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Abstract The present study aims at investigating and simulating the
hydrogen cycle production at low temperatures using thermochemical re-
actions. The cycle used in this work is based on the dissociation of water
molecules depending on a copper chlorine couple. Furthermore, the proposed
method uses mainly thermal energy provided by a solar thermal field. This
proposed cycle differs from what is found in the literature. However, most
of the thermochemical cycles for hydrogen production work at quite high
temperatures which is a technical challenge. Therefore, the maximum tem-
perature used in the present cycle is limited to 500°C. A thermodynamic
analysis based on both the first and second laws is performed to evaluate the
energy, exergy and efficiency of each reaction as well as the overall exergetic
efficiency of the system. Furthermore, a parametric study is conducted to
figure out the impact of the surrounding temperatures on the overall ex-
ergetic efficiency using commercial energy simulation software. The results
show that the cycle can achieve an exergy efficiency of 30.5%.
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Nomenclature

Ex —  exergy, KJ

eT — specific exergy, kJ/mol

erP"  —  specific physical exergy, kJ/mol

ezt specific chemical exergy, kJ/mol

G —  Gibbs function, kJ

g? — specific Gibbs free energy of formation, K.J/Kmol

g —  gravity, m/s?

H — enthalpy, kJ

H — total enthalpy, kJ

E? —  specific molar enthalpy of formation, kJ/Kmol

h —  molar enthalpy, kJ/mol

7’ — sensible molar enthalpy at standards conditions, kJ/mol

™ — mass flow rate, kg/s

n —  mole number, kmol

ngr — number of moles of reactants, kmol

np — number of moles of products, kmol

P —  pressure, bar

Py — reference pressure, atm

Q —  heat transfer, kJ

R — ideal gas constant, kJ/kmol. K

S — entropy, kJ/K

5 — molar entropy, kJ/kmol. K

50 — standard specific entropy, J/mol.K

T —  temperature, °C

To — environment temperature, °C

Tiea — reaction temperature, °C

1% —  speed, m/s

w - work, kJ

z —  height, m

(8 -~ gas

0 - liquid

(s) -~ solid

Greek symbols

Nex

Tex overall

TR1, TIR2,

Acronyms

EES
GHG

TWSCs

SMR

TIR3

— exergy efficiency
— overall exergy efficiency
— exergetic efficiency of different stages

Engineering Equation Solver
greenhouse gas

thermochemical water splitting cycles
steam methane reforming
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Subscripts

in — input

dest —  destruction

f — formation

out — output

P —  product

R — reactant

1 Introduction

Global energy demand is continuously increasing mainly due to increasing
population and economic growth. Currently, fossil fuels provide 80% of the
world’s primary energy [1] and this causes serious environmental problems
and global warming. As a result, tremendous efforts are globally done to
use renewable energy for sustainability purposes. Therefore, hydrogen has
emerged as a compelling answer to these challenges [2]. It is expected that
hydrogen will be the main energy of the next generation because of its
features, including sustainability, environmental friendly, dispatchable, and
abundant [3]. In addition, hydrogen is considered the main string among
consuming industries such as ethanol and ammonia production plants as
well as other important sectors, including gas grid, agriculture, electricity
grid, residential, energy storage and transportation [4,5]. In a prospective
study, it was shown that hydrogen can meet 18% of the world’s energy con-
sumption (equivalent to 78 EJ) in 2050 [6]. To make the hydrogen economy
a practical choice, a fundamental issue concerning hydrogen production
must be solved [7]. Hydrogen production can be done in various ways. It
is generally produced using the steam methane reforming (SMR) process,
which produces methane exhaust and leads to high greenhouse gas emis-
sions (GHG). Nearly half of the world’s hydrogen demand is satisfied by
SMR, with around 30% of hydrogen generated by oil reforming, 18% by
coal gasification, and nearly 4% by water electrolysis [6,8], while renewable
sources of hydrogen production account for less than 1% of the total hy-
drogen production [6,9]. Despite the significant progress in the hydrogen
economy over the last few decades, numerous problems remain unsolved
including the shortage of hydrogen in its unadulterated structure at the
climate, the intricacy of purification and production, cost and significant
expense, and the storage capacity. The sustainable energy and hydrogen
economy can be improved by increasing hydrogen creation innovations, for
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example thermochemical water-splitting cycles (TWSCs) in a sustainable
and integrated way for extensive hydrogen generation.

