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1 | INTRODUCTION
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Summary

In this article, a solid oxide fuel cell system is combined with a generator
absorber heat exchanger absorption refrigeration cycle and a proton exchange
membrane electrolyzer unit to use most of the fuel energy and recover waste
heat and material. This quadruple-generation system produces electric power,
refrigeration, heating, and hydrogen from natural gas as the primary energy
source for the system. The thermodynamic and environmental performances
of the system are studied comprehensively to identify the effects of the key
operating parameters on the system operation. The results show that as fuel
cell current density increases from 2000 to 8000 A/m?; the system energy and
exergy efficiencies decrease by nearly 20%, but the unit carbon dioxide emis-
sion increases by 30.38%. Also, the energy and exergy efficiencies are maxi-
mized, and the unit carbon dioxide emission is minimized at a specified value
of fuel utilization factor. Additionally, increasing the steam to carbon ratio has
a damaging effect on the system efficiencies but leads to higher unit carbon
dioxide emission. Then, the genetic algorithm is applied to optimize the condi-
tion, so the highest exergy efficiency is attainable. The optimization results
demonstrate that an exergy efficiency as high as 0.6443 is achievable.

KEYWORDS

absorption refrigeration, electrolyzer, multigeneration, solid oxide fuel cell,
thermodynamic analysis

conventional combustion-based power plants are ineffec-
tive; they can convert only 40% of the fuel's latent energy

Nowadays, energy is an indispensable part of economic
and human life development. It is predicted that energy
consumption will rise tremendously. Fossil fuels are the
primary energy resource worldwide, but they have some
significant disadvantages. First, they are practically non-
renewable and limited. Second, they contribute to envi-
ronmental pollution and its side effects like health
problems, global warming, and climate change. Third,

to electrical power. Hence, researchers devise new solu-
tions to extract the most of fossil fuels’ energy cleanly,
safely, and economically.

The first proposed solution is using new energy con-
version methods like electrochemical reactions to directly
convert fuel's chemical energy into electricity through
the transfer of electrons and charges of substances. It is
in contrast to combustion (chemical reaction), in which,
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fuel burns to produce heat, and in another step, the heat
changes to mechanical and electrical power. Fuel cells
are such devices to carry out electrochemical reactions
continuously. They have many advantages such as low
environmental effects, high energy efficiency, fuel vari-
ety, capacity and application diversity, controllable opera-
tion, size management, and few moving parts. Also, the
excess heat of high-temperature fuel cells can be used as
an energy source for other low/mid-temperature sys-
tems.! In this case, the developed system can produce
two or more kinds of products from only one fuel
resource. The second solution researchers have put for-
ward is the usage of system's waste energy or stream in
other cycles and design co/tri/multigeneration systems to
increase system outputs, efficiency, and profitability and
reduce pollution.? Solid oxide fuel cell (SOFC) is a high-
temperature fuel cell that many researchers have consid-
ered in various integrated schemes, such as cogeneration,
trigeneration, or multigeneration systems.>

Jia et al* studied the performance of a new combina-
tion of a SOFC, a biomass gasification unit, a gas turbine,
and an absorption chiller to produce power, heating, and
cooling. They concluded that increasing the air flowrate
into the biomass gasifier and decreasing biomass mois-
ture have positive effects on the system efficiency.
Habibollahzade et al® proposed four schemes that gener-
ate power, heating, cooling, and hydrogen or methane.
To achieve this goal, they considered a biomass-based
SOFC as the main subsystem and added a double-effect
absorption refrigeration cycle, a thermoelectric generator,
a solid oxide electrolyzer, and a fuel synthesis unit as the
helping components. They claimed that the combined
SOFC-absorption chiller has the highest net power and
exergy efficiency with the lowest production cost.
Hosseinpour et al® presented a new system of wood-fed
biomass, an SOFC, and a Goswami cycle. Goswami cycle
produced extra power from the waste heat of SOFC.
Their obtained results showed that with higher turbine
inlet pressure and SOFC inlet temperature, the rate of
produced power and exergy efficiency reached their max-
imum values at 481.6 kW, 60.2%, and 34.7%, respectively.
Tian et al” proposed a new triple system, comprising a
solid oxide, an organic Rankine cycle, an ammonia-water
absorption chiller, and a carbon dioxide storage system.
Their results indicated that the system electrical and
exergy efficiencies were 52.83% and 59.966%, respectively.
You et al® analyzed exergy, economic, environmental per-
formances and performed a multiobjective optimization
of a micro polygeneration system for power, cooling,
heating, and freshwater generation. The system included
a SOFC, a gas microturbine, a multifunction desalination
unit, an organic steam refrigerator, and a heat exchanger.
They obtained the system electrical, exergy, and overall

