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Most thermochemical cycles require complex thermal processes at very high temperatures,
which restrict the production and the use of hydrogen on a large scale. Recently,
thermochemical cycles producing hydrogen at relatively low temperatures have been
developed in order to be competitive with other kinds of energies, especially those of fossil
origin. The low temperatures required by those cycles allow them to work with heats
recovered by thermal, nuclear and solar power plants. In this work, a new thermochemical
cycle is proposed. This cycle uses the chemical elements Magnesium-Chlorine (Mg-Cl) to
dissociate the water molecule. The configuration consists of three chemical reactions or

three physical steps and uses mainly thermal energy to achieve its objectives. The highest
temperature of the process is that of the production of hydrochloric acid, HCI, estimated
between 350-450°C. A thermodynamic analysis was performed according to the first and
second laws by using Engineering Equation Solver (EES) software and the efficiency of
the proposed cycle was found to be 12.7%. In order to improve the efficiency of this cycle
and make it more competitive, an electro-thermochemical version should be studied.

1. INTRODUCTION

The rapid rising world energy demand and climate change
due to greenhouse gas emissions, have motivated the public
and private sectors, to seek an alternative to conventional
energies and limited ecological damage. The solution to those
problems is the use of renewable energies. Currently, the
world consumes about 85 million barrels of oil and 2.94 billion
cubic meters of natural gas a day [1], releasing greenhouse
effect gases that cause global warming. Unlike fossil fuels,
hydrogen is a clean and sustainable energy carrier, which is
widely considered the fuel of the next generation. The
production of hydrogen from the dissociation of water
molecule constitutes an interesting process of energy
production which has the potential to be sustainable
development. Hydrogen demand is expected to increase
significantly over the next decades. The hydrogen market
worldwide is currently growing by 10% per year, reaching
between 20 and 40% by the year 2020 [2]. The prevailing
process for hydrogen production at large scale is the steam-
reforming of methane. This technology emits huge amounts of
carbon dioxide as the primary greenhouse effect gas. On the
other hand, the production of hydrogen based on
thermochemical cycles does not emit harmful gases. The
thermal energy required for the operation of these systems can
be supplied in abundance for large-scale capacities either by
heat recovered from thermal and nuclear power plants or
directly by solar power plant [3, 4]. The thermochemical
cycles of hydrogen production have received more attention
because current estimates indicate that the production costs of
H; by these methods could be as low as 60% of those from
room temperature electrolysis [5, 6]. Thermochemical cycles
are more profitable than electrolysis on the hydrogen
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generation as they avoid the intermediate process of
generating electricity before hydrogen is produced. Since the
beginning of the development of thermochemical cycles four
decades ago, a very long list of 280 thermochemical cycles [7]
of water decomposition has been discovered, but few of them
have undergone exhaustive studies and have promising results.
Hydrogen can be produced using fossil fuels, water and
biomass [8]. Water is one of the most promising resources for
hydrogen production because of its abundance and equitable
accessibility on the globe as well as its price which is almost
symbolic compared to other sources of energy. Water can be
broken down into hydrogen and oxygen by several
technologies. High and low temperature electrolysis,
photochemical and radiochemical systems, pure and hybrid
thermochemical  separation cycles are  prospective
technologies for hydrogen production.