The thermochemical water-splitting cycles are among the most environ-
mentally friendly techniques to produce pure hydrogen using heat from
renewable and clean sources. The most important energy sources usually
involved in this cycle to break down the water molecule into oxygen and
hydrogen gas molecules are solar energy [10-13], nuclear energy [14, 15],
biomass energy [16], geothermal energy [17] as well as a combination of
resources of these energies, like concentrated solar energy and geothermal
energy [18]. Adding an electrochemical reaction technique inside the cycle
is also employed to reduce the reaction temperature [19]. In this process,
several chemical reactions occur where only water and heat are supplied
and all chemical reactants are regenerated and recycled inside the system
without emitting any pollutants into the environment [20].

Numerous investigations and reviews have been presented in the last
four decades where various thermochemical cycles have been offered for the
production of hydrogen [21]. About 280 hydrogen production processes uti-
lizing thermochemical cycles have been discovered. However, a few showed
promising results [22]. After considering different issues like the abundance
of materials, thermodynamic feasibility, chemical viability, simplicity and
safety issues, the following eight cycles were considered promising cycles:
magnesium chloride (Mg—Cl) [2,23], iron chlorine (Fe-Cl) [24], magnesium
iodide (Mg-I) [25], vanadium chlorine (V—Cl) [26], cerium chlorine (Ce-
Cl) [27], hybrid chlorine [28], the sulfuric acid (H2SO4) [29], copper chlorine
(Cu—Cl) [30-32]. The vast majority of these cycles need a heat source to
work properly at temperatures higher than 800°C. While, the Cu ClI cycle
has several advantages over other cycles because of its relatively lower tem-
perature (about 550°C) [33], as well as low maintenance costs and reduced
material. Moreover, waste heat can be utilized increasing thus the system
efficiency [34,35].

In this paper, a new cycle is studied thermodynamically. The proposed
system is based on three chemical reactions. Analysis of energy and exergy
enables assessment of the thermodynamic system. Different assessments are
performed utilizing thermochemistry and thermodynamic tools [36]. A com-
mercial software package, Engineering Equation Solver (EES) [37] software
is used for simulations and thermodynamic modelling of the results. This
research focuses on the proposed copper chlorine (Cu—Cl) cycle to show the
strengths, shortcomings, and gaps to create new techniques for producing
cost-effective hydrogen.
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2 Description of the cycle

This cycle including copper and chlorine proposed in this study is different
from what is found in the literature, where the decomposition of water is
made by thermochemical means using heat as a driver to obtain oxygen
and hydrogen. This cycle can have as a thermal source [38], solar energy,
nuclear energy, heat recovered from thermal power stations, gas turbines
and means of transport such as cars, buses, trucks, etc.

The cycle consists essentially of three stages, summarized in Table 1 and
Fig. 1. The three stages require thermal energy. Research and developments
concerning the reactions of this cycle are relatively mature. The process con-
sists of a closed internal loop that continuously recycles all copper chlorine
molecules. The principal reaction is that related to hydrogen production;
the two remaining ones are used to recycle the chemical components for
the continuity of the process. The symbols (g), (1), and (s) in the chemical
formulae of the reaction stand for gas, liquid, and solid, respectively.

Table 1: Chemical reactions.

