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9  Abstract: A novel hybrid system fueled with natural gas (NG), consisting of solid oxide fuel
10 cell (SOFC), proton exchange membrane fuel cell (PEMFC) and gas processing (GP)
11 subsystem for H> production and purification, is proposed and modeled in this paper. The
12 combination of water gas shift (WGS) and thermal swing adsorption (TSA) methods is
13 adopted to convert the syngas out from the SOFC into H> with high purity for subsequent use
14  as a fuel in PEMFC for additional power generation. The parametric and exergy analyses
15  show that the proposed hybrid system can achieve high energy conversion efficiency of
16  approximately 64% and exergy efficiency of 61%, which are higher than some other fuel cell
17  systems, such as reformer-PEMFC, standalone SOFC, SOFC-engine/gas turbine and
18  SOFC-chemical looping hydrogen production. The waste heat recovery for driving the TSA
19  reaction and the H> recirculation for the PEMFC are found to improve the net electricity
20 efficiency by 3.24% and 9%, respectively. In addition, using TSA method instead of the

21  traditional pressure swing adsorption (PSA) could improve the efficiency of the

1/ 40

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:meng.ni@polyu.edu.hk
mailto:zhangzx@mail.xjtu.edu.cn%20(Z

22

23

24

25

26

27

28

SOFC-PEMFC hybrid system without increasing the exergy destruction. These results reveal
that the novel hybrid system is a promising energy conversion system with high efficiency.

Keywords: Solid oxide fuel cell; Proton exchange membrane; Metal hydride; Exergy;

High-efficiency.

Nomenclature

Abbreviation

CLHP

DC/AC

DIR

FC

GT

GP

HEX

HSA

HT-WGS

LT-WGS

MH

NG

PEMFC

PSA

R-PEMFC

chemical looping hydrogen production
direct current to alternating current
direct internal reforming

fuel cell

gas turbine

gas processing

heat exchanger

hydrogen storage alloy

high temperature — water gas shift
low temperature — water gas shift
metal hydride

natural gas

proton exchange membrane fuel cell
pressure swing adsorption
reform-PEMFC
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29

30

TSA

WGS

Symbols

Acell

LHVfueI
M

Ny

2

thermal swing adsorption

water gas shift

fuel cell area, m?
hydrogen desorption reaction rate

activation energy, J mol*

constant, s

standard reversible voltage for Hz, V

exergy, kW

Faraday constant, C mol*
specific enthalpy, J mol*
hydrogen and metal atomic ratio
current, A

current density, A m

reaction equilibrium constant
lower heating value of fuel, kW
molar mass, kg kmol*
hydrogen content, mol

power, KW

pressure, bar

heat loss of the fuel cell, kW

universal gas constant, J K** mol*
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31

32

Miuel

XSOFC

AH

Subscript

ab
AC

AUX

cell

coolant

DC
€q

Gross

temperature, K

irreversible voltage of the fuel cell, V
component concentration, mol L™
mass flow, kg s

fuel utilization

energy efficiency

fuel recirculation percentage of SOFC
exergy efficiency

reaction enthalpy, J mol*

anode
absorption
alternating current
auxiliary
cathode

fuel cell
coolant
desorption
direct current
equilibrium
gross
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H2 hydrogen gas
H20 water

hfluid heating fluid

in inlet

ISE isentropy
net net

NG natural gas
07 oxygen gas
OX oxidant
out outlet

ref reference

reform reforming

shift water gas shift reaction
Steam steam

Total total

TSA temperature swing adsorption

wfluid working fluid

1. Introduction

Along with the upgraded living standard and rapid development of economics, the
human needs for energy have been increasing day by day. A large-scale exploitation and
utilization of traditional non-renewable energies have led to increasingly serious issues, such
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as energy crisis and environmental pollution. Therefore, an efficient and clean energy
utilization technology is a must for the sustainable development of society. Fuel cell (FC)
power technology is attractive due to its high efficiency, diverse forms of application, low
emission and noise [1-4]. Among the fuel cells, proton exchange membrane fuel cell
(PEMFC) has relatively low operating temperatures (no more than 100°C), fast transient
response and mature fabrication technology [5-7]. PEMFC is viewed to be a promising power
generation technology. However, the PEMFC has to be fueled with pure hydrogen as the
impurity such as CO can easily poison the Pt-based catalyst of PEMFC. Hydrogen source
becomes a key issue for achieving the large-scale utilization of PEMFC. Unfortunately, an
efficient, economical and safe hydrogen storage technology is still not available [8]. The most
commonly used technology for hydrogen storage is traditional pressurized gas storage with
extremely high operating pressure, which faces the challenges of security risk, low
volumetric density and scarce infrastructure (e.g. hydrogen refueling station) [9,10]. These
challenges significantly hinder the large-scale application of hydrogen energy system.