Several types of thermochemical processes exist for the
production of hydrogen. The sulfur-iodine-based cycle (S-I)
was proposed by General Atomics of the United States of
America in the mid-1970s. These are the three chemical
reactions that produce the dissociation of water molecule, the
highest temperature of the cycle is estimated at 850°C. This
cycle has a thermal efficiency of approximately 47% and
potentially reaches 60% efficiency with cogeneration of
hydrogen and electricity [9, 10]. The UT-3 cycle is a
thermochemical cycle of hydrogen production initially
developed at the University of Tokyo. This cycle is based
essentially on the chemical elements which are bromine,
calcium and iron (Br-Ca-Fe). The cycle consists of four steps
that include only solid and gaseous components, the maximum
temperature is about 750°C. The predicted thermal efficiency
of the UT-3 cycle varies between 35-50%, depending on the
efficiency of the membrane separators, and whether the
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electricity is co-generated with hydrogen or not [11-13].
Copper-chlorine (Cu- Cl) is identified as a promising cycle for
thermochemical hydrogen production by Atomic Energy of
Canada Limited (AECL) [14, 15]. Water is decomposed into
hydrogen and oxygen via copper and chlorine compounds.
This cycle is intended to operate at a temperature of 550°C.
The energy efficiency of the process should be around 40-45%
[16, 17]. Recently, it has been upgraded to 47.4% performance
in the US Argonne National Laboratory (ANL) [18, 19]. In this
work, a thorough thermodynamic study of the Magnesium —
chlorine (Mg-Cl) cycle is performed (Figure 1). The study was
conducted with the aid of exergy analysis which allows

analyzing thermodynamic systems from effective view point.
Various evaluations are carried out using several analyzes and
tools of thermodynamics and thermochemistry [20, 21]. The
three chemical reactions of the proposed system are newly
introduced to a thermochemical cycle and validated with
simulations and previous studies. The simulations and the
thermodynamic modeling of the results were performed with
the Engineering Equation Solver (EES) software [22]. This
work focuses on the details of the proposed Mg-Cl cycle to
identify strengths, weaknesses and gaps by developing new
methods for more efficient and cos t-effective hydrogen

production.
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Figure 1. Process flow diagram of the proposed Mg-Cl cycle

2. DESCRIPTION OF
THERMOCHEMICAL CYCLE

THE PROPOSED

The proposed thermochemical cycle based on magnesium
and chlorine consisting of three main steps, is summarized in
Table 1. The main chemical reaction is the reaction of
hydrogen production while the other reactions are for the
recycling of the chemical elements for the continuity of the
operation of the cycle. The process is first described by a
decomposition transformation of solid magnesium chloride at
the highest cycle temperature of 350-450°C to produce
magnesium in the solid phase and chlorine gas. The second
step is the reaction of chlorine gas and liquid water or vapor to
produce two moles of HCI and one-half mole of oxygen gas.
This reaction is called the inverse Deacon reaction. Mg and
HCI react in the last step to form one mole of MgCl and two
moles of hydrogen H,. These chemical reactions form an
internal recycling loop of elements and components in
continuous form.

Table 1. Steps and reactions of the proposed cycle

Temperature <T/

o Reaction Pressureatm
1. Mg and
cl; oty 300T-400T tatm
Production Y 2(9
2.HCl and
Cl2 (g) +H20(I/g)+
Oz 350-450 C/1atm
Production Q—2HCI(g)+1/202(9)
3. H: Mg(s)+2HCI(g)
Production —MgCla(s)+H2(g)+Q <50<C/1atm

Q: Heat; g: gas; I: liquid; s: solid
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3. FEASIBILITY OF THERMOCHEMICAL CYCLE
STEPS

The realization of thermochemical conversion depends on
each reaction in the steps of the cycle. Therefore, it can be
examined with the Gibbs function whether these reactions will



occur. The variation of Gibbs free energy (AG) at constant
temperature is defined by:
AG=AH-TAS<0 (1)

G: Gibbs function, is a function of state.

The previous derivation shows that at constant temperature
and pressure:

- if AG <0: the reaction is feasible and spontaneous

- if AG> 0: the reaction is not feasible and non-spontaneous
(the reaction is spontaneous in the opposite direction)

- if AG = 0: the system is in equilibrium

The reactions tested are:

MgCla(s)+ Q ——Mg(s)+Cl2(9) )
Cl, (9) +H20(1/g)+ Q—2HCI(g)+1/204(q) 3)
Mg(s)+2HCI(g) +Q—MgClz(s)+H2(9) (4)