Step Reaction Tempe(r? (t;;i/rryl) )ressure
Production of Cu\Cla CuCla(s) — Cu(s) + Cla(g) 400-500
Production of HCI\Oz2 | Cla(g) + H2O(1) + Q — 2HCl(g) + 1/202(g) 350-400
Production of Hg Cu(s) + 2HCI(g) — CuCla(s) + Ha(g) + Q < 50

(g) — gas, (1) — liquid, (s) — solid

The mechanism of this cycle is first started by a decomposition of Dichloro
copper in solid state to produce gas chlorine and copper in solid state within
a temperature range of 400—500°C, which is the highest of the cycle. In
the second step, water and chlorine gas are used to obtain half a mole of
oxygen and two moles of hydrochloric acid; both products are in gaseous
state. The reverse Deacon reaction is the name given to this reaction. In
the third reaction, Cu reacts with the hydrochloric acid HCI to form solid
copper (II) chloride CuCly to be reused in the first reaction in addition
to one mole of hydrogen gas Hs; this reaction is exothermic. The Cu—Cl-
based thermochemical cycle is one of the promising techniques for producing
hydrogen at a temperature of 400—500°C and without releasing greenhouse
gas emissions.
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‘ HCI (g)

STEP 2
Cly(g) + H;0(1) + Q > 2HCl(g)
+1/20,(g)

STEP 3
Cu(s) + 2HCI(g) > CuCl,(s)
+Hz(g) +Q
T=350-400 °C T=30 °C
CuCl: (8)

Clz(g)

H.O STEP 1

Cu (s)
CuCly(s) + Q - Cu(s) + Clx(g)

T=500°C

pert

Figure 1: Diagram of the Cu—Cl thermochemical cycle; g — gas,
1 — liquid, s — solid.

3 Feasibility of chemical reactions

Before starting the analysis of this cycle, the three chemical equations are
checked up to ensure that the reactions are feasible by finding the values
of the Gibbs function. This function can predict the direction of the chem-
ical reaction. It is the most useful criterion for predicting the direction of
a chemical reaction and the composition of the system at an equilibrium
state [39] which must be less than zero to be feasible and spontaneous.
The Gibbs free energy, denoted GG, combines enthalpy and entropy (com-
bining the first law and second law of thermodynamics) into a single value.
The change in free energy AG, is equal to the sum of the enthalpy change
and the product of the temperature and entropy change of the system
AG = AH —TAS, where G is free enthalpy or Gibbs function and consid-
ered as a function of state, T is the temperature and S is the entropy, H
is the enthalpy [40,41].
At constant temperature and pressure, we note that:

e« AG < 0 — spontaneous reaction,
e AG =0 — the system is in balance,

o AG > 0 — non-spontaneous reaction (not possible).
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We have the following chemical reactions to check:

1. CuCly(s) — Cu(s) + Cly(g),

2. Cly(g) + HyO(1) — HCl(g) + O2(g),

3. Cu(s) + HCl(g) — CuCla(s) + Ha(g).

Application of the Gibbs function on the first reaction.
Reaction 1; CuCly(s) — Cu(s) + Cla(g)

AGReaction1 = AGcucl, — (AGcoy — AGcy,) ,

AGcucl, = AHcucl, — TAScuc1, or

AGcucl, = (ﬁ - EO)CUCIZ -T (E N go) CuCly ’

AGReaction1 = (ﬁ - E())Cqu -T (g - §0> v~ (E B EO)CH
ot (§_§O>Cu a @_E(])cb + I (g_§O)C12 '

We use the Shomate equations to develop the specific molar entropy (5—

3)

)

and specific molar enthalpy (ﬁ—ﬁo) values. (The Shomate equations will be
explained in Subsection 4.2). Using Eq. (1), with the help of EES software,
we get the following curve of reaction 1 in Fig. 2. We follow the same steps

to obtain the second and third curves of the chemical equations.