energy efficiencies as 62.40%, 64.70%, and 67.13%, respec-
tively. Ebrahimi and Moradpoor® studied a new combina-
tion of a SOFC, a gas turbine, and an organic Rankine
cycle. They reported that fuel-saving ratio in micro-scale
generation was 45%. Gholamian et al'® studied the waste
heat recovery of SOFC-gas turbine by either Kalina or
organic Rankine cycles. They concluded that the system
efficiency is 62.4%. Chitgar et al'' presented a parametric
study of a new gas turbine-SOFC system for the electric-
ity, hydrogen, and water generation. The total cost of the
products and the exergy efficiency were $34.5/GJ and
54.2% at the optimum point, respectively. Atsonios et al'?
proposed a new concept of multigeneration liquid natural
gas-based power plants for electricity, cooling, and water
production in island systems. Their simulation results
indicated that the SOFC-gas turbine combined power
plant was the best solution from the energy efficiency
viewpoint. Also, the multieffect distillation unit based on
waste heat recovery was a good option for producing
freshwater with nearly no energy cost. Khani et al'® pro-
posed a multiproduction system composed of a gas tur-
bine, a hydrogen-fed SOFC, and an absorption
refrigeration cycle. The system performance was investi-
gated and optimized to determine maximum exergy effi-
ciency and minimum cost. Zhao et al'* suggested a
composite cooling, heating, and energy generation sys-
tem integrated with a solid oxide combustion cell and a
lithium bromide-water absorption chiller. They found
that the overall electrical system efficiencies could be
almost 70% and 90%, respectively. Reyhani et al*> pres-
ented three combinations of SOFC-based multigeneration
systems: SOFC-gas turbine, SOFC-gas turbine-steam tur-
bine, and SOFC-gas turbine-multieffect distillation. The
results showed that the optimal number of fuel cells for
SOFC-gas turbine, SOFC-gas turbine-steam turbine, and
SOFC-gas turbine-multieffect distillation schemes were
2300, 1700, and 600, respectively. Ozcan et al*® performed
thermodynamic analysis of a modified internal reforming
solid oxide fuel system using three different gaseous
products. It was revealed that efficiency could rise by 54%
with the proposed settings. Peng et al'’ studied exergy,
energy, and thermodynamic performance of an system
combining a SOFC, a steam power turbine, a concentrat-
ing solar collector, and a chiller. They performed a para-
metric study to investigate the effect on their system of
various variables. Akrami et al'® introduced and analyzed
a solar-based energy system from the exergy and exer-
goeconomic viewpoints. The proposed system was eco-
nomically viable at a unit cost of about $4.617/GJ of
generated power and a unit cost of refrigeration of about
$299.3/GJ daily. Sadeghi et al'® proposed a trigeneration
fuel cell-based system, including an absorption refrigera-
tion system and an additional heat exchanger. Their



KHANI ET AL.

system exergy efficiency and total product unit cost were
estimated at 48.24% and $25.94/GJ, respectively. Perna
et al’* proposed a combination of small-scale hydrogen,
heating, and electricity production systems. The SOFC
used ammonia to produce 100 kg hydrogen daily. Their
results highlighted that high conversion of ammonia into
hydrogen leads to low values of electrical and thermal
efficiencies.

The above-mentioned published articles prove that
SOFC-based multigeneration systems can be attractive
options due to their high efficiency and low emission.
Hence, more research and development are essential in
this field. However, the feasibility of a SOFC-based qua-
druple generation system for simultaneous production of
power, cooling, heating, and hydrogen has not been stud-
ied yet. Furthermore, the utilization of the oxygen gener-
ated in the proton exchange membrane electrolyzer
(PEME) for burning anode outlet has not been evaluated.
Also, material recovery in SOFC-based multigeneration
systems is an important issue worth investigating. These
necessities are addressed in this article. Following objec-
tives are defined for this study:

« A novel power, heating, cooling, and hydrogen
quadruple-generation system comprised of an SOFC, a
generator absorber heat exchanger (GAX) absorption
refrigeration cycle, and a proton exchange membrane
electrolyzer is designed with the purpose of waste heat
and material recovery, efficiency increase, and pollu-
tion reduction. The SOFC cathode outlet drives the
GAX cycle to produce refrigeration. The energy and
steam contents of the anode outlet support the PEME
unit for hydrogen production.

» The possibility of material recovery, that is, steam for
hydrogen production, PEME oxygen for burning anode
outlet, and absorber cooling water for heat generation
section, is evaluated in the system.

« The first and second laws of thermodynamics with
mass conservation equations and necessary electro-
chemical relations are applied to components, sub-sys-
tems, and overall system as a steady-state control
volume. Then, the energy and exergy efficiencies, the
extent of irreversibilities, and the environmental
criteria of the proposed system are determined. The
obtained equations are solved using Engineering
Equations Solver (EES) software.

« The effects of changing main operating parameters on
the system thermodynamic and environmental perfor-
mances are investigated through a parametric study.

« The genetic algorithm is used to define the system's
optimal condition for maximum exergy efficiency.

« The main sources and extent of exergy destruction rate
in the system are identified.
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2 | SYSTEM DESCRIPTION

A schematic diagram of the proposed integrated SOFC-
GAX-PEME system is depicted in Figure 1. The overall
system combines the SOFC system as the power and
heating production unit, the GAX cycle as the refrigera-
tion unit, and the PEME system as the hydrogen genera-
tion unit. As represented in this figure, the SOFC sub-
system is the topping unit. Its anode and cathode outlets
are so hot that they can be heat sources for other cycles.
The SOFC cathode outlet is sent to the GAX cycle, while
the anode outlet is used in the heating production and
PEME units. A detailed description of the quadruple-
generation system is as follows:

« SOFC sub-system: The operating temperature of the
SOFC stack is as high as around 800°C, so the inlet air,
stream 5, and methane, stream 1, pass through com-
pressors and heat exchangers and reach that tempera-
ture. Before entering the fuel cell stack, methane is
mixed with a controlled fraction of the SOFC anode
outlet (stream 11) in the mixer so that the necessary
steam for the methane reforming reaction is provided.
The internal reforming, water-gas shifting, and elec-
trochemical reactions occur in the SOFC stack, and
the electrical power is generated. Part of the power is
used in the PEME unit to produce hydrogen, and the
rest is sent to the electrical grid. Furthermore, the elec-
trochemical reaction releases a significant amount of
thermal energy, which compensates for the necessary
heat of the reforming reaction and also leads to the
higher temperature of the SOFC outlets, streams 8 and
9. The SOFC cathode outlet as stream 8 goes in HX2 to
warm the inlet air and then in the generator of the
GAX cycle as its high-temperature energy source. The
anode outlet, stream 9, is divided into two parts; one
section, which is stream 11, is sent back to the fuel cell
stack after being mixed with the warm fresh fuel,
stream 3; and the other part, named stream 10, is bur-
ned in the afterburner with the depleted oxygen from
the PEME unit, stream 25, to eliminate the unreacted
fuel and get more heat. The exhaust stream of the
afterburner preheats the SOFC inlet fuel, stream 2, and
the PEME outlet oxygen, stream 24. After that, it con-
verts the GAX absorber outlet water, stream 42, into
hot steam in the HX5. This steam can be used as a
heating source for domestic applications. Finally,
stream 17 condenses in the HX6, and its carbon diox-
ide content (stream 18) is separated from water. The
water content goes to the PEME unit as stream 19 for
hydrogen production.

« PEME unit: As shown in Figure 1, stream 19 enters the
PEME unit. The water-splitting process takes place
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using some part of the SOFC generated power. Then,
stream 22 (generated hydrogen) and stream 21 (oxygen
and the unreacted water) exit the electrolyzer. Hydro-
gen is stored in a tank to be used whenever necessary.
The unreacted water is recycled back to the electro-
lyzer as stream 23. The resultant oxygen is sent to the
afterburner after heated in the HX4.

GAX absorption refrigeration cycle: GAX cycle is a mod-
ified configuration of a single-effect absorption refrig-
eration cycle to achieve a higher coefficient of
performance (COP) with the same components.
Because there is a temperature overlap between the
absorber and the generator when ammonia-water is
the working fluid, the overlapped heat can be trans-
ferred from the absorber to the generator, so the exter-
nal heat demand of the generator decreases and COP
enhances. More information about the GAX cycle can
be found in Reference 21. The ammonia-water solution
is boiled in the generator using the SOFC cathode out-
let. Therefore, the ammonia-rich vapor is separated
from the absorbent and sent to the GAXD as stream
29 V and to the rectifier as stream 34 to become purer.
The weak solution of the generator (stream 30) goes to
the GAXA through EV1. The liquid stream of the recti-
fier, stream 33, returns to the GAXD and generator.
After that, stream 35, the refrigerant vapor converts to
liquid in the condenser and goes to the evaporator at a
lower temperature and pressure through the HX1 and

3

Schematic diagram of the combined SOFC-GAX-PEME quadruple generation system

the EV2. In the evaporator, ammonia (stream 38)
absorbs heat and turns into saturated vapor; hence, the
cooling effect is produced. Then, the refrigerant,
stream 40, is absorbed by the weak solution in the
absorber coming from the GAXA, stream 32 V. Finally,
the saturated liquid solution of the absorber (stream
26) gets pumped to the generator after being heated in
the solution heat exchanger to complete the cycle. The
cooling water of the absorber converts to hot steam in
the HX5.

| MATHEMATICAL MODELING

In this section, the mass balance, energy conservation
laws, and the exergy relations are written for the compo-
nents, sub-systems, and the overall system. Furthermore,
the SOFC stack and the electrolyzer unit need auxiliary
equations to simulate their electrochemical reactions.
The resulted equations are solved using the Engineering
Equations Solver (EES) software, and the following
assumptions are used as well**%:

The system is in a steady-state condition.

The inlet air contains 79% nitrogen and 21% oxygen.
The inlet fuel of the SOFC system is natural gas.

All gases obey the ideal gas law.
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» The cathode and anode outlets are at the same temper-
ature as the fuel cell stack.

« Ambient conditions are Py =101.3 kPa and T, =25°C

» Heat loss to the environment is negligible.

« Contact resistances are negligible in the SOFC stack.

« Potential and kinetic energy and exergy changes are
ignored.

+ Refrigerant leaving the evaporator and condenser is
saturated.

» The frictional pressure drops in the pipes, mixer, and
GAX heat exchangers are neglected.

« The output streams from the generator and the
absorber are in equilibrium.

» The approach temperature at the ends of the GAX heat
exchanger is zero.

3.1 | Thermodynamic analysis
The mass balance equation for a piece of equipment as a
steady-state control volume is:

Zmi = . (1)

The conservation of ammonia mass in the GAX cycle
is defined:

Zr’nixi = Zmexe. (2)

The energy balance for a steady-state control volume
is written considering the first law of thermodynamics:

Q-W=> "rnh,— Y rinh. (3)

The exergy destruction rate for a piece of equipment is
expressed”*:

(B o
J i €

J

The distinction between energy and exergy balance terms
is revealed by comparing Equations (3) and (4). It is uni-
versally known that energy is not destroyed or created. It
only changes form through a process. On the other hand,
exergy is a destroyable parameter and is conserved just in
reversible processes. Hence, exergy analysis can be help-
ful for detecting the sources and extent of energy loss and
irreversibilities in a thermodynamic system and improv-
ing the efficiency of the processes.
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The total exergy of a stream is composed of physical
and chemical exergy terms if potential and kinetic
exergies are neglected:

Ex= Exch +Exph. (5)
The physical and chemical exergies are determined
respectively as>:

Expn = m[(h—ho) — To(s — o)), (6)

. m _ _
Exen = E v +RT, E Vilnyy, (7)
MW i 2 :

where e is the standard molar chemical exergy.
The chemical exergy for the ammonia-water mixture
can be calculated as>:

. X 1—x
Exgy=m||—— | —— =~ gt . 8
ch |:<MWNH3> N3 T (Mwwater) water ( )

3.2 | SOFC electrochemical modeling
Following reactions take place in an SOFC stack with
internal reforming of methane®*:

ar — [CH4 +H,0 > 3H, + CO] (reforming),  (9)
B, — [CO+H,0 « H, + CO,] (shifting),  (10)

7, — [02 +Hy — H,0] (overall electrochemical reaction),

(11)

ar, f,, and y, are conversion rates for Equations (9) to
(11), respectively. The water-gas shifting (WGS) and
electrochemical reactions are exothermic, but the
reforming reaction is endothermic. So, the internal
reforming of methane equilibrates the temperature dis-
tribution in the fuel cell stack by consuming a part of
the generated heat, which means less cooling load and
cost for an internal reforming fuel cell. The necessary
steam for the shifting and reforming reactions is pro-
vided by recirculating a section of the anode outlet.
However, it is important to keep the SOFC steam to
carbon ratio in a specific range since lower values of
this parameter lead to carbon deposition and catalyst
deactivation, which is undesirable. Steam to carbon
ratio is calculated as:
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n120,11 Oxygen production rate is as:

r——H20ML (12)
NcHa4 +Nco,n
. JPEME
n = . 20
Faraday's law can determine y,: 02T YR (20)

_ JsorcNeeliAact

 =dsore (13)

The equilibrium constants for shifting and reforming
reactions are defined as’:

2 -0
yCOy%{z <£> —exp| — A§Ref0rn’1ing ’ (14)
Yeua Yo \FPo RTsorc

Ycoz2Yn2 Agghifting
Kshifing="—"—"——"=¢exp| —=— |- (15)

K Reforming =

Yco Ym20 RTsorc

Hydrogen is never fully consumed in the SOFC. Fuel utili-
zation factor is calculated to control hydrogen consump-
tion rate:

7r
U =——"—"—"-—"-. 16
17 3q, + B, + 2 (16)
The molar flow rate of the SOFC outlets can be calcu-
lated by applying mass conservation law to the SOFC
stack as a control volume. The power production rate of
the SOFC stack is determined as:

WSOFC :j SOFCN cellAact Vcell,SOFC- (17)

Vensorc is the SOFC stack output voltage. The necessary
formulas for calculating the fuel cell voltage are given in
Table 1.

3.3 | PEM electrolyzer

A part of the generated power in the SOFC sub-system is con-
sumed in the electrolyzer to split water and produce hydro-
gen. The total required energy for the electrolysis process is:

AH = AG+TAS, (18)

AG is Gibb's free energy, and TAS is the necessary
thermal energy for the water splitting reaction.
The generated hydrogen flow rate is calculated as*:

JpEME

NH230 = (7

oF = ’;lHZO,reacted . (19)

The necessary electrical energy for the electrolysis is
the same as its electrical exergy:

Weeme = Expeme = JpEMEV cell PEME- (21)

Veenpeme is the PEME voltage, and its related equa-
tions are listed in Table 1.

3.4 | Performance criteria of the overall

system
The net power production rate, cooling capacity, input

energy, and heating production rate of the proposed sys-
tem are defined as:

Whet = Wsorc — Weomp.1 — Weomp.2 — Weeme — W,

(22)

Qevap = Haghas — Maghao, (23)
Qin = i LHV ¢y, (24)
Qheating = my6(hie — h17). (25)

The power consumption in the GAX cycle pump can
be ignored due to its small amount.

The coefficient of performance (COP) of the GAX
cycle can be expressed as:

COP= ﬂ (26)

Qgen + Wp

The energy and exergy efficiencies of the overall sys-
tem are:

n= Wnet + Qevap + My LHVi, + Qheating

: (27)
m LHV cpy
W et + EXag — Exa0 + flzzé%hz + Ex16 — Exy7
= — . (28)
Mecyy

Exergy destruction ratio is the share of a component
in the overall system exergy destruction:
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PEME voltage equations™
Vcell,PEME = VN + Vact,c + Vact,a + Vohm
4(TPEME — 298)

KHANI ET AL.
TABLE 1 Electrochemical equations of SOFC and proton exchange membrane electrolyzer
Equations SOFC voltage equations®’>
OUtPUt VOltage Vcell,SOFC = VN - Vohm - Vcon,a - Vcon,c - Vact,a - Vact,c
Nernst voltage v +RT50FC I PHZ\/E) VN=1229—-8.5x10"
N= Pro
Ohmic Vohm = (Rc + > ipiLi)jsorc Vohm =JpEMERPEME
overpotential

3.34x10*
pel*( Tsorc ex p<

Tsorc

-1
pa:(%xw"’ ( 1150) ,La=0.05x10* m

Tsorc Tsorc

— (42x10 1200
Pe= (TSOFC exp( TSOFC>

),
)"