The Figures 2, 3 and 4 illustrate that all steps are feasible
because of their Gibbs’s functions are less than zero, it can be
said that the function of Gibbs increases in the negative sense
with the increase of the temperature that means that these
reactions will be more spontaneous and more profitable in the
temperature ranges which correspond to AG high in absolute
value.
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Figure 2. Variation of AG as a function of the reaction
temperature for the first step
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Figure 3. Variation of AG as a function of the reaction
temperature for the second step
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Figure 4. Variation of AG as a function of the reaction
temperature for the third step

4. THERMODYNAMIC ANALYSIS THE

PROPOSED CYCLE

OF

According to the principle of the conservation of the mass
for a system under a steady state the mass in term of flow
remains constant at the entry and the exit [23-25];

an=2m

out
4.1 The first law analysis

)

For an open steady-state system the variation of the total
energy is zero,

. . dE
Ein —Eoue = d.;ys =0 (6)
Energy can be conserved;
Ein = Eout )

For an open system, the first law of thermodynamics is
written as follows;

Q—W=Zm<h+e72+gz>
—Zm(h

out

62 (8)
+ > + gz>

For a chemical process system, the specific enthalpy must
be expressed relative to the standard conditions,

h=h;+(h—h) 9)
- _ 2
Q-W= m(hf+(}_1—h°)+7+gz>
in _ ) B 92
_Zm(h}+(h—h°)+7 (10)



Since the number of moles differs between the reactants and
the products of the reaction:

o e
Q—szm.Nr(hf+(h—h)+7+gz>

in - ) B 92
_Zm.Np<h;+(h—hc)+7 (11)

out

+ gz)

Mechanical work, kinetic and potential energy are zero
W=E=Ep=0.
Mass flow is assumed equal to unity,

0= (i + (B=F)) =) My (i +(R=F))  (12)

out

4.2 The second law analysis

The variation of the exergy of an open system is written as:

0; - 61
AEx=(H2—H1)—T0(SZ—Sl)+mT (13)
+mg(z; — z;)
The molar specific exergy of an open system is written:
. _ _. 6i-6
Aex = (h2 - hl) - TO(SZ - Sl) + T + g(Zz (14)

—7q)

The destroyed exergy is proportional to the entropy
generation caused by the irreversibilities related with the
process [26, 27]:

Exdet = ToSgen 2 0 (15)
For an open system, undergoing chemical interactions:
Z(I—E)Q—(W—P . —V)+Zm Ex
T o\V2 1 / .
mn
(16)

- 2 m. Ex — ToSgen + Exchm
out
= Exz - Ex1

After simplification, the following equation is obtained:

T
Z(l - ?O)Q + z mEx — z MEX — ToSgen + Ex"™ =0
in

out

(17

We are interested in the performance of chemical reactions.
We will calculate the rate of exergy destruction. The exergy
destruction per unit of mole is therefore written:

EXger = Z ((}_1 - f_lo) — Ty (5 — 5o) + Ex"™)
m

=Y (h=h)-ToG=5) )
out
4—Excmn)+-zz(1-———————)Q
Treaction
Ex"™ = —AG + Z N.Exchm — Z N.Ex"™  (19)
P R
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The function of Gibbs, is written as:

dG=H-TdS< 0 (20)

The function of Gibbs is always negative or equal to zero.
Thus, the chemical reactions at the specified temperature and
pressure always proceed in the decreasing direction of the
Gibbs function, since otherwise the second principle of
thermodynamics will not be respected [28].

The enthalpy and mass entropy of each compound of the
chemical reaction are evaluated as follows:

Treac
dhzf C,(T).dT 1)
To
Treac dT Preac
ds = C,(T).— —R.l
s L (1), = Rl (22)

The heat capacity, the specific enthalpy and entropy are
expressed as a function of the temperature and several
coefficients, Table 2. Among all the polynomial developments
proposed in the literatures, the most used and the most precise
ones are the Shomate equations [29].

