, and
solid copper enters the fifth step after its temperature is increased
to that step’s operating temperature.

In the fifth (hydrogen production) step, hydrochloric gas and
copper enter, and are converted to hydrogen gas (H,) and solid
copper monochloride (CuCl). The reaction takes place at 450°C at
steady state.

3. Analysis

During the analysis, we consider 1 kmol of hydrogen produced
per cycle, so all quantities are provided per kmol of hydrogen
produced. Also, we assume that the reference-environment tem-
perature (Tp) and pressure (Pg)are 25 °Cand 1 atm, respectively. The
reactants and products for the chemical reaction are at the reaction
temperature and a pressure of 1atm. The process occurs at steady
state, is adiabatic and proceeds to completion.

Mass is conserved in chemical reactions, as the masses of prod-
ucts and reactants are equal, so a general steady-state mass rate
balance can be expressed as follows:

My = Moyt O Mireactants = mproducts (M

Based on Fig. 2, a mass balance for the Cu production step can
be written as follows:

N21MM31 + Np2 My + N23M13 = NgMMpg + Nos5iMos (2)

where m and n are the molar mass and the mole number of the
compound per cycle, respectively.

Several considerations enter when writing energy balances for
systems involving chemical reaction. Some of these apply gener-
ally, without regard for whether reaction takes place. For example,
it is necessary to determine work and heat transfers, as well as
the importance of kinetic and potential energy. Other consider-
ations relate to the occurrence of combustion or other reactions.
For example, it is important to know the states and conditions of
the reactants before reaction occurs, and if they are premixed. The
state of the products also must be assessed, e.g., if water formed on
reaction has condensed.

CuCl(s)

Cu(s)
80°C

Fig. 2. Cu production step.
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The heat transfer for a chemical process involving no work
interaction W is determined from the energy balance Ein —Eout =
AEsystem applied to the system with W=0. For a steady-state reac-
tion process, the energy balance reduces to:

Q=Hp—Hg =) mp(hP +h—R%), — > me(h) +h—R"),  (3)

The heat transfer for this chemical process can be found with an
energy balance:

Q = [n(hY +h—hO),, +[n(hY +h — BO)] — [n(h? + h — )],

~[n(h? + h — )], - [n(h? + h — k%), (4)

Exergy analysis, a useful technique for assessing and improving
efficiency, is used throughout this analysis [14]. An exergy balance
fora process involving chemical reactions can be written as follows:

ZEXin - Z Exout — EXgestruction = AEXsystem (5)

For a steady-state process, AExXsystem = 0. The exergy associated with
a flow at a specified state is the sum of thermomechanical and
chemical contributions [14]. Thus, the specific exergy of a flow can
be expressed as follows:

- V2 h
&% = (h—ho) — To(5 —50) + - + gz +&x" ®)

Here, the underlined term is the thermomechanical contribution
and ex" is the chemical contribution. Combining Egs. (5) and (6)
for a process involving no work interactions yields:

— - - o V2
€Xdestruction = Z n |:(h —hg) — To(5 —5p) + 5 +gz+ aCh:|

in

- - V2 —eh
—Zn (h—fo) = To(S —50) + = + 82 + &

out

+(1— To )Q 7

Treaction

where Q,as giveninEq. (4), is the heat flow into the system (negative
for exothermic reactions). For the chemical reactions in the Cu-Cl
cycle, it is reasonable to assume the specific kinetic exergy (V2/2)
and specific potential exergy (gz) of the flows are equal to zero.
Then,

adestmction = Z n[(ﬁ - ’-10) - TO(§ - §0) + aCh]m
= “nl(h - ho) — To(5 - 50) + &
out

+(1— To )Q (8)

Treaction

Consequently, the corresponding exergy balance for the Cu produc-
tion step can be written as follows:

R estruction = N21[( — o) — To(3 — 50) + 8X" |31 + naa[(h — ho)

—To(5 — 50) + XMy + na3l(h — ho) — To(5 — 30)

+exM)y3 — naal(h — o) — To(5 — 50) + X4

—na5[(h — hg) — To(5 — So)
0o (9)