9.3x10° 1100 —4
Pint = < TS>C<)FC exp( TSOFC)) Lint =0.3x107" m
Rc=0
Anode activation Vacta RTsorc (smh (Jsorc)) Jos = 6500 A/m?
overpotential
Cathode Viacte = RTsorc (smh <Jsprc) ) Joe = 2500 A/m?
activation o
overpotential
_R T Py % I
Anode Veona =5 (In(1+ 5o _1n (1 —kaxc) ) )
concentration 2FPip;Deg, 42
. =2 mzda py o, =0.2x 107* m®/s
overpotential Jsa = Rrgorer, * et /
Cathode Veone=— <R€,S}(~")FC In (1 —@))
’ Joe
concentration 4FPgyDegt 4.2
) =P —, Defre =0.05x 107" m*/s
overpotential Jse (EFo)RTgopcLe o /

Eka
Ypir=

29
Fxor (29)

The unit emission of carbon dioxide is determined as
the ratio of emitted carbon dioxide to the production rate
of the system and is used as an environmental perfor-
mance index:

Mg

: % 3600.
Wnet + Qevap + g LHVE, + Qheatmg

EMlIcoz =

(30)

3.5 | Optimization

After a complete parametric study, the genetics algorithm
finds the optimum operating conditions for the maxi-
mum exergy efficiency. The Genetic Algorithm
(GA) method in EES software is selected for the optimi-
zation. In Table 2, necessary parameters for the genetic
algorithm are listed.

-1
10300)) . Lq=0.001x10~4 m

L.=0.005x10"* m

— (P__dx
Rt = [ o e 205
Ja=14, 2.=10, D =50 pm

~0.326)exp(1268 (5%~ k) )

Vacta = IL‘;?ME sinh? <J72";:‘E>

Bacta )
RTPF_MF,
Eacta = 76 KI/mol, Jyer g = 1.7 x 10° A/m?

_Rr
Vacte ="—gMEsinh™ (2,0 )

RTppumE
Eqcte =18 kJ/mol
Jrete =4.6 X 10° A/m?

JO,a :Jref,aexp (_

JO,C = Jref,cexp (7

TABLE 2 Tuning parameters for the genetic algorithm
Parameter Value
Population size 100
Generation number 500
Probability of crossover 85%
Selection process Tournament
Tournament size 2

3.6 | Validation

As mentioned before, the proposed system in this work is
a new combination of the SOFC sub-system, the GAX
cycle, and the PEME unit. So, if each sub-system is vali-
dated, it can be ensured that the developed model for the
overall system is accurate.

+ SOFC sub-system: The data of Tao et al*! are utilized to
validate the SOFC electrochemical modeling. In
Table 3, the calculated fuel cell voltages in this work
for several current densities are compared with those
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TABLE 3 Validation of the SOFC electrochemical by L6 ' ' ' ' T ' T T ' T
Reference 31 Tgen= 423.15K Taps =313.15K Present Work
v L4r ® Reference
cel1.sorc (V) Veensorc (V)
Jsore (A/m?) (Tao et al*") (Present work) Lol |
2000 0.76 0.76
="
3000 0.68 0.72 8 Ir 1
4000 0.62 0.68
0.8 b
5000 0.57 0.64
6000 0.52 0.60 0.6 1
Note: Tsopc = 1100 K, uy= 0.85.
0 1 1 1 1 1 L 1 1 L 1

in Reference 31. As Table 3 indicates, these two results
have a good agreement.

+ GAX absorption refrigeration cycle: The results of
Kumar et al** are selected to verify the simulation of
the GAX cycle. Figure 2 shows the results of this article
and those in Reference 22. In this figure, the effect of
varying the condenser temperature on the cycle's coef-
ficient of performance is depicted. Accordingly, there
is a good agreement between the results, and the maxi-
mum absolute error is 8%.

« PEME unit: The experimental results available by
Leung et al** are considered to validate the PEME unit
modeling code. Figure 3 demonstrates the effect on the
PEME Voltage of its current density for the present
work and Reference 32. As demonstrated in Figure 3,
there is a good match between the results, and the
maximum absolute error is 5%.

4 | RESULTS AND DISCUSSION

In this part, the system is studied from the energy,
exergy, and environmental viewpoints. The effects of
changing main operating parameters, that is, fuel utiliza-
tion factor, fuel cell current density, generator tempera-
ture, condenser temperature, evaporator temperature,
and steam to carbon ratio, on the system performance
are also investigated. After that, the best values of key
parameters for obtaining the maximum exergy efficiency
are determined by applying the genetic algorithm. Neces-
sary input data for solving modeling equations of the sys-
tem at the base case are listed in Table 4.

4.1 | Parametric study

The effect on the system performance of the fuel utiliza-
tion factor is depicted in Figure 4 for two values of the
evaporator temperature. As shown in Figure 4A, at a

4
292 294 296 298 300 302 304 306 308 310 312 314
Tcond [K]

FIGURE 2 The influence of the condenser temperature on the
GAX cycle's COP

2.2 T T
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FIGURE 3 Validation of the PEME modeling

constant evaporator temperature, when the fuel utiliza-
tion factor increases from 0.7 to 0.88, the net power,
cooling, and heating production rates decrease 25.61%,
20.03%, and 20.06%, respectively. Higher fuel utilization
factor leads to the lower fuel and air inputs and a lower
mass flow rate in the components. Hence, the SOFC-
generated power, the available heat for the GAX cycle,
and hot water production decrease. With the same justifi-
cation, as shown in Figure 4B, the input energy and total
exergy destruction rate reduce by 10.27% and 14.87%,
respectively. However, since the operating parameters of
the electrolyzer are constant, changing the fuel utiliza-
tion factor or the evaporator temperature does not affect
the hydrogen production rate. Figure 4C shows that the
energy and exergy efficiencies first increase to their maxi-
mum and, after that, decrease by further increasing the
fuel utilization factor. On the other hand, the unit CO,
emission has a minimum value at a specific value of us.
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175 &
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utilization factor increases from 0.7 to 0.798, the reduc- U
tion rate of the input energy overcomes the decreasing
rate of the system's valuable products. Hence, the system FIGURE 4 The effect on the system performance of fuel

efficiencies increase, and EMI.o, decreases. After that
point, the reverse effect is established.