Unlike the PEMFC, the biggest merit of solid oxide fuel cell (SOFC) is wide choices of
anode fuels, such as CH4, biogas, natural gas (NG), petroleum gas and so on [11-13]. The
poisonous CO for PEMFC can even be utilized as a fuel by SOFC for power generation.
Compared with pure H., NG is much cheaper and widely available. Besides, high
temperature SOFC fueled with NG could convert CH4, the main component of NG, into H:
by integrating direct internal reforming (DIR). The H> fuel can be delivered to the PEMFC
for additional power generation. The combination of SOFC-DIR and PEMFC makes the fuel
source transfer from pure H, to NG whose infrastructure (refueling station) is well-equipped
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now. Therefore, more and more attentions have been drawn to the SOFC-PEMFC hybrid
system. Dicks et al. [14] first evaluated the benefits of a system combining high- and
low-temperature fuel cell types. It was found that the combined SOFC-PEMFC system using
SOFC as a reformer for hydrogen production has a higher overall efficiency than the
SOFC-only or reformer-PEMFC system. Rabbani et al. [15] further confirmed the overall
efficiency of the combined SOFC-PEMFC system can be improved by 8%~16% compared
with standalone SOFC or PEMFC system. Recently, Tan et al. [16] designed a hybrid power
generation system consisting of SOFC and PEMFC and further performed a parametric
optimization study on the hybrid system. However, the output syngas after the reforming
reaction occurring in the SOFC, including Hz, CO, CO2 and H:O, is only treated with
condensation process before entering into the downstream PEMFC. Actually, the impurity
gases (CO, CO) of the mixture have a non-ignorable impact on the PEMFC performance due
to the requirement of pure H.. In order to improve the purity of Hz, Fernandes et al. [17]
adopted the method of pressure swing adsorption (PSA) for H, separation to connect the
reforming output and the PEMFC anode input in the hybrid system. Based on SOFC as a
reformer to convert NG into H, for PEMFC, the authors proposed the innovative CaPP (Car
as Power Plant) concept that the H> fuel from the SOFC reformer (SOFCR) is delivered into
the PEMFC-powered car as the power plant to generate electricity when the car is in the
parking situation.

The PSA technique is a completely physical separation process, based on the mechanism
that different gases exhibit different behaviors under pressure changes [18]. Therefore, it is
hard to obtain Hz with very high purity from the reformed gas mixture (Hz, CO, CO, and
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H20) by PSA. The Hx purity processed by PSA is reported to be about 96% [19]. The
existence of CO easily poisons the PEMFC catalyst, thus resulting in the FC performance
degradation. This is because that the anodic Pt-based catalyst in the PEMFC only bears no
more than 10 ppm of CO [20]. In contrast, thermal swing adsorption (TSA) is based on
chemisorption at different temperatures to achieve H, separation and even purification.
ABs-type hydrogen storage alloy (HSA) is capable of separating and purifying H> from the
gas mixture containing CO content up to 0.1% (volume percentage) [21]. The purity of the
desorbed H> can reach as high as 99.9999% [22]. The pressure of H» fed into the PEMFC can
be self-regulated by controlling the TSA temperature, while an extra compressor after the
PSA process is needed to regulate H, pressure. In addition, the TSA chemical reaction based
on HSA could be driven by waste heat recovery in the SOFC-PEMFC hybrid system. These
benefits can potentially contribute to the improvement of energy conversion efficiency for the
SOFC-PEMFC hybrid system.

To the best of our knowledge, no study on the SOFC-PEMFC hybrid system coupled
with the TSA treatment for H purification can be found from the literature. Therefore, the
integrated system consisting of SOFC-DIR, WGS (water gas shift), TSA and PEMFC
modules is proposed and modeled in the present study. Then, a parametric study is performed
to analyze the influences of various important parameters on the performance of the hybrid
system. Besides, detailed analyses of exergy flow and exergy loss of the main components in

the hybrid system are carried out, which is significant for optimizing the hybrid FC system.
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104 2. SOFC-PEMFC hybrid system coupled with TSA

105 Figure 1 shows the layout of the proposed hybrid system (labeled as
106 SOFC-WGS-TSA-PEMFC). In this system, the NG fuel is first heated by the waste heat and
107  then injected into the SOFC anode. Direct internal reforming reaction occurs in the SOFC,
108  accompanying with the production and output of syngas (components in mole fraction: H>O
109  44.38%, H> 19.82%, CO 8.99%, CO, 26.49% and N2 0.32% in Trerorm=1023 K). A part of
110  syngas will be recycled back to mix with the fuel NG as a new fuel for SOFC anode. The
111 remaining part of syngas keeps going on and plays a role in preheating the fuel NG and air as
112 heat source for improving the system efficiency. Meanwhile, the temperature of the syngas is
113 reduced to the required temperature 350°C where the high-temperature WGS reaction

114  happens.
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116 Fig. 1. The layout of the SOFC-WGS-TSA-PEMFC system.
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In the gas processing (GP) subsystem consisting of WGS and TSA sections, the two
stages WGS including high-temperature and low-temperature stages are adopted to ensure
high converting rate and large H. production for the WGS reaction of the syngas.
High-temperature WGS (HT-WGS) reaction makes high converting rate, while
low-temperature WGS (LT-WGS) produces more Ho. The heat generated by WGS reaction is
recycled to evaporate water and produce steam. After the WGS treatment, the syngas is
cooled and dried prior to the TSA process. In the TSA process, only H, component of the
syngas can be selectively adsorbed by ABs-type HSA in chemisorption at room temperature
to form MH (metal hydride). The other components of the syngas are exhausted to
environment. When the MH reaction bed is heated to certain temperature (50~90°C), high
pure H> is released from the MH to supply for the PEMFC as anode fuel. In order to improve
the system net efficiency, the produced steam in the WGS process is used to heat the MH bed
for driving hydrogen desorption reaction.

In the PEMFC subsystem, pure H> source separated from the TSA process is fed into the
PEMFC. The unreacted H in the PEMFC output is recycled back to the inlet for improving
fuel utilization. Cathode air is heated by waste heat of tail gas to reach the required
temperature prior to the input into the PEMFC. The cooling method using water as working
medium is performed to make sure the operating temperature less than 100°C, preventing

water from evaporating out of the PEMFC.

3. System model
3.1. Model assumptions
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The following assumptions are made for simplifying the system model.