Free Enthalpy kJ/kg

1000
N
-1000} >
~—
Ny
-3000} T
-5000}
-7000}
-9000 L L L L L
0 50 100 150 200 250

Temprature °C

Figure 2: Variation of Gibbs function with temperature.
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Figure 2 shows the change of free enthalpy with temperature. The results
clearly illustrate that the three chemical reactions are all feasible because
their Gibbs functions or free enthalpy is less than zero. One can observe
that with the increase of the temperature the Gibbs function increases in
the negative direction, which means all reactions are more profitable and
spontaneous.

4 Analysis

4.1 Energy analysis

As a contribution to a sustainable plan to address the increasing energy
requirements, the Cu—Cl cycle can be a viable candidate for the production
of hydrogen for energy supply. The following quantities are given in terms
of kilomole of hydrogen produced, where 1 kilomole of hydrogen is produced
per cycle. In addition, the following assumptions are considered:

» ambient temperature (7p), and pressure (Fp) of the surroundings are
considered;

o the temperature of the reactants and products are at the chemical
reaction temperature;

o steady-state with negligible kinetic energy and potential effects are
assumed.

In the steady-state condition, the mass balance is expressed by the mass

conservation law [42]
Z Min = Z Mout ) (4)

where 1 represents the mass flow rate. The molar heat transfer can be
extracted from the energy balance: Fiy — Egue = AEsys, where AESYS is
the rate of energy change of the system. It is assumed that the chemical
reactions are done without work, W = 0. With a steady state reaction, the
energy balance can be written as

Q=Hp—Hp=Y np(hy+5—=10") =Y ng(Ry+h-0") . (5)
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4.2 Exergy analysis

For a process involving a chemical reaction, the exergy balance can be
written as follows [43]:

Exiy — Eront — EZqest = AE‘xsys . (6)

For a steady-state process, AEmSyS is equal to zero. Therefore, the exergy
destroyed is the difference between the exergies entering the system minus
the exergies leaving the system, and the specific exergy of flow can be
written as follows:

ez = exP" +exh, (7)

with

e = (A=) — T (5— 2°) + L 8

exT —(— )— o(s—s)—i-?—i-gz, (8)

where V is the speed, g is the gravitational acceleration and z is the height.

The specific kinetic energy (V?2/2) and specific potential energy (gz)

terms of the physical exergies ezP" are neglected in this analysis, ez

is the chemical exergy. Combining Eqgs. (7) and (8), one can obtain the
destroyed exergy:

— =0 o _
Exest :Zn Kh —h ) - Ty (5 - 30) —}—emCh]

m
m

Y[R - (5 5) vet] o+ (1 - 1@5) @ (9)

out

where n is the mole number, T}, is the reaction temperature and Q is the
heat flow into the system as given in Eq. (5) is positive for endothermic
reaction and negative for exothermic one.

After the development of the mass balance and energy as well as exergy
analysis of the cycle, the National Institute of Standards and Technology
(NIST) database [44] is used to obtain the specific entropy (5 — 3°) and

enthalpy (h — EO) values of all reactants through the Shomate equations

- 0 t2 3 t4 1
h—h =At+B—+C—+D—+E-+F—-H (10)
2 3 4 t
and
12 3 1 Prea

§:Alnt+Bt+C§+D——E——|—G—Rln (11)

3 22 P,
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T
witht = 1000’ where R is the ideal gas constant, P, is pressure of reaction.

The constants A, B, C, D, E, F, G, H are given in Table 2 for each chemical
element involved in chemical interaction. T  is the temperature specified in
Kelvin. Values of the specific enthalpies and entropies are given in Table 3.
From that, we calculate the value of the specific chemical exergy for each
compound. Chemical exergy based on the value of typical reference exergy
taken under standard conditions is called standard chemical exergy. To
find the standard chemical exergy of an element not found in nature, one
considers the interaction of this element with other compounds for which
their standard chemical exergy is known:

ez =-AG+> nez™ - nez, (12)
P R

where AG is the variation of free enthalpy at the standard temperature Tg
and pressure Py of the reactants and products. The constant n expresses the

Table 2: Shomate constants for the compounds [45].