E:
cpi = A+ Bt +Ci.t? + Di.t> + t—z’ (23)
_ _ 2 3 t* 1
ht,i_ho,i=Ai't+Bi'?+Ci'§+Di'Z_Ei'? (24)
+F, — H,
_ t? ¢3 1
St.i =Ai.ln(t) +Bi.t+ C13+DL§_E12_t2 55
Preac ( )
+ Gi —R.In P—O
T
= 1000 (26)

4.3 First step analysis

MgCl; is introduced into a reactor where its temperature is
raised to 250 to 350°C, the process is assumed to be steady
state and adiabatic. In this step, Eq. (2), the dissociation of
MgCl, is an endothermic chemical reaction.

The heat involved for this reaction is:

Q = [N(hs + h = R)lug + [N(hy + h — h)]e,

g9, "N, 27
~ IN(h; + i~ B ) luger .
The destroyed exergy can be written:
Edest = NMgClz[ (]'_l__ }_lo) —To(5 — )

+ Excmn]Mgcz2

= Nyg[ (R =1") = To(5 = 57)

+ Exchm]Mg (28)
—Ng,[(R—1h") = To(5 -5

Eychm 1— To
+ Ex“"™]¢y, + T Q
reac



Table 2. Different Shomate coefficients for different compounds [29]

Shomate coefficients

compounds A B C D E F G H
Ha(g) 33,0661 11,3634  11,432816  -2,772874  -0,158558  -9,980797  172,7079 0
Mg (s) 2654083  -1,533048  8,062443 057217 -0,174221  -8501596  63,90181 0
HCl(g) 32,12392 -13,458 1986852  -6,853936  -0,049672  -101,6206  228,6866  -92,31201
MgCla(s) ~ 78,30733  2,435888 6858873  -1,728967  -0,729911  -667,5823 1792693  -641,6164
Cla(g) 33,0506 12,2294 -12,0651 4,38533 -0,150494  -10,8348 259,029 0
H20(g) 30,092 6,832514 6793435 -2,53448 0,082139 -250,881 2233967  -241,8264
02(0) 29,659 6,137261  -1,186521  0,09578 -0,219663  -9,861391 237,948 0

4.4 Second stage analysis

The temperature range of this reaction changes from 450°C
to 500°C, Eq. (3). The temperature in this phase of the cycle is
the highest. Thus the main requirement for this
thermochemical cycle to operate is to have a thermal source
whose temperature range is 450-500°C.

The heat involved in this reaction is:

Q = [N(hy + h = h)]uci + [N(hy + h = k)],

- [N(}:l; + ’:l - }:lo)]czz 29
—[NChe +h— ho)]HZO
The exergy destruction is written as:
EXgest = Ney, [ (R=h")—T, (_5_ __50) + Ex"™]g,
+ Nyol (R—R") —Ty(5-3)
+ E_xchm]Hzo
— Nyall (h - ho) - T0(§ - 50) (30)

+ E_xChmlHCl_
—No,[ (R—=h") = To(5-5")

+Exem, 4 (10
X ]02 T Q
reac

4.5 Third stage analysis

The temperature required to carry out this reaction is less
than 50°C, Eq. (4). This reaction is an adiabatic and
endothermic transformation.

The heat involved in this reaction is:
Q = [N(hy + h = k), + [N(hs + h = R)]yger,

- [N(_}_l; +_}_l —_}_lo)]ch
+ [N(hf +h — R")]ug

(€2))

The destroyed exergy, is written as:

Edest = NMg[ (f_l — }_lo) — TO_(§ —_§°) + EChm]Mg
+ Nyai[ (R—1") = Tp(5-5)
+ExM™ e
— Nuger,[ (R=R") = To(5—57)
+ HChm]MgClz
— Ny, [(R=R") —To(5-5)

4 Exetm), 4 (10
X T Q
reac

To determine the molar heat and the destroyed exergy of the
three chemical reactions, we need the values of specific
standard enthalpies, entropies, chemical exergies and Gibbs
functions of each of the molecules used in those reactions. The

(32)
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values of the previous functions for each compound are
summarized in Tables 3 and Table 4.