Referring to Figure 4A, it is evident that increasing
the evaporator temperature has a positive effect on the
cooling production rate because a higher evaporator tem-
perature means more mass flow rate in the GAX cycle.
But it slightly decreases the system heating production
rate. It should be highlighted that the GAX cycle parame-
ters do not influence the system's net power production,
the input energy, and the hydrogen production rate
because it is a bottoming cycle. As depicted in Figure 4B,
the total exergy destruction rate increases when the evap-
orator temperature increases from 275.15 K to 288.15 K
due to the GAX cycle exergy destruction. According to
Figure 4C, the energy efficiency increases, and EMIcq,
decreases because of the system's higher cooling rate.

utilization factor at different evaporator temperatures: (A) system's
products, (B) input energy and total exergy destruction, and
(C) system efficiencies and environmental performance

However, the exergy efficiency decreases as a result of
the reduction in the heating production rate.

Figure 5 demonstrates the effect of changing SOFC
current density and generator temperature on the overall
system performance. Referring to Figure 5A,B, as the cur-
rent density increases from 2000 to 8000 A/m?, the power
production rate increases from 20.9 to 317.8 kW, and the
input energy from 260.9 to 1050 kW. Also, the cooling
capacity and heating production rate increase linearly. In
fact, at constant fuel utilization factor and generator tem-
perature, higher current density demands more air and
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. performance at different condenser temperatures: (A) system's
FIGURE 5 The effect of fuel cell current density on the system

performance at different generator temperatures: (A) system's
products, (B) input energy and total exergy destruction, and
(C) system efficiencies and environmental performance

fuel flow rates. Also, SOFC-generated power and the
input heat of the GAX cycle increase. However, according
to Figure 5B, the destructed exergy of the components
has an increasing trend due to the increased flow rate in
the system. As Figure 5C shows, the increase of the input
energy harms the system efficiencies and makes them
decrease by about 20%. Additionally, unit emission of car-
bon dioxide rises as the current density increases, mostly
due to the rise in the rate of emitted carbon dioxide.

products, (B) input energy and total exergy destruction, and
(C) system efficiencies and environmental performance

At a constant value of the SOFC current density,
higher generator temperature leads to a higher flow rate
in the GAX cycle and higher cooling production rate in
the evaporator, as in Figure 5A. On the other hand, hot
water production slightly decreases. As depicted in
Figure 5B, a higher mass flow rate in the GAX cycle leads
to the higher total exergy destruction. Also, as depicted in
Figure 5C, higher energy and exergy efficiencies and
lower EMlIco, are achieved at higher generator
temperature.
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Steam to carbon ratio and condenser temperature are
other parameters whose influence on the system behavior
is investigated in Figure 6. As evident in Figure 6A,
increasing the steam to carbon ratio harms the net power
production, heating production, and cooling effect. Since
higher steam to carbon ratio means lower electrochemi-
cal conversion and inlet fuel; thus, SOFC power genera-
tion rate, total exergy destruction, and inlet energy
decrease. The cathode outlet flow rate and the supplied
heat for the GAX cycle also decrease. The overall effect,
as shown in Figure 6C, is the slight reduction in the sys-
tem efficiencies. The decrease of useful exergy due to the
steam to carbon ratio increment leads to higher unit CO,
emission.

If the steam to carbon ratio is kept constant and the
condenser temperature increases from 308.15K to
318.15 K, the cooling load in the evaporator decreases,
but the heating rate decreases. Furthermore, as shown in
Figure 6B, higher amounts of total exergy destruction are
obtained for higher values of the condenser temperature.
Finally, energy efficiency decreases by increasing the
condenser temperature, EMIcq, increases, but the exergy
efficiency is unchanged.

The obtained results in Figures 4 to 6 demonstrate
that the environmental and thermodynamic behaviors of
the proposed overall system are in the same direction. In
other words, any changes in the operating parameters for
enhancing the system energy and exergy efficiencies also
lead to better environmental performance. Moreover,
changing the GAX parameters affect the energy efficiency
more than the exergy efficiency. This can be justifiable as
the exergy content of the system products is considered
in the exergy efficiency calculations.

4.2 | Optimization results

The parametric study in the previous section reveals that
the following parameters are essential for optimizing the
system exergy efficiency: steam to carbon ratio, fuel utili-
zation factor, SOFC current density, evaporator tempera-
ture, condenser temperature, and generator temperature.
The aim is to maximize exergy efficiency through the
genetic algorithm. The parameters mentioned above are
considered as the decision variables with the following
bounds:

A A

2<re <3

0.7<u; <0.9

oS WILEY-L ™

413.15K < Tgen £453.15K

275.15K < Teyap < 288.15K

The optimization and base-case results are summarized
in Table 5. The maximum exergy efficiency and its
related energy efficiency are about 14.5% higher than the
corresponding values for the base case. Also, the net gen-
erated power, cooling load, heating production rate, total
exergy destruction rate, input energy, and unit carbon
dioxide emission are 45.38, 39.35, 27.18, 844.8, 302.7 kW,
and 227.3, respectively, all of them are lower compared
to those for the base case.