Compounds A B C D E F G H

CuCla(s) | 70.21882 | 23.36132 |-14.86876|4.053899|-0.366203|-228.9405| 184.6378 |-205.8532
Cu(s) |17.72891 | 28.0987 |-31.25289|13.97243| 0.068611 |-6.056591| 47.89592 0
Cla(g) 33.0506 | 12.2294 |-12.0651 | 4.38533 [-0.159494| -10.8348 | 259.029 0

HoO(1) [—-203.606 | 1523.29 |-3196.413|2474.455| 3.855326 |—256.5478| —488.7163 |-285.8304

HCl(g) |32.12392 |-13.45805 | 19.86852 |-6.85393|-0.049672|-101.6206| 228.6866 |-92.31201

O2(g) |31.32234 | —20.23531 | 57.86644 |-36.5062|-0.007374|-8.903471| 246.7945 0

Ha(g) [33.066178|-11.363417|11.432816|-2.77287|-0.158558|-9.980797|172.707974 0

Table 3: Specific standard entropy and enthalpy of the compounds of the chemical reac-

tion [46].
Compounds Enthalpy of spe(;:iﬁc standard Standard specific entropy —s°
P formation —h} (kJ/kmol) (J/molK)
Ha(g) 0 130.68
Cu(s) 0 33.15
HCl(g) -92 310 186.9
CuCla(s) 205 850 108.06
Cla(s) 0 223.08
H,0(1) ~285 830 69.95
O2(g) 0 205.15
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number of moles of the substances. In the present case, the chemical exergy
of copper chloride CuCly is obtained from the basic constituent elements
of this molecule, for which the standard chemical exergy is already known.
The formation reaction of this molecule is as follows:

Cu+ Cly — CuCly.

One can write Eq. (13) as follows:

ezéicr, = [9cuc, — gou — gon,) (ToPo) = +exdl, +exély, . (13)

The variation of the specific Gibbs function for this reaction is

gp —9r=(h=Ts)cyc, — (R —T8)c, — (h —Ts)q, (14)
with
grR = gcu — gc, =0 and
9P = 9jcuct, = hjcuct, — To (5%u012 — 50 — 3%12) : (1)
We can write the chemical exergy of copper chloride as follows:
ezflicr, = hcuc, — To (SOCuClz ~ 8¢u — 3%12> +erly, +erll,.  (16)

According to this procedure, one can obtain the other compounds of stan-
dard chemical exergy not found in nature. In addition, one can utilize the
exergy balance for evaluating the exergy efficiency of each chemical reaction
and have a complete view of the Cu—Cl cycle and calculate its efficiency.
Under steady-state conditions, one can also neglect the exergy transfer to
the external environment in the form of exergy losses.

Table 4: Standard chemical exergy and Gibbs free energy [46].

Compound Specf(i)fi(r:n Stiil())l;s (flie/z frrrllirl%y of Specific st%cncdhar(i ;}1rirélli)cal exergy
CuCla(s) -161 689 82.10
H20(1) —237 170 0.92
HCl(g) -95 296 84.73
Cu(s) 0 134.20
O2(g) 0 3.97
Ha(g) 0 236.10
Cla(g) 0 123.60
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Moreover, no work transfer is considered with the external environment,
W = 0. One can evaluate the exergy efficiency by the following equation:

Nex = — (17)

where ez, is the exergy that exists in the system, exy, is the exergy that
enters the system. The exergy efficiency is then

exq
Nex = 1- ﬁ.est . (18)
m

4.3 First reaction analysis

Figure 3 presents the decomposition of the solid copper bichloride (CuCls)
to obtain copper (Cu) in the solid state and chlorine gas. Where the reaction
temperature can achieve 550°C, the system is in a stable state and the
transformation is adiabatic and endothermic.

cuCl, (S)
500°C

Cu (S) STEP 1 Clz (g)
500°C 500°C

Figure 3: Step of Cu and Cl; production.