Table 3. Enthalpy and standard entropy specific of chemical
reaction compounds [30]

Specific standard

compounds enthalpy of Specific standard

formation entropy

kJ/kmol kJ/kmol
H2(g) 0 130,6
Mg (s) 0 32,67
HCI(g) -92310 186,9
MgCl: -641620 89,62
Clz 0 223,08
H20(g) -241830 188,84
02(9) 0 205,07

Table 4. Gibbs function and standard chemical energy
specific to chemical reaction compounds [30]

Specific Gibbs Specific standard
compounds function of formation chemical Exergy

kJ/kmol kJ/kmol

H2(9) 0 236090

Mg (s) 0 629370
HCI(g) -95314 84531

MgCl2(s) -592113 160857

Cl2 0 123600
H20(g) -228638 9437
02(g) 0 3970

4.6 Efficiency analysis

The exergy efficiency of the system can be evaluated as
follows:

_ Xout
Mex = - (33)
or
X
Nex = 1 — ;es (34)
in

The overall energy efficiency of the Mg-Cl cycle hydrogen
production plant, can be expressed as the fraction of energy
supplied by the useful energy based on the high heating value
of hydrogen (HHV},), where HHVy, = 286030k//kmole
[30].

HHVy,
Nen = 75— (35)

qupp



5. DISCUSSION AND RESULTS
5.1 Discussion and results of the first stage

Figure 5 shows the change of the amount of molar heat as a
function of the variation of the temperatures of the reaction for
the first stage [MgClx(s) + Q — Mg(s) + 1/2Cly(g)]. It can be
seen, the molar heat produced is supplied to the system by the
external medium. As the temperature of the reaction increases,
the amount of the heat of reaction decreases. It is best to work
at high temperatures in order to save the amount of heat
supplied and therefore increase the cycle performance.
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Figure 5. Variation of molar heat versus reaction temperature
for the first stage
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the reaction temperature variation for different ambient
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In Figure 6, the destroyed exergy decreases in a non-linear
way with the increase of the reaction temperature. Unlike
energy, the value of the exergy depends at the same time on
the state of the external environment as well as the state of the
system. For this reason, the ambient temperature was varied.
At Laghouat city, Algeria, ambient temperatures varies
between 0°C (in winter) and 50°C (in summer).

The exergy efficiency of this stage, Figure 7, varies between
0.23 and 0.69. It increases with the elevation of the reaction
temperature, because at high temperatures, the quality of the
energy increases and consequently the exergy of the process
will be better as irreversibilities decrease and this is the main
cause of the improvement of the economic performance.

It can be seen that in the zone of low temperatures the yields
are almost zero or sometimes even negative whereas their
growth becomes very fast in the high temperatures.

5.2 Results and discussion of the second stage

Figure 8 shows the change of the molar heat versus the
change of the temperatures of the reaction for the second stage
[Clx(g) + H20 (1/g) + Q — 2HCI(g)+1/202(g)]. Reaction
temperatures vary in the range of 0°C to 500°C. The chemical
reaction is endothermic at this step. As the temperature of the
reaction increases, the amount of the heat of reaction decreases.
It is best to work at high temperatures in order to save the
amount of heat supplied and therefore the performance cycle
increase. The pace of the curve is almost linear.

The exergy destruction decreases in a non-linear way with
the increase of the reaction temperature for the different
ambient temperatures (Figure 9). The curves of the destroyed
exergy are in regression with the increase of the temperature.
The exergy destruction rate decreased with the increase of the
ambient temperature and the irreversibilities, such as heat
transfer and chemical reactions. The irreversibilities within the
thermodynamics system always causes entropy generation
which lowers the quality and availability of energy.