Treaction

+a€h]25 + (1 -

For reacting and nonreacting systems, different methods are
used to evaluate thermodynamic properties such as specific inter-
nal energy u, enthalpy h and entropy s. In thermodynamic tables
for nonreacting system, values for u, h, and s are relative to some
arbitrary datum state where these properties are set to zero. This
approach is satisfactory for evaluations involving differences in
property values between states of the same composition, because
then the arbitrary datum cancels. However, when a chemical
reaction occurs, reactants change and products are formed, so
differences cannot be calculated for all substances involved. For
reacting systems, it is necessary to evaluate quantities like h, u, and
s so there are no inconsistencies in properties. In this study the
enthalpy and entropy values of each compound are evaluated with
Shomate equations [15] as follows:

BT2 (T?® DT* E

h—ho=AT+ —-+ =+ —— -7 +F-H (10)

S=AIn(T)+BT+ — + — — == +G (11)

where T is 1/1000 of the specified temperature (in K) of a com-
pound and A, B, C, D, E, F, G and H are constants, given in Table 2 for
compounds relevant to the process being examined.

With the specific enthalpy and entropy values, we can calculate
the specific chemical exergy ex" value of each compound. Evaluat-
ing the thermomechanical contributions can be viewed as bringing
the system without change in composition from the specified state
to Tp and Py, the condition where the system is in thermal and
mechanical equilibrium with the reference-environment. Depend-
ing on the nature of the system, this may be a real or hypothetical
condition.

The chemical exergy based on a typical reference-environment
exhibiting standard values of the reference-environment tempera-
ture Ty and pressure Py such as 298.15Kand 1 atm is called standard
chemical exergy. To determine the standard chemical exergy of any
substance not present in the environment, we consider the reac-
tion of the substance with other substances for which the standard
chemical exergies are known, and write:

== _AG+ nex" — nex" 12
PORCEED PN (12)

where AGis the change in Gibbs function for the reaction, regarding
each substance as separate at temperature Ty and pressure Py. The
other two terms on the right side of Eq. (12) are evaluated using
the known standard chemical exergies, together with values of n,
which express the moles of these reactants and products per mole
of the substance whose chemical exergy is being evaluated.

For example, the chemical exergy of copper chloride (CuCl,) is
obtained from its constituent elements, for which standard chemi-
cal exergies are known. The formation reaction for copper chloride

Table 2

Enthalpy of formation, reference entropy and Shomate constants for chemical compounds.

Compound ﬁ}’ (kJ/kmol) 50 (kJ/kmol K) A B C D B} 7 G H

CuCly(s) —205,850 108.06 70.21882 23.36132 —14.86876 4.053899 —0.366203 —228.9405 184.6378 —205.8532
CuCl(s) —138,070 87.04 75.27100 —26.8321 25.69156 —7.357982 —1.847747 —165.7299 174.6644 —138.0720
H,0(1) —285,830 69.95 —203.606 1523.290 —3196.413 2474455 3.855326 —256.5478 —488.716 —285.8304
Cu(s) 0 33.17 17.72891 28.09870 —31.25289 13.97243 0.068611 —6.056591 47.89592 0
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Table 3
Formation reactions for several compounds in the Cu production step of the Cu-Cl
cycle.

Compound Reaction of formation
H,0 Hz+(]/2)02~>l‘[20
CuCl, Cu+Cly — CuCl,

CuCl Cu+(1/2)Cl, — CuCl
is given by:

Cu + Cl; — CuCl,

Applying Eq. (12) on a specific basis to this reaction we obtain:
h 5 5 5 ——ch | 5=ch
eXcuct, = [&cuct, — &cu — &a, Jizypg) + exXcy + excy, (13)

The change in the specific Gibbs function for this reaction is given
by:

8p — g = (h— T8)cyqy, — (h = T8)e, — (h — T5)q,
= (heyct, — hew = ha,) = TGcuat, — Scu — Sa,) (14)

where gp and gg denote, respectively, the Gibbs function of the
reactants and products, per kmol of copper chloride.

For reacting systems, an enthalpy datum can be established by
assigning arbitrarily a value of zero to the enthalpy of the stable
elements at a state called the standard reference state and defined
by Top=298.15K and Py =1 atm. Note that only stable elements are
assigned a value of zero enthalpy at the standard state. The term
stable simply means that the particular element is in a chemically
stable form. Using such a datum, enthalpy values can be assigned to
compounds for use in the study of reacting systems. The enthalpy of
a compound at the standard state equals its enthalpy of formation
h}’. The enthalpy of formation is the energy released or absorbed
when the compound is formed from its elements, the compound
and elements all being at Ty and Py. The specific enthalpy of a com-
pound at a state other than the standard state is found by adding
the specific enthalpy change between the standard state and the
state of interest to the enthalpy of formation.