The heat transfer for the first reaction is determined as follows:
. —0 = =0 —0 = 0
Q=[5 R)], ¢ o (45,

Cu
N [n (E?” +h— EO)} CuCly (19)
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The destroyed energy is written as

ETgest = [(h — EO) — Ty (§ — 30) + ?ch} e,
(B - (- ) v,
R - m ) e e (1o ) e e

4.4 Second reaction analysis

In this step, the chlorine is heated with water until it produces oxygen (O3)
and hydrochloric acid (HCI) in gaseous state as shown in Fig. 4. The tem-
perature of this reaction varies from 300°C to 450°C, the second reaction
is considered an adiabatic transformation and endothermic in nature.

Ch(g) HO(L)
300°C 300 °C

g;é,g‘): STEP 2 Hel (g)
300°C

m

Figure 4: Step of HCI and Oz production.

The molar heat transfer for the second step can be determined as follows:

Q=[n(¥
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The destroyed energy is written as

EZgos; = [(E—EO) Ty (§—§0) +ﬁ‘3h} o

+‘i

( 120
(57 -1 (o) o,
- (E—EO) ~ Ty (§—§O)+ﬁc" ot (1—5;)@. (22)

4.5 Third reaction analysis

In the last step, both components copper (Cu) and hydrogen-chloride (HCI)
react to be copper bichloride (CuCly) and the gas of hydrogen, like in Fig. 5.
This interaction is below 50°C. The third reaction is considered an adiabatic

transformation and exothermic in nature.

Hcl (g)
30°C

Cucl, (S) | | H
30°C q STEP 3 Pséo(g)

Cu (S)
30°C

Figure 5: Step of Hy production.
The molar heat transfer for the third step can be determined as follows:

Q= n(Fr +7=F)] oy, * [ (Rr+ R =B

ol Ay | PR U R At | PR
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The destroyed exergy is written:

Erge = (- 1°) - T (5 - ) + x|

Cu

+ [(ﬁ - EO) - Ty (3—30) +ﬁ0h}HCl

- [(ﬁ — EO> —Tp (5 - EO) +@Ch] CuCly

~|(A-F) ~1 (5-5°) e+ ( B TTO> @ e

The energy and exergy analyses are done by using the first and second laws
for the development of the heat transfer and the exergy destroyed as well

as the exergy yield of each chemical reaction. Using the EES software leads
to the following results described in the next section.

5 Results and discussion

5.1 First chemical reaction

Figure 6 presents the change of molar heat in terms of the reaction tem-
perature. The amount of heat is given to the system by the surroundings.
There is a linear decrease with the molar temperature due to the molar en-

205852

205850

205848

205846

Heat [kJ/kmol]

205844

205842 ! ! ‘ !
0 100 200 300 400 500
Temperature [°C]

Figure 6: Variation of molar heat transfer with reaction temperature.
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thalpy such as the enthalpy of standard formation (E(}), sensible enthalpy

(h) and reaction enthalpy (ﬁo). The enthalpy of copper chloride component
is higher than the molar enthalpy of both copper and chlorine compo-
nents. It is preferable to use high temperatures to save the thermal heat
and improve thus the performance of the reaction. Results available in the
literature show the same trends [22,47].

Figure 7 shows that the destroyed exergy decreases non-linearly with
increasing the reaction temperature. The exergy of products (copper ex-
ergy and chlorine) is higher than the exergy of reactants (copper-chlorine
exergy). In contrast to energy, the exergy depends on both the surround-
ings and the system. That’s why, and according to Eq. (9), the exergy is
written as a function of ambient temperature Ty. This is the reason why we
vary the surroundings temperature from —10°C in winter to 50°C in sum-
mer, corresponding to the maximum and minimum ambient temperature
in Laghouat city, Algeria.