1)
2)
3)

4)

5)

6)

7)

8)

Pressure drops in the system are neglected.

The NG source with 3% HO is desulfurized.

The system is in steady-state operation.

High steam to carbon ratio is assumed in the SOFC where no carbon deposition is
considered [23].

All the reactors (including the WGS and TSA reactors) and heat exchangers are
assumed to be well insulated. There is no heat transfer between the devices (reactors
and heat exchangers) and the outside environment.

The hydrocarbon component in the NG is assumed to completely convert into H: in
the SOFC-DIR. The necessary heat required for the reforming reaction is taken from
the electrochemical reaction in the SOFC. Besides, the reforming and WGS
reactions in the system occur at the equilibrium temperature and pressure [24].

The modeling of SOFC-DIR is separated into the reforming and the electrochemical
reactions. The gas fuel after the reforming reaction equilibrium is the input fuel of
the subsequent electrochemical reaction. The local isothermal model is applied to
fuel cell for calculating electrochemical balances based on the constant cell
temperature [25].

The humidification of the PEMFC is not considered for the following reason. Our
study only focuses on the stationary performance of the hybrid system. The
humidification of flue gas has little influence on the efficiency and gas composition
except increasing the humidity. Therefore, the reasonable simplification on the
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PEMFC humidification is performed.

3.2. Models of the SOFC and PEMFC subsystem

The core of the SOFC subsystem shown in Fig. 2a is the SOFC fuel cell which works
both as a NG reformer and a generator. The excessive air is input into the SOFC cathode for
being used as the coolant to remove the generated reaction heat out of fuel cell, ensuring the
isothermal operation of the SOFC. The internal reforming reaction, water gas shift reaction,

and electrochemical reactions in the SOFC can be expressed in Egs. (1-3) [26,27].
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r(a) < (b) WGS-TSA subsystem
I ' I
F Y Air flow ’. | as I_ ™
I I,\(.' Now Compressor  * | o

b y 0
| l ‘i S\ngu‘| Iy separator 1SA reactor
- 1 ° Now Lo Py 0 xa xa e o7
| < > _\‘a | —Tp | a2 AT W | i | TN — T
I | HEX " HEX ) rwes  HEX prwes (MEX HEX

’ B : A :

| | | reactor ,fw reactor ! ,!,

I_’ e I ! . l

Bl

k.‘l ‘I‘ » Y :
-l. EE .
| T Compressor 1 i I HEX || boiciicsiteiia..d I B

1
Steam fMow
us

» Water flow iz

1 R kI {
| F s
|SOFC-DIR subsystem ! | Ha Srw ' Air flow
ol | | L. ;m
' bl ?“
! LT T vater ew
I".'_‘l' Csubsystem L] Geeerrereeed
Fig. 2. The schematic model (a) SOFC subsystem; (b) WGS-TSA subsystem; (c) PEMFC
subsystem.
CH,+H,0 —»CO+3H, AH =206 ki/mol (1)
CO+H,0—>CO,+H, AH=-41kJ/mol )
H2+%02 3 H,0(g) AH =-242 ki/mol 3)
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The reaction equilibrium constant K., of the reforming reaction occurring at the
equilibrium temperature T, can be described as below [28].

Pco - Pu ?
Kre orm ——=f Tre orm
f pCHZ ’ szo ( f ) (4)

=-2.63121x10™" - T* +1.24065%x107 - T -2.25232x10™* -T? +0.195028 - T —66.1395

Figure 2 ¢ shows the schematic model of the PEMFC subsystem. For the fuel cell (SOFC
and PEMFC) subsystems, the overall mass balance equation is described as follows.
¢a,in +¢c,in _¢a,0ut _¢c,out =0 (5)

The mass exchange between the anode and cathode in the fuel cells can be calculated by

Eqg. (6).
|

¢caa: a,out _¢a,in = IVIOZ E for SOFC

M ! for PEMFC ©

= —@. = — or

¢a»c c,out ¢c,|n H, 2F
The overall energy balance equation of the fuel cell is written as below.
¢a,in ’ ha,in +¢c,in ' hc,in _¢a,0ut ’ ha,out _¢c,0ut : hc,out = PDC +Qloss (7)

The relationship between anode mass flow ¢,,, and power output P of the fuel cell

can be described in the following equation.

P
Pain* Hrer Mt - LHV g =———=PFoc = Ay -3 -U;, (8)

DC/AC

The current density J can be calculated by Eq. (9). VY.i.i Stands for the concentration
of the effective components involved with Hz during the reforming and electrochemical
reactions.

I _ /'lfuel . ¢a,in Z ya,in,i

. A\:ell - Ahell Ma . 2F (9)
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Combining Egs. (8) and (9), the relationship between power output P and fuel utilization

uuel could be obtained and described in Eq. (10).

P="ociac 1 Uik = Hpe '_’-'—'UDC/AC U, (10)

The relationship between irreversible cell voltage U, and cell equilibrium conditions
(cell pressure p., and temperature T, ) is shown as below. The third term in Eqg. (11)

represents the voltage loss AU, caused by the polarization under the assumption that the

loss

voltage loss over the length of the electrodes (the direction of the fuel flow) is ignored. For

sake of simplicity, the voltage loss AU, is assumed to conform to Ohm’s Law and

loss

equivalent to the local current density times a constant resistance Req. The values of Req and

Acenl are obtained through the calculation under the design conditions of cell voltage U, and

current density J.