The exergy efficiency of this stage, Figure 10, varies
between 0.1 and 0.4, and it increases with the increase of the
temperature of the reaction, because at high temperatures, the
quality of the energy increases and consequently the exergy of
the process will be better as irreversibilities decrease and this
is the main cause of the improvement of the economic
performance. It can be seen that in the zone of low
temperatures the yields are almost zero whereas their growth
becomes very fast in the high temperatures.
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Figure 8. Variation of molar heat versus reaction temperature
for the second stage
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5.3 Results and discussion of the third stage

Figure 11 shows the change of the molar heat as a function
of the variation of the temperatures of the chemical reaction
produced during the process of the third step. Reaction
temperatures vary in the range of 0°C to 100°C. This
temperature range is chosen because, by experience, all the
corrosion reactions in which a metal and an acid are reacted
are carried out at atmospheric pressure and at room
temperature. In an experimental study carried out in our
laboratories, various metals such as copper, zinc and
magnesium were mixed with different acids, such as
hydrochloric acid HCI and sulfuric acid H,SO, for different
concentrations, reacted completely and spontaneously at
atmospheric pressure and at room temperature 24°C. The
increase in temperature in this type of reaction up to 100°C
acts as a catalyst but the reaction efficiency does not increase
so much. The chemical reaction [Mg(s) + 2HCI(g) — MgClx(s)
+ Ha(g) +Q] is exothermic in the third step. The product of this
reaction is hydrogen.

It can be seen from Figure 11 that the amount of heat
generated is rejected from the system to the outside
environment. As the temperature of the reaction increases, the
amount of the heat of reaction decreases very little. It can be
assumed with a very good approximation that the value of the
heat remains unchanged in the closed range of (0 - 100°C). It
is better to work in this case at ambient temperatures (20-30°C)
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in order to save the amount of heat supplied and therefore
increase the performance of the reaction as well as the entire
cycle.

The exergy efficiency of this chemical reaction, Figure 13,
varies between 0.62 and 0.96, for ambient temperatures of 0°C
and 50°C respectively and for a reaction temperature close to
30°C (ambient temperature). It is found that the performance
at high temperatures 300°C and above, it tends rapidly to zero.
This proves that this reaction is profitable in ambient
temperatures.
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Figure 11. Variation of molar heat versus reaction
temperature for the third stage

650000

—=—Ex Det T0=0°C
—+—Ex Det T0=10°C
—m—Ex Det T0=25°C
—a—Ex Dét T0=35°C
—e—Ex Det T0=50°C

620000

590000

560000

530000

500000

470000

440000

Destroyed Exergy kJ/kmol

410000

380000 «
350000 °
0 30 60 90 120 150 180 210 240 270 300
Reaction Temperature °C
Figure 12. Change of destroyed exergy versus variation of

reaction temperature for several ambient temperatures

[y

o o o o
o N _® ©

w

fficiency

05
0,4

Exergy

—o—Eta Ex T0=0°C
—v—Eta Ex T0=10°
—+Eta Ex T0=25°
—e—Eta Ex T0=35°
—&-Eta Ex T0=50°

0,3 c

c
0,2 <
0,1 c

0
0 30

60 90 120 150 180 210

Reaction Température °C

240 270 300

Figure 13. Change of the exergy efficiency as a function of
the temperature variation of the reaction for different ambient
temperatures



The destroyed exergy in Figure 12 increases in a non-linear
way with the increase of the reaction temperature for the
different ambient temperatures. At the ambient temperature of
0°C, the destroyed exergy is the most important, whereas at
the temperature of 50°C, it is the lowest for the different
temperature values of this reaction.

6. PERFORMANCE OF
THERMOCHEMICAL CYCLE

THE PROPOSED

As already mentioned, this thermochemical cycle is new
and the idea is of very recent birth, it will limit the analysis of
the yield of the cycle to the chemical reactions that take place
during the operation of the latter. To treat the complete unit of
hydrogen production it will be necessary to realize it and to
make an experimental study which touches all the equipment
of this unit such as the heat exchangers, the separators, the
reactors, the fluidized beds, the fixed beds, the pumps,
compressors if necessary, piping, valves, ... etc. For the sake
of simplicity during treated chemical reactions, no heat loss is
considered.