TABLE 5 System performance at base case vs optimum case
Parameters Base case Optimal case
Jsorc (&%) 6500 2333
ur () 0.79 0.815
Foc (=) 2 2
Tgen (K) 438.15 451.25
Teond (K) 308.15 304.26
Tevap (K) 278.15 276.539
W et (KW) 272.6 45.38
Qevap (kW) 11 39.35
Oheating (KW) 78.91 27.18
Exp,r (kW) 2779 844.8
i (KW) 852.6 302.7
n 0.7174 0.8625
b 0.4992 0.6443
EMlIco, 273.3 227.3

4.513 4.513

GAX cycle
22%

SOFC sub-system
45”'(7

FIGURE 7 The exergy destruction ratio of SOFC, GAX, and
PEME sub-system
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Figure 7 demonstrates the exergy destruction ratio of
each sub-system at the optimal case. The SOFC has the
major share in the total exergy destruction rate, almost
45%, because it contains the greatest number of compo-
nents and all sources of irreversibility, that is, mixing,
finite temperature difference heat transfer, reaction, and
combustion. The second highest exergy destruction ratio
belongs to the PEME unit, 33% of the total irreversibility.
On the other hand, the GAX cycle has a minor contribu-
tion to the overall system irreversibility due to its small
size and lack of the reaction process.

The detailed distribution of the exergy destruction in
the SOFC sub-system is illustrated in Figure 8. According
to this figure, the SOFC stack, HX2, the afterburner, and
HX6 own the highest irreversibility ratios in the SOFC
sub-system.

The temperature, pressure, and flow rate of the
streams at the optimal case are listed in Table 6. Finally,
the proposed system is compared to other multi-
generation systems in Table 7, indicating the improved
performance of our proposed system.

5 | CONCLUSIONS

In this work, a new integrated SOFC-GAX-PEME system
for simultaneous generation of electric power, cooling,
heating, and hydrogen is designed, and its thermodynamic
and environmental performances are studied completely.
The waste heat and streams of the SOFC sub-system are
recovered in other cycles, and hence, the overall system
efficiency enhances. The thermodynamic and environ-
mental behavior of the system is modeled by applying

FIGURE 8 The exergy
destruction rate of the SOFC
components

0.070

0.016

AB mHX5 ®mHX3 M®compressors M Mixer BHX4

energy, exergy, and environmental relations. Then, the
parametric study is accomplished to reveal the effect of the
key variables on the system performance. After that, the
exergetic performance of the system is optimized by apply-
ing the genetic algorithm. The important results of the pre-
sent study can be mentioned as follows:

« Although increasing fuel cell current density from
2000 to 8000 A/m” leads to higher values of system
products, it deteriorates thermodynamic efficiencies
and environmental performance due to the increase of
input fuel flow rate.

« As the fuel utilization factor increases from 0.7 to 0.88,
the net power production rate, heating generation, and
cooling capacity decrease by 25.61%, 20.06%, and
20.03%, respectively. Moreover, there is a 10.27% decre-
ment in the system input energy and a 14.87% decrease
in the total exergy destruction rate.

« There is a specific value of fuel utilization factor in
which energy and exergy efficiencies are maximized,
and unit CO, emission is minimized.

« Increasing the steam to carbon ratio has a negative effect
on the system efficiencies. However, unit CO, emission
has a direct relationship with steam to carbon ratio.

« Higher thermodynamic efficiencies, better environmen-
tal performance, and more cooling load can be achieved
at higher values of the generator temperature.

« When the evaporator temperature rises from 275.15 K
to 288.15K, the total exergy destruction rate and
energy efficiency also increase, but EMIco, and the
exergy efficiency decrease.