R ‘T y1/2 . y
U~ — Eo + (s} cell . |n c,0, a,H, . 2 | _ | . R
ir T 2F ya‘HZO pcell eq (11)

3.3. Model of gas processing subsystem

Figure 2 b shows the schematic model of the GP subsystem which contains two
important reactors of WGS and TSA. In the WGS reactor, the water gas shift reaction occurs
at the equilibrium temperature T, . The equilibrium constant K., corresponding to the
WGS reaction is the function of T, asexpressed in Eg. (12) [29].

Peo, X Py
gin =————= T (T,
hift Poo X Pro ( wes) (12)

=5.47301x10™2.T* —2.57479%x10°% - T3 +4.63742x107° - T?> —0.03915-T +13.2097

K

In the TSA reactor, the ABs-type HSA LaNis3Alo7 against CO impurity [21] is used to

complete the hydrogen absorption/desorption processes. The TSA reaction for hydrogen
14 / 40



214  separation and purification based on HSA can be described as Eqg. (13). The hydrogen
215  absorption/desorption reaction enthalpy of LaNis3Alo7 alloy is AH =-29.2 ki/mol H, [30].

216 LaNi, ,Al,,+3H, <> LaNi, Al ,H, (13)
217 The TSA reaction takes place at the equilibrium pressure P, which is closely
218  associated with the reaction temperature T . The relationship between B, and T,
219  called as pressure-concentration isotherm, can be expressed in Eq. (14). The polynomial
220 function coefficients a, [31] are different for hydrogen absorption/desorption processes,

221 which are listed in Table 1. The hydrogen desorption reaction kinetics of TSA can be written

222 in Eq. (15) [32]. The main parameters of this equation are shown in Table 2.

0= a (ij expldH [ 1 1 Y
223 % n=0 " M Rg Treact Tref ( )

dH E P, — P
= =C, exp(-—2).| =1 | H
224 pralalet p( RgTd)[ . ] (15)

225  Table 1 The polynomial function coefficients for hydrogen absorption/desorption [31].

Coefficient ao ai az as s as as az as ag

Absorption  0.0075 15.2935 -34.577 39.9926 -26.7998 11.0397 -2.8416 0.446 -0.0391 0.0014

Desorption -1.4654 19.1902 -42.086 49.0869 -33.8194 14.4375 -3.8581 0.6275 -0.0567 0.0021

226  Table 2 The main TSA reaction parameters.

Parameter Value Ref
Desorption rate constant, Cq (s) 9.57 [33]
Activation energy, Eq (J/mol) 23879.6 [31]
Reactor gas pressure, pg (bar) 0.085 [31]
Absorbed hydrogen content, H (wt%) 0.7 [21]
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3.4. Computational details

In the present study, Cycle-Tempo software, an elaborate thermodynamic system
simulator designed by Delft University of Technology (TU Delft) [34], is used to perform
thermodynamic modeling and exergy analysis for optimizing the SOFC-WGS-TSA-PEMFC
system. The FC modular in the Cycle-Tempo was developed by A de Groot [25], which is
capable of simulating almost all different types of fuel cells including SOFC and PEMFC.
The Cycle-Tempo software has been successfully applied in the energy system optimization,
which is proven to be a feasible and reliable tool for the stationary modeling and simulation
[35-37]. During the calculations, the relative accuracy for the iteration operation is set as
1.0x10*. The counter-flow between fuel and air flows is chosen for the fuel cell. The values
of the important input parameters used in the model computation are summarized in Table 3.

Table 3 Values of the important input parameters used in the model of the hybrid system.

Parameter Value
Operating temperature of the SOFC, Tsorc (K) 1023
Operating pressure of the SOFC, psorc (bar) 1.013
Inlet temperature of fuel and air in the SOFC, Tinsorc (K) 1023
Reforming reaction temperature in the SOFC, Treform (K) 1023
Equilibrium pressure of the DIR reaction, preform (bar) 1.013
Outlet temperature of fuel and air in the SOFC, Toutsorc (K) 1073
DC/AC conversion efficiency, 7pciac 0.96
Fuel utilization in the SOFC, uiuel,sorc 0.8
Cell voltage of SOFC, Uirsorc (V) 0.75
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239

240

241

242

243

244

Current density, J (A/m?) 2500

Isentropic efficiency of compressor, #ise 0.8
Fuel recirculation percentage of SOFC, ysorc 0.4
Reaction temperature of HT-WGS, Thr-was (K) 623
Reaction temperature of LT-WGS, Tir-wes (K) 473
Steam temperature, Tstam (K) 383
Hydrogen absorption temperature of HSA, Tas (K) 303
Hydrogen desorption temperature of MH, T4 (K) 353
Operating temperature of the PEMFC, Tremrc (K) 353
Operating pressure of the PEMFC, ppemvrc (bar) 1.013
Inlet temperature of fuel and air in the PEMFC, Tinpemrc (K) 353
Outlet temperature of fuel and air in the PEMFC, Toutpemrc (K) 358
Cell voltage of PEMFC, Uirpemrc (V) 0.7
Fuel utilization in the PEMFC, usuel,pEmFC 0.85
Oxidant utilization in the PEMFC, pox pemFc 0.5
Temperature of cooling water, Tcoolant (K) 293

3.5. Model verification
Considering a steady state model discussed in this work, the energy balance of the model
is calculated to perform the model verification. In this case, a random operating point of NG

mass flow ¢, =006kg/s is chosen. The energy input and output of the

SOFC-WGS-TSA-PEMFC system are summarized in Fig. 3. The energy input into the

17 / 40



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

system includes NG source, air source, heat source for TSA, water source and the consuming
power of the auxiliary compressors. The one going out of the system has the power of fuel
cells (SOFC and PEMFC), tail gas, steam, water out of the separator and the HEX cooling the
PEMFC. The calculation compositions of gas flow and the energy results are shown in Table
4. The comparison between the input and output energy shows there is a small error of about
5.76 kW in the hybrid system. The very small relative error (about 0.33%) indicates the

model verification of the SOFC-WGS-TSA-PEMFC system for the energy balance.