250000——m7m8m —r————++—F+—+—+—+—+—+—+———————————————
——EXdet To=-10°C]

\

200000 \ 1

T

150000

100000

T

Destroyed Exergy kJ/kmol

50000 - - - -
0 100 200 300 400 500

Reaction Temperature [°C]

Figure 7: Variation of the destroyed exergy with the reaction temperature for several
surrounding temperatures.

The exergy efficiency of the first step, Fig. 8, changes in the range 0.14-0.74
and increases with the increase of the reaction temperature. This is due to
the exergy of products such as copper (Cu) and chlorine (Clg) being higher
than the exergy of reactants (copper chloride, CuCly) since at high temper-
atures, the exergy is higher while the irreversibilities decrease, enhancing
thereby the cycle performance.
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Exergy Efficiency

0 P 1 1 1
100 200 300 400 50C

Reaction Temperature [°C]

Figure 8: Variation of the exergy efficiency with the reaction temperature at several
surrounding temperatures.

5.2 Second chemical reaction

Figure 9 shows a variation of the molar heat with the change in reaction
temperature for the second reaction. In this reaction, the amount of molar
heat transfer is provided by the surroundings to the system. As the reaction
temperature rises, the amount of heat decreases due to the fact that the
molar enthalpy of water and the gas chlorine are higher than the molar
enthalpy of the hydrochloric acid and oxygen gas. It is recommended to use
temperatures up to 300°C to save thermal energy and enhance the reaction
performance.

Figure 10 shows that the exergy declines in a non-linear manner with the
temperature of reaction and with increasing the surrounding temperature.
This is because the exergy of the products (hydrochloric acid and oxygen)
is higher than the exergy of the reactants, i.e. water and chlorine. There-
fore, more exergy in the form of heat is obtained. Irreversibilities, such as
chemical reactions and heat transfer always generate entropy and any trans-
formation produced by entropy causes the destruction of exergy. Greater
irreversibility during the process causes greater destruction of exergy.

Figure 11 shows the exergy efficiency of the second step, varying in the
range from 0.1 to 0.48. Increasing the temperatures of the reaction and
surroundings increases the exergy. This is due to the exergy of products,
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Figure 9: Variation of the molar heat transfer with reaction temperature.
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Figure 10: Variation of the destroyed exergy with the reaction temperature for several
surrounding temperatures.

that is hydrochloric acid and oxygen, which is higher than the exergy of
reactants (water and chlorine). At high temperatures, the exergy increases
and the irreversibilities decrease. This leads to enhancement of the eco-
nomic performance. It is noticed that the yield is almost non-existent at
low temperatures whereas it grows rapidly at high temperatures.
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Figure 11: Variation of the exergy efficiency with the reaction temperature for different
surrounding temperatures.

5.3 Third chemical reaction

Figure 12 depicts the change in molar heat with the temperature for the
third step. As mentioned before, this reaction is the main interaction for
the hydrogen production and the two previous steps are only for recycling
the chemical elements. We take 0—100°C as the reaction temperature range.

21231¢ B
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Molar Heat [kJ/kmol]

21229t . ) . , 4
0 20 40 60 80 100

Reaction Temperature [°C]

Figure 12: Variation of the molar heat transfer with the reaction temperature.
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The amount of generated heat is rejected to the surroundings. The amount
of heat produced by the reaction decreases slightly as the temperature of
the reaction rises. In the closed range 0-100°C, the amount of heat may be
expected to remain approximately constant. For this reason, it is preferable
to work at ambient temperature 20-35°C to reduce the amount of heat
provided and hence improve the performance of the cycle.