« Changing the condenser temperature does not affect the
exergy efficiency. However, when it increases from
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TABLE 6 Streams’ conditions
St. No. 1 2 3 4 5 6 7 8 9
Flow rate (kmol/hr) 1.337 1.337 1.337 6.646 55.116 55.116 55.116 52.74 9.32
Temperature (K) 298.2 305.9 449.9 762.4 298.2 307.8 762.4 862.4 862.4
Pressure (bar) 1 1.1 1.078 1.078 1 1.1 1.078 1.056 1.056
St. No. 10 11 12 13 14 15 16 17 18
Flow rate (kmol/hr) 4.01 5.31 4.427 52.74 52.74 4.427 4.427 4.427 1.337
Temperature (K) 862.4 862.4 1105 478.6 4234 886.7 751.04 501.19 373.2
Pressure (bar) 1.056 1.056 1.035 1.035 1.015 1.015 1.015 1.013 1.007
St. No. 19 20 21 22 23 24 25 26 27
Flow rate (kmol/hr) 3.09 5.31 3.054 2.256 2.22 0.417 0.417 0.02142 0.02142
Temperature (K) 373.2 373.2 373.2 373.2 373.2 373.2 682.4 338.8 339.2
Pressure (bar) 1.007 1.007 1.007 1.007 1.007 1.007 1.001 4.514 12
St. No. 28 29L 29V 30 31 32L 32V 33 34
Flow rate (kmol/hr) 0.02142 0.01836 0.00391 0.01456 0.01456 0.01769 0.00322 0.00065 0.00761
Temperature (K) 376.2 414.2 414.2 451.3 414.2 376.2 376.2 376.3 376.2
Pressure (bar) 12 12 12 12 4.514 4.514 4.514 12 12
St. No. 35 36 37 38 39 40 41 42 43
Flow rate (kmol/hr) 0.007 0.007 0.007 0.007 0.007 0.007 0.02119 0.02119 0.02119
Temperature (K) 334.1 304.3 282.2 274.6 276.5 293.2 298.2 369.2 494.2
Pressure (bar) 12 12 12 4.514 4.514 4.514 1 1 1
St. No. 44 45 46 47 48 49
Flow rate (kmol/hr) 0.00666 0.00666 0.06736 0.06736 0.09826 0.09826
Temperature (K) 298.2 369.2 298.2 327.1 298.2 279.6
Pressure (bar) 1 1 1 1 1 1
TABLE 7 Benefits and downsides of the proposed quadruple-generation system vs other multigeneration systems
System type/prime Fuel/fuel
Case study mover processing type Application Efficiencies
Present work Multigeneration Methane Cooling, heating, and hydrogen besides n~84%
system/ power production W= 65%
SOFC-GAX-PEME
You et al® Micro poly-generation / Methane Power, cooling, heating, and freshwater n=64.7%
SOFC-MGT-MED W~ 62.4%
Siddiqui et al* SOFC-GT/ammonia Methane/solar power, hydrogen, cooling, and hot water n~39.1%
fuel cell power Wy~ 38.7%
Chitgar et al'! SOFC-GT Methane electricity, freshwater, and hydrogen n~64.3%
Wy~ 49%
Peng et al'’ SOFC-CCHP Natural gas Electrical, thermal power, and cooling n~70.8%
production v~ 50.6%
Akrami et al'® Multi-generation/SOFC  Solar power Cooling, electrical, and hydrogen NDay mode & 21.24%
production MNight mode ~ 35.86%
Sadeghi et al'° SOFC-GAX-HX Biomass Power, cooling, and heating production W ~48.42%
Perna et al*° SOFC-CCHP Ammonia Heat, hydrogen, and power Niri concept1 ~ 817

07
ntri,conceptz ~71 A)
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308.15 K to 318.15 K, higher values of total exergy destruc-
tion and EMIcq, with decreased amounts of the cooling
load, the heating rate, and energy efficiency are obtained.
The single-objective exergy optimization through genetic
algorithm indicates that the system energy and exergy effi-
ciencies can be as high as 0.8625 and 0.6443, respectively.
SOFC sub-system has the largest share (45%) in the
overall system exergy destruction rate.

The fuel cell stack and HX2 contribute the most to the
overall system irreversibility with the exergy destruc-

tion rates of 38.645 and 20.531 kW, respectively.

NOMENCLATURE

Agct Cell active area(m?)

AB Afterburner

Comp Compressor

Ccop Coefficient of performance

D Electrolyzer membrane thickness (pm)
D Effective gas diffusion factor (m?/s)
D, Degassing range

E Activation energy (kJ/mol)

EMI Unit emission of carbon dioxide
EPC Exergetic performance coefficient
EV Expansion valve

Ex Exergy rate (kW)

eh Standard chemical exergy of species (kJ/kmol)
F Faraday constant (C/kmol)

G Gibb's free energy (kJ)

GAXA GAX-absorber

GAXD GAX-desorber

g° Molar Gibbs free energy (kJ/kmol)
h Specific enthalpy (kJ/kg)

H Enthalpy (kJ)

HX Heat exchanger

j Current density (A/m?)

J Current (A)

Jo Exchange current density (A/m?)
Js Limiting current density (A/m?)
Jret Pre-exponential factor (A/m?)

K Equilibrium constant

L Thickness (m)

LHV Lower heating value (kJ/kg)

M Mixer

m Mass flow rate (kg/s)

MW Molecular weight (kg/kmol)

n Molar flow rate (kmol/s)

Neen Number of cells

p Pressure (bar)

p Pump

PEM Proton exchange membrane

0) Heat transfer rate (kW)

R Universal gas constant (kJ/kmol.K)
R Contact resistance

o

Pressure ratio

Proton exchange member resistance (Q)
Steam to carbon ratio
Specific entropy (kJ/kg.K)
Entropy (kJ/K)

Solid oxide fuel cell
Temperature (K)

Fuel utilization factor
Voltage (V)

Power (kW)

Ammonia concentration
Mole fraction

Exergy destruction ratio

Greek symbols

Ax)  Water content at location x in the mem-
brane (Q %)

n Energy efficiency

¥ Exergy efficiency

p Electrical resistivity

opem Proton conductivity in PEM (s/m)

ay Conversion rate of reforming reaction

b, Conversion rate of shifting reaction

Yr Conversion rate of electrochemical reaction

Subscripts

0 Environmental condition

1,2,3,.. State point

a Anode

abs Absorber

act Activation

c Cathode

ch Chemical

con Concentration

D Destruction

e Outlet

el Electrode

evap Evaporator

gen Generator

i Inlet

int Interconnection

inv DC to AC inventor

k K¢, component

loss Loss

mix Mixture

N Nernst

net Net

ohm Ohmic

PEME Proton exchange membrane electrolyzer

ph

Physical
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