Auxiliary H,;0O Heat ’
Air source  Coolant water input

Auxiliary power power input source

NG source | — e SE S SRLES B 8 P e LS S e N e e S S LIRS e ) = A e

:> GP mmm | Tail gas
—_— ) i:)
Syngas flow (WGS-WA) H; flow

Alr source .- h M M M M_ M M

FC power Tail gas ‘10 Steam  Tail gas FC power  Coolant water output
output

Fig. 3. The energy input and output of the SOFC-WGS-TSA-PEMFC hybrid system.
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263  Table 4 The energy balance verification of the SOFC-WGS-TSA-PEMFC hybrid system.
Components Energy e-;Z:ZIy Error Relative
(kW) (KW) (kW) error
NG source
(CHa4: 85%, CoHs: 7%, CaHg: 2%, CO.: 287.42
5%, N2: 1%)
Air source
(N2: 77.29%, O2: 20.75%, CO2: 0.03%, 757.56
Input H.0: 1.01%, Ar: 0.92%) 1723.15
Heat source -90.30
Water H20 input in the GP 9.51
source Coolant water input 886.97
Auxiliary power -128.02
FC SOFC 1383.24
power PEMFC 377.25 576 0.33%
Gas out of SOFC
(N2: 80.52%, O2: 17.44%, CO2:  -230.34
0.03%, H20: 1.05%, Ar: 0.96%)
Tail Gas out of TSA
(CO2: 98.74%, No: 1.14%, CO:  -1356.40
Output  gas 0.11%, CH,: 0.01%) -1717.39
Gas out of PEMFC
(N2: 70.02%, H20: 19.71%, O2:  -704.96
9.40%, Ar: 0.83%, CO2: 0.03%)
Steam 305.07
Water H>0 output in the GP -899.06
source Coolant water output -592.19
264 4. Results and discussion
265 4.1. SOFC-WGS-TSA-PEMFC system performance
266 The performance of the SOFC-WGS-TSA-PEMFC system is first predicted under the
267  operating condition of SOFC output power P,.. =500kwW. The NG mass flow required to
268  produce 500 kW and the corresponding H2 mass flow produced from the GP subsystem are
269 ¢ =0.022kg/s and ¢, =0.002kg/s, respectively. The output power of PEMFC depends on
270  the H2 production from the WGS reaction, which is calculated to be 129.80 kW. Therefore,
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271 the generated total power of the fuel cells is P, =P +Poouee =629.80 KW . In this case, the
272 total energy of NG fuel input into the hybrid system is E,. =926.10 kw. The gross efficiency
273 74.. Of the hybrid system can be obtained to be 68.01% by Eq. (16), which is the ratio of
274  total power P, to input NG fuel energy E,.. Since some auxiliary power and thermal
275  energy for TSA are consumed in the power generation process, this part of energy should be
276 removed from the generated total power P, . Consequently, the net electricity efficiency
277  n,, Ofthe hybrid system is 60.46% when the SOFC output power is 500 kW under the given
278  operating conditions. Table 5 lists the calculation results of the power generation and energy
279  consumption in the hybrid system.
280 Moross = FI;T:Z' (16)
281  Table 5 The calculated power generation and efficiency of the hybrid system in the case of
282 P, =500 kW,
Input energy Thermal
Total power (kW) Auxiliary power (kW) Efficiency
(kW) energy (kW)
NG fuel SOFC PEMFC Compressor 3 Compressor 8 TSAreactor  Gross  Thermal Net

Value 926.10 500 129.80 5.93 33.97 30.1 68.01%  3.24%  60.46%
283
284 It is of importance to note that the thermal energy Q., =30.1kw required for the TSA
285  process can be taken from the steam (Apparatus No.: 213) with the heat value
286  Qg..m =109.35 kW generated by the WGS reaction through heat exchanger. The recovery of
287  the heat source for driving the TSA reaction can improve the net electricity efficiency of the
288  hybrid system by 3.24% to be 63.70%. Figure 4 shows the comparison of the overall
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electricity efficiency among different fuel cell systems, such as Reformer-PEMFC
(R-PEMFC) [38], standalone-SOFC [39], SOFC-CLHP [26], SOFC-engine [40], SOFC-GT
[41] and SOFC-PEMFC hybrid system. It can be seen that the SOFC-PEMFC hybrid system
has a higher efficiency than the other five kinds of fuel cell systems. The high energy
conversion efficiency of the hybrid system indicates that the combination of SOFC and
PEMFC contributes to the enhancement of energy conversion process besides the utilization
of NG as fuel source. In addition, the coupling of TSA into the SOFC-PEMFC hybrid system
causes an improved net electricity efficiency (63.70%) compared with the system coupled

with PSA whose efficiency is 59.4% [17].
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Fig. 4. The comparison of overall efficiency among different fuel cell systems [17,26,38-41].
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4.2. Parametric analysis