At the standard reference state, the enthalpies and Gibbs func-
tions for copper (Cu) and chlorine (Cl,) are zero because they are
stable elements at this state. Thus, in Eq. (14):

gr=hcy=hq, =0 and g = @ )CuClz

and
5 =0 70 <0 0 <0
8 =& )CuC12 = (hy )Cuc12 = To(Scuci, = Scu —5a,) (15)

where the superscript 0 denotes properties at Tp and Py. Combining
Egs. (13) and (15) yields:

So¢ch -0 =0 =0 =0 Soch | 55ch
Xcucl, = (M )y, = To(cucr, = Scu = Sai,) + €Xcu + €Xal, (16)

With this procedure, we obtain the standard chemical exergy of
other compounds that participate in the Cu production step of the
Cu-Cl cycle. The formation reactions for these compounds are given
in Table 3, and the specific enthalpy, entropy and Gibbs function of
formation of the elements comprising these compounds are given

Table 4
Enthalpy, entropy and Gibbs free energy of formation, and standard chemical exergy
of elements.

—0 - — —ch
Elements hy (K] /kmol) 50 (kJ/kmol K) g}’ (kJ/kmol) ex " (kJ/kmol)
0, 0 205.03 0 3,970
Cu 0 33.17 0 132,600
Cly 0 223.08 0 123,600
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Fig. 3. Variation of reaction heat with reaction temperature for Cu production step
in the Cu-Cl cycle.

in Table 4 along with their standard chemical exergies. Standard
chemical exergies of all compounds involved in the Cu production
step, obtained using these data, are given in Table 5.

An exergy efficiency can be formulated for the reacting system.
At steady state, the rate at which exergy enters the reacting system
equals the rate at which exergy exits plus the rate at which exergy
is destroyed within the system. We assume the reactor is well insu-
lated, so there is no heat transfer and thus no accompanying exergy
transfer. There is also no work W, so exergy exits only with the
reaction products. An exergy efficiency can be written as follows:

Nex = — a7)
or, using the exergy balance for the reacting system, as follows:

ade;stroyed ( ]8)

=1-
Nex o,

where ex;, is the specific exergy that enters with the reactants
and with heat (which is non-zero in the case of an endothermic
reaction), and exoy; is the specific exergy exiting the system with
the products and with heat (which is non-zero in the case of an
exothermic reaction).

4. Results and discussion

The first results presented are property data, which are needed
in the subsequent analysis. The Gibbs free energy and the standard
chemical exergy of selected compounds, which are calculated with
Egs. (15) and (16), respectively, are given in Table 5. These values
are based on a reference-environment temperature and pressure of
25°Cand 1 atm, respectively. As illustrated in Table 5, the Gibbs free
energy of elements that are stable at this temperature and pressure
is zero.

The variation of the reaction heat for the Cu production step,
with reaction temperature, is illustrated in Fig. 3. As explained ear-
lier, an endothermic reaction takes place in this step. As reaction

Table 5
Gibbs free energy of formation and standard chemical exergy for compounds
involved in the Cu production step of the Cu-Cl cycle.

Compound Specific Gibbs free energy Specific standard chemical
of formation, gfﬂ (kJ/kmol) exergy, ex"" (kJ/kmol)

CuCly(s) —161,667 94,533

CuCl(s) —120,876 73,524

H,0(1) —237,180 900

Cu(s) 0 132,600
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Fig. 4. Variation of the specific exergy destruction for the Cu production step in the
Cu-Cl cycle with reaction temperature, for several reference-environment temper-
atures.

temperature increases, the reaction heat for the Cu production step
decreases nonlinearly.

The variations of specific exergy destruction for the Cu produc-
tion step with reaction and reference-environment temperatures
are shown in Figs. 4 and 5. In these figures, the specific exergy
destruction is seen to decrease sharply as reaction temperature
decreases and to increase as reference-environment temperature
decreases. The relations are approximately linear. Reference-
environment temperatures of 5°C, 15°C and 25°C and reaction
temperatures of 45°C, 80°C and 100°C are considered.