Figure 13 shows that the destroyed exergy increases non-linearly with
increasing of the reaction temperature for different surroundings temper-
atures. This is due to the low exergy of products, ie. copper-chlorine and
hydrogen when compared to the exergy of the reactants (copper and hy-
drochloric acid). One can observe that for the case of ambient temperature
of 50°, the exergy is the lowest while at —10° the exergy is the largest for
this step.

24000
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14000

EX det To=-10°C] |
——EX det To= 10°C
12000} [—x—EX det To=30°C| -

*—EX det To= 50°C

Destroyed Exergy kJ/kmol

10000 : : : :
0 100 200 300 400 500

Reaction Temperature [°C]

Figure 13: Destroyed exergy vs the reaction temperature for several surrounding
temperatures.

The exergy efficiency of the third step, Fig. 14, changes from 0.72 to 0.98,
with the external temperatures of —10, 10, 30°C and 50°C, respectively. It
decreases with increasing the reaction temperature up to 140°C. This is
explained by the exergy of products (hydrogen gas and copper chloride)
which is higher than the exergy of the reactants such as copper and hy-
drochloric acid. At high temperatures the irreversibility increases and this
is the main cause of degradation of the exergy efficiency. This confirms that
this chemical reaction is viable at ambient temperatures.
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Figure 14: Variation of the exergy efficiency with the reaction temperature for different
surrounding temperatures.

6 Overall exergetic yield

The exergetic yield of the chemical reactions is calculated without consider-
ing the heat losses. The product of exergetic yields of all chemical reactions
is used to calculate the overall exergetic yield. The three steps in Table 5
are performed at Tp = 30°C and Py = 1 bar. The cycle’s overall exergetic
efficiency is determined by:

Tez overall = TR1 TR2 7R3 - (25)

The exergetic yield of each step is calculated as in Table 5, and the overall
exergy efficiency of the cycle for hydrogen production is found to be 30.5%.

Table 5: Exergy yield of chemical reactions.

. Q ° To
Step Reactions [kJ /kmol] Trea [°C] C] Nez [%0]
1 CuCly(s) + Q — Cu(s) + Cla(g) 205844 500 30 0.624
1
2 | H2O(1) + Cla(g) + Q — 2HCI(g) + ;02 (8) | 101207 450 30 0.502
3 | 2HCI(g) + Cu(s) — CuCla(s) + Ha(g) + Q | —21230 35 30 0.976
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7 Conclusions

In this work, a new thermochemical cycle has been proposed for the pro-
duction of hydrogen at relatively low temperatures. This cycle is based
on chemical elements of copper-chlorine (Cu-Cl) for dissociating water
molecules into hydrogen and oxygen. The process comprises three phys-
ical steps in the form of a closed internal boucle that continuously recycles
all copper-chlorine molecules in which the products of the first reaction
are the reactants of the following step and so on. The principal reaction is
that related to hydrogen production, and the two remaining ones are used
to recycle the chemical components for the continuity of the process. The
study of the Gibbs function of the three chemical equations shows it to be
negative, which means that the reactions are spontaneous and thus feasi-
ble, whereas the first law of thermodynamics allowed us to determine the
molar heats of the equations, which are 205844 kJ/kmol, 101207 kJ/kmol
and —21230 kJ/kmol (exothermic reaction), respectively. In addition, the
appropriate temperature for each equation is determined where the heat
calculated for the needs of reactions of the pure thermochemical cycle is
a critical detail for the design of thermal sources. The highest temperature
for this cycle is 500°C, which is relatively low when compared to other avail-
able cycles. The exergy efficiency of the three steps is found to be 62.4%,
50.2% and 97.6%, respectively, while the overall exergetic yield of the ther-
mochemical cycle is 30.5%, which it is promising as compared to that of
other different cycles. The current cycle mainly uses thermal energy that
could be retrieved from the solar thermal field for the sustainability of the
System.

The electro-thermochemical version can be proposed in future research
to improve the efficiency of this cycle. In addition, a techno-economic study
could be conducted to assess the feasibility of this process.
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