The influences of some important operating parameters on the performance of the
SOFC-WGS-TSA-PEMFC system are further investigated in this study. As is well known,
the fuel utilization has a significant impact on the H> production and energy conversion
efficiency. Therefore, the influences of fuel utilization on the H> production behavior, output
power and net electricity efficiency of the hybrid system are first discussed. First, a set of
SOFC fuel utilization uselsorc=0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 is considered under the same
NG mass flow ¢, =0.022 kg/s . Figure 5a shows the variations of H. production, the power
generation and auxiliary power consumption with the increase of uselsorc. It is found that
increasing the SOFC fuel utilization can improve the SOFC power generation in an
approximate linearity. According to Eq. (10) , the FC output power is proportional to the fuel
utilization. Higher fuel utilization results in more power output generated by FC under the
same operating conditions. Therefore, it is easily understood that the SOFC power generation
increases with the increase of the SOFC fuel utilization. Meanwhile, more H; takes part in the
electrochemical reaction to achieve more power at a higher uselsorc. The consumption of H»
in the SOFC causes the reduction in H. production occurring in the WGS reactors,
accordingly reducing the power generation of PEMFC. Since the PEMFC power is much
smaller than the SOFC power in the hybrid system, the total output power is mainly
originated from the SOFC power. The fuel utilization per,sorc has a direct and more powerful
impact on the SOFC compared with the PEMFC. Therefore, increasing uuelsorc improves the
total output power of the hybrid system, even though the PEMFC power generation is
reduced. However, as shown in Fig. 5a, a small change appears in the total output power
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when pier,sorc 1S more than 0.7. In addition, the consumption of more H in the SOFC caused
by the higher uselsorc results in that the amount of air required to oxidize the increased H: in
the fuel cell is increased. The increased air indicates more auxiliary power consumption of
the compressor (Apparatus No.: 8). Taking the two influence factors of the large auxiliary
power consumption and the small change in the total output power at a high usuel,sorc (Mmore
than 0.7) into account, the hybrid system with the high usesorc has almost the same net
electricity efficiency, about 63% shown in Fig. 5b. The net electricity efficiency reaches the
maximum value 63.69% when the uselsorc IS 0.8. Therefore, the SOFC fuel utilization will

be fixed at 0.8 in the following study.
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Fig. 5. The hybrid system performance at different SOFC fuel utilizations usuesorc (a) Hz2
production and power; (b) net electricity efficiency.

Since the fuel of downstream PEMFC is pure H, from the WGS and TSA gas processing
subsystem in the hybrid system, the PEMFC fuel utilization mainly affects the PEMFC power
generation and the system net electricity efficiency. The SOFC power generation holds
unchanged under the conditions of the fixed NG mass flow ¢, and fuel utilization usuel sorc.

Fig. 6 shows the variations of power generation and system efficiency with the increase of the

PEMFC fuel utilization el pemrc at ¢ =0.022kg/s and o=« =0.8. It can be seen that
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both the power generation (PEMFC and total) and the net electricity efficiency are increased
in a linear pattern when more H> fuel is consumed in the PEMFC. The overall efficiency of
the hybrid system is increased from 55.28% to 62.28% when the el pemrc Varies from 0.4 to
0.9. If the recirculation of H> fuel out from the PEMFC outlet is considered, the ufuelpemrc
will have no impact on the power generation and system efficiency. Because the H> fuel from
the gas processing subsystem is completely consumed in this case. The total output power
and efficiency of the hybrid system reach the stable values of 644.28 kW and 63.69%,
respectively. Compared with the case without Hz recirculation at g, seyec =04, the
efficiency under the Hz recirculation can be improved by about 9%. Therefore, it is suggested
to consider the H. recirculation for the PEMFC in the hybrid system with the purpose of
improving the overall system efficiency.
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Fig. 6. The hybrid system performance with/without the H» recirculation at different PEMFC

fuel utilizations user,pemrc.
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Figure 7 displays the influences of SOFC outlet syngas recirculation on the net
electricity efficiency and power of the hybrid system. The recirculation ysorc not only affects
the performance of the SOFC, but also plays a crucial role on the subsequent Hz production
and the performance of the PEMFC. Increasing the ysorc helps to enhance the SOFC
performance, while overlarge ysorc makes few H. produced from the WGS reaction and
causes the performance degradation of the PEMFC as a result. The balance point of ysorc,
determining the best efficiency to the hybrid system, is found to be about 0.4, which agrees
well with the reported conclusion that the FC hybrid system fueled with renewable fuels has

the highest electricity efficiency with the syngas recirculation percentage of 40% [42].
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Fig. 7. The influences of ysorc on the net electricity efficiency and power of the hybrid
system.
The influences of operating temperatures on the performance of the hybrid system are
further investigated in this work. Since the CH4 reforming reaction is internally coupled into
the SOFC, the operating temperature of the SOFC is supposed to be also the reforming

reaction temperature. Figure 8a shows the performance of the hybrid system at different

reforming temperatures of Treform= 923, 973, 1023, 1073, 1123, 1173 and 1223 K under the
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optimal fuel utilization conditions (ufuesorc=0.8 and ysorc=0.4) and fixed current density
Jsorc=2500 A/m?. As the Treorm increases, the power generation of SOFC decreases. The
reduction in the SOFC power is attributed to the decrease of H> production in the SOFC-DIR,
because the reforming reaction constant K, is reduced at the elevated reforming operating
temperature. It means that the amount of H» fuel produced from the reforming reaction for
electrochemical reaction in the SOFC-DIR is reduced at the elevated Treform. AS a
consequence, the amount of the syngas from SOFC anode outlet is increased. On the contrary,
the H, fuel produced from the syngas after the two-stage WGS and TSA processes is
increased, which is from 0.00139 to 0.00226 kg/s with the increase of Treform from 923 to
1223 K. Therefore, the PEMFC power increases with the increase of Treform. The auxiliary
power (mainly the compression power for air and H> sources) also becomes large at the
elevated Treform, because more compression work is required to achieve the higher fuel inlet
temperature. In a word, the total output power of the hybrid system first increases and then
decreases as the reforming temperature is increased. The net electricity efficiency of the