Table 5. Exergetic yields of the thermochemical cycle stages
for specified reaction and ambient temperatures at
atmospheric pressure

Step Reaction Q Trea Mex %0
kJ/kmol  <C

1 MgCl(s)+ Q —

Mg(s)+Cla(g) 635826 300 0.406

2 Cla(g)+H20(l/g)+ 57032 450 0.402
Q—2HCI(g)+1/202(g)

3 Mg(s)+2HCI(g) -456998 25  0.778
—MgCla(s)+H2(9)+Q

The overall exergetic efficiency of the cycle consisting of
several chemical reactions operating in series is expressed by
the product of the exergy efficiencies of each reaction. Note
that, the three reactions in Table 5, are carried out at the
ambient temperature To=25°C and atmospheric pressure Po=1
bar. In the present case there are three stages or three chemical
reactions, so the overall exergetic efficiency of the cycle is
evaluated by:

Nex over = Ns1 * Ns2 * Ns3 (36)

From Table 5 the exergy yields of each step are derived and
the value of the overall exergetic yield of the thermochemical
cycle is estimated to be 0.127 or 12.7%.

7. CONCLUSIONS

This work summarizes the study of a new thermochemical
cycle for hydrogen production via an exergy analysis which is
a powerful tool for the design and improvement of
thermochemical cycles. The heat calculated for the needs of
the three stages of the thermochemical cycle is a critical detail
for the design of thermal sources and their auxiliaries. A
thermodynamic analysis according to the second law for the
different chemical reactions shows the feasibility of all
reactions of the cycle. The exergy analysis reveals very
important and concise information about efficiency of each
stage and the entire cycle. The thermochemical cycle has a
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global yield evaluated at 12.7%. The exergy efficiency of the
three chemical reactions are respectively 40.6%, 40.2% and
77.8%. The third stage (the reaction of H, production) has the
best exergy efficiency. The obtained curves for exergy
destruction (based on entropy generation) show the best range
of temperature for the achievement of the reactions of cycle.
For the first and second stages, the reaction temperatures are
300°C and 450°C, respectively. For the last stage, the ambient
temperature is largely sufficient. Since the efficiency of the
cycle is relatively weak; we suggest the electro-
thermochemical version of this cycle in order to improve its
efficiency.
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NOMENCLATURE

A Surface, m?

Co Molar heat capacity at constant pressure,

kJ.kmolt.K1

Cv Molar heat capacity at constant volume,

kJ.kmolt.K"1

g Gravity acceleration, m.s?

Epn Rate of energy in, kW

Eoue Rate of energy out, kW

Egys Overall system energy, kJ

Ex Exergy, kJ

EXdest Exergy destruction, kJ

Exchm Chemical Exergy, kJ

ex Specific Exergy, kJ.Kg*

Ex Molar Exergy, kJ.Kmol*

EXin Exergy in, kJ

EXout Exergy out, kJ

G Gibbs function, kJ

g Molar Gibbs function, kJ.kmol*

g5 Molar Gibbs function of formation,

kJ.kmol?

H enthalpy kJ

HHVy, High Heating Value of hydrogen, kJ.kmol*

h Molar Enthalpy, kJ.kmol

h Molar Enthalpy of formation at standards

f oy

conditions, kJ.kmol*

h° Sensible molar enthalpy at standards

conditions, kJ.kmol*

M Molar mass, kg.kmol*
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Mass, kg

Mass flow, kg.s

Mole number of reactants, kmol
Mole number of products, kmol
Mole number, kmol

Atmospheric pressure, bar
Reaction Pressure, bar

Molar Heat, kJ.kmol*

Rate of heat, kW

Molar Heat supplied, kJ.kmol*
Ideals gas Constant, kJ.kmol*.K*
Entropy, kJ.K?

Entropy generated, kJ.K™*

Molar Entropy, kJ.kmol.K"*
Sensible Molar Entropy at standards
conditions, kJ.kmol*.K"
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Greek symbols

S
nen
nex

nex over
Ns1,MNs2,Ms3

Environment Temperature, K
Reaction Temperature, K
Volume, m3

Work, kJ

Rate of work, kW

Elevation, m

Flow rate, m/s

energy efficiency,

exergy efficiency,

overall exergetic efficiency,

exergetic efficiency of different stages.