Inlet and outlet exergies for the Cu production step are
illustrated as a function of reaction and reference-environment
temperatures in Figs. 6 and 7, respectively. In Fig. 7, the inlet exergy
decreases sharply with increasing reference-environment temper-
ature while outlet temperature decreases modestly. The results in
Fig. 7 are obtained at a constant reaction temperature of 80°C.
In contrast to Fig. 7, the inlet exergy of reaction is seen in Fig. 6
to increase dramatically with reaction temperature whereas the
outlet exergy increases moderately. Because of these effects of
reference-environment and reaction temperatures on the inlet and
outlet exergies, as illustrated in Figs. 8 and 9, the exergy destruction
of the reaction decreases with reference-environment temperature
and increases with reaction temperature.

The exergy efficiency of the Cu production step increases
approximately linearly as reference-environment temperature
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Fig. 5. Variation of the specific exergy destruction for the Cu production step in the
Cu-Cl cycle with reference-environment temperature, for several reaction temper-
atures.
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Fig. 6. Change in exergies of the Cu production step before and after reaction with
respect to reaction temperature.
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Fig. 7. Inlet and outlet exergies of the Cu production step based on reference-
environment temperature at reaction temperature of 80°C.

increases and decreases nearly linearly as reaction temperature
increases. These relations are shown in Fig. 10. The exergy effi-
ciency of this step varies between 93% and 99%. The relation
of exergy efficiency with reference-environment temperature is
obtained for a constant reaction temperature of 80 °Cand with reac-
tion temperature is evaluated at a constant reference-environment
temperature of 25°C. The exergy efficiency of the step changes
based on the reaction and reference-environment temperatures,
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Fig. 8. Relation between reference-environment temperature and inlet exergy of
the Cu production step at different reaction temperatures.
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Fig. 9. Relation between reference-environment temperature and outlet exergy of
the Cu production step at different reaction temperatures.
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Fig. 10. Exergy efficiency of the Cu production step.

and the optimum values of these temperatures are not yet known.
Thus, we provide a range, rather than a specific value, for the
exergy efficiency. Although the efficiency of each step in the cycle
is high, the overall efficiency of the cycle is low (below 50%), as
expected.

Insufficient process data are available at present for a compre-
hensive detailed analysis, so this study focuses on identifying and
characterizing general trends and sensitivities of the system using
energy and exergy analyses, and can consequently be viewed as
preliminary. In the future, as more actual data about the Cu-Cl
cycle become available, through experimental investigations of the
complete cycle (which are being carried out at UOIT) or via other
means, the authors plan on carrying out a more detailed thermo-
dynamic analysis, to extend the currently developed formulations
and results. It is anticipated that these efforts will lead to a more
comprehensive understanding of the cycle.

5. Conclusions

The energy and exergy analyses of the Cu production step of a
Cu-Cl thermochemical cycle for hydrogen production performed
in this article allow several conclusions to be drawn, which should
assist efforts to understand the thermodynamic losses and efficien-
cies of the Cu production step and consequently to improve them
and the overall cycle.

At a reaction temperature of 45°C, the reaction heat
of the Cu production step is 140,450k]J/kmol H,. The inlet

exergy of the step changes between 302,200Kk]J/kmol H; and
305,000 kJ/kmol Hy, while the outlet exergy changes in the range
of 302,100-302,600 kJ/kmol H, when the reference-environment
temperature increases from 20°C to 40°C at a constant reac-
tion temperature of 45 °C. Both inlet and outlet exergies decrease
with reference-environment temperature. At a constant reaction
temperature of 45°C, the exergy destruction of the step varies
between 50 kJ/kmol H, and 7000 kJ/kmol H, when the reference-
environment temperature increases from 0°C to 30 °C. At a reaction
temperature of 45°C and a reference-environment temperature
of 25°C, the exergy efficiency of this step is 99%. This efficiency
decreases with increasing reference-environment temperature and
with increasing reaction temperature.

The results of the energy and exergy analyses can be used to
develop and assess measures to improve the process step, and
in exergoeconomic and optimization analyses to reduce product
costs and to increase the economic viability of the process. Various
approximations, simplifications and assumptions have been used
in this paper, in the absence of actual data for the Cu-Cl cycle. As
a consequence, the energy or exergy results are not precise; rather
the paperisintended to provide ranges of results and overall trends.
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