hybrid system reaches the peak value of 63.32% at the Treform 0F 1023 K.
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Fig. 8. The hybrid system performance at different operating temperatures (a) DIR reforming

temperature; (b) LT-WGS operating temperature.
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In order to achieve fast converting rate and high H> production in the WGS reactors,
two-stage reactions with high and low temperatures are used in the gas processing subsystem.
In view of H. production mainly depending on the LT-WGS reaction, the influence of
LT-WGS operating temperature of 443~523 K on the hybrid system performance is studied.
In this case, the operating temperature of the HT-WGS reaction is fixed at 623 K. As shown
in Fig. 8b, the reduction in the LT-WGS operating temperature benefits for improving the
PEMFC power generation and overall system efficiency. The enhanced PEMFC power
indicates that the reduced LT-WGS operating temperature facilitates the H, production, as
listed in Table 6. The mole fraction of H, component in the mixture gas after the LT-WGS
reaction increases from 28.48% to 28.75% when the LT-WGS operating temperature is
reduced from 523 K to 443 K. Accordingly, the H/C ratio of the mixture gas is incresed from
1.605 to 1.621. These results reveal that lower reaction temperature promotes the H:
conversion reaction in the LT-WGS reactor and enriches the Hz production as a result. In
addition, the mole fraction of CO component in the mixture gas which is input into the TSA
reactor based on LaNis3Alo7 (HSA) is reduced with the decrease of LT-WGS reaction
temperature. When the temperature is less than 463 K, the concentration of CO can be
controlled below 0.1%, which is non-toxic to the HSA. Therefore, the control of LT-WGS
reaction temperature is important to avoid CO component poisoning the TSA process.
Although the reduced LT-WGS reaction temperature has a positive influence on the hybrid
system performance, the influence is weak. The operating temperature of 463 K is
recommended for the LT-WGS to achieve the high overall system efficiency without CO
poisoning.

27 / 40



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

Table 6 The H2 and CO mole fractions and the H/C ratio in the mixture gas after the

LT-WGS reaction at different temperatures.

Temperature 443 K 463K 473K 483K 503K 523K

H2 mole fraction 28.75% 28.71% 28.68% 28.65% 28.58% 28.48%

CO mole fraction 0.06% 0.10% 0.13% 0.16% 0.23% 0.33%

H/C ratio 1.621 1.618 1616 1614 1611 1.605

In the SOFC-WGS-TSA-PEMFC system, the H. fuel injected into the PEMFC is from
the hydrogen desorption of MH in the TSA reactor. The PEMFC operating temperature is
self-regulated according to the hydrogen desorption temperature of TSA reactor, which
suggests that the PEMFC and TSA reactor have the same operating temperature. According
to Eqg. (15), the H2 production in the TSA reactor is closely associated with the hydrogen
desorption temperature Tq. In other word, the PEMFC operating temperature affects the H»
fuel mass flow fed into the PEMFC. Figure 9 shows the influences of the PEMFC operating
temperature on the performance of the hybrid system. It can be seen that the relationship
between equilibrium pressure and temperature is linear, which conforms to the Van’t Hoff
equation describing the variation of the equilibrium pressure with the reaction temperature for
MH [43]. The higher the operating temperature is, the more the H> production is. Therefore,
the PEMFC can generate more power at higher temperatures. Of course, the thermal energy
supplied for the TSA reactor is also increased when increasing the temperature Tq. As
previously mentioned, the steam heat can be utilized to cover this part of thermal energy.

Thus, the increase of the required thermal energy has no influence on the net electricity

28 / 40



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

efficiency. However, the large H fuel mass flow inevitably reduces the operating time of the
PEMFC, because of the fixed total H> amount produced by the SOFC-DIR and WGS
reactors. Consequently, the highest possible PEMFC operating temperature will not benefit

for the overall performance of the hybrid system.
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Fig. 9. The hybrid system performance at different PEMFC operating temperatures (a) H2

production and equilibrium pressure; (b) net electricity efficiency and power.

4.3. Exergy analysis

The exergy analysis can help to find out which component of the system dominates the
energy irreversibility of the whole system, thus providing the approach of optimizing the
system performance. Therefore, the exergy analysis of the SOFC-WGS-TSA-PEMFC system
is further performed under the same environment condition (1.013 bar and 288 K) in this
paper. The results from the parametric analysis reveal that the novel hybrid system presents
the superior performance when the important operating parameters are set as uiuel,sorc=0.8,
xsorc=0.4, Tsorc=1023 K, Titwes=463 K, Ta=Tremrc=353 K and complete H> recirculation
for the PEMFC. At the given optimum operation, the exergy flow and exergy efficiency of

the hybrid system are calculated under the same NG fuel condition of ¢, =0.022kg/s .
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Similar to the calculation equation of energy efficiency (Eq. (16)), the equation for the gross
exergy efficiency can be written as the following equation. When calculating the net exergy
efficiency, this part of exergy consumed by the auxiliary apparatus should be removed from

the output exergy of the fuel cells.

EXSOFC + EXPEMFC
EXyo

é:G ross

(17)

Table 7 lists the calculation results of the output exergy Ex,,, the input NG source
exergy Ex,., the auxiliary exergy Ex,, and the corresponding exergy efficiency. The gross
exergy efficiency of the hybrid system is 65.04%. The net exergy efficiency with the
consideration of the heat source recovery for driving the TSA reaction (the thermal efficiency:
3.06%) is 60.89%.

Table 7 The calculated exergy and exergy efficiency of the hybrid system.

Input exergy (kW) Total power (kW) Auxiliary power (kW)  Exergy efficiency

NG fuel SOFC PEMFC Compressors Gross Net

Value 984.29 51151 128.66 40.82 65.04% 60.89%

The exergy flow diagram in the SOFC-WGS-TSA-PEMFC system is shown in Fig. 10.
In the hybrid system, a total exergy destruction of 39.09% occurs and the exergy efficiency of
60.91% is achieved. The exergy flow starts from the NG fuel source with Ex,, =984.29 kW
and then enters into the SOFC-subsystem. In this subsystem, 22.38% of the exergy is
destructed, which is the largest exergy destruction among the three subsystems. The PEMFC
subsystem has the second largest exergy destruction which is 11.40%. Compared with the

fuel cells subsystems, the GP subsystem has the smallest exergy destruction of 5.31%. The
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results reveal that the subsystems involving fuel cells usually have the high exergy
destruction. Actually, the exergy destruction in the H» separation and purification process is
very small. The TSA process in this case is about 0.99%, which is comparable to the PSA
process (0.8%) reported in the CaPP-SOFCR [17]. Besides, this part of the exergy can be
supplied by the thermal utilization of the produced steam in the WGS reactor, indicating that
the exergy destruction of TSA process can be recovered in our hybrid system. Therefore, the
replacement of TSA for PSA process in the hybrid system has little influence on the exergy
efficiency. Moreover, the SOFC-WGS-TSA-PEMFC hybrid system can prevent the gas
impurity component CO from poisoning the PEMFC, which is conducive to long-cycle

operation of the hybrid fuel cell system.
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Fig. 10. Exergy flow diagram of the SOFC-WGS-TSA-PEMFC system.

Figure 11 displays the exergy loss of the components and the corresponding ratio to the
total exergy loss in the SOFC-WGS-TSA-PEMFC system. In the SOFC subsystem, the
SOFC-DIR component and the HEX component (Apparatus No.: 10) contribute a major part
of exergy loss. The relative exergy loss (the ratio of exergy loss of each component to total
system) of the two components reach up to 23.65% and 19.53%, respectively. For the

SOFC-DIR, the high exergy loss is mainly attributed to the occurrence of the reforming and
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electrochemical reactions. The reason for the high exergy loss of the HEX 10 component is a
big temperature difference between the working fluid (air flow) and the heating fluid (exhaust
gas flow from the SOFC-DIR cathode). The temperature of the air flow is increased from 318
K to 1023 K through the HEX 10 so that the air can be fed into the cathode of the fuel cell
after the preheating. Meanwhile, the gas flow exhausted from the SOFC-DIR cathode is
cooled down to about 355 K for venting to the environment. The waste heat recovery of the
SOFC-DIR to preheat the air flow reduces the exergy loss of the exhaust gas flow to about
3.96%. Actually, the excessive heat of the syngas flow from the SOFC-DIR anode is also
considered to preheat the NG fuel and the initial air flow in this case. However, the HT-WGS
reaction with the syngas as the reactants is required to take place at a temperature as high as
623 K. The syngas heat out from the anode outlet that can be utilized for preheating is limited.
In the HEX 9, the temperature of the working fluid (air flow) is increased by only 12 K (306
K to 318 K). This is also the reason why the HEX 10 has the big temperature difference
between the working fluid and the heating fluid. In such a situation, the exergy efficiency of
the HEX 9 is very low, which is calculated to be only 12.51% according to Eq. (18) [44]. By
comparison, the exergy efficiency of the HEX 10 can reach up to 92.15%. The comparison
confirms that the heat exchange is more in the HEX 10 than the HEX 9.

& _ EwauiId,out B Exwfuild,in
HEX —
EthuiId,in - Ethuild,out

(18)
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Fig. 11. Absolute and relative exergy loss of the main components in the
SOFC-WGS-TSA-PEMFC system.

In the GP subsystem containing the WGS and TSA, the largest exergy loss is the exhaust
gas (CO. of 98.8%) from the TSA reactor. The relative exergy loss of the exhaust gas is
6.62%. The largest exergy loss of the hybrid system appears in the PEMFC component. The
relative exergy loss of the PEMFC reaches 25.60%. Actually, the exergy loss of the fuel cells
SOFC and PEMFC dominates nearly 50% of the total exergy loss. Therefore, the exergy

analysis further confirms that the fuel cells play an important role on determining the

performance of the hybrid system.

5. Conclusions
In summary, a novel SOFC-WGS-TSA-PEMFC system fueled with NG is proposed and
modeled in this paper. The parametric and exergy analyses are further performed and

discussed to optimize the performance of the hybrid system. Through the analyses, the

following conclusions can be drawn.
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(1) The SOFC-WGS-TSA-PEMFC system presents a high net electricity efficiency up to

about 64%, which is also more efficient than the reported R-PEMFC, only-SOFC,
SOFC-CLHP, SOFC-engine and SOFC-GT fuel cell systems. In addition, the
replacement of TSA for the PSA process to achieve H> separation and purification
helps to improve the energy conversion efficiency of the SOFC-PEMFC hybrid

system and prevent the PEMFC from being poisoned.

(2) The parametric analysis reveals that the optimum operating conditions for the hybrid

system are el sorc=0.8, ysorc=0.4, Tsorc=1023 K, Titwes=463 K and
Ta=Tremrc=353 K. The complete H> recirculation is suggested to the PEMFC for
high efficiency. The LT-WGS reaction temperature should be controlled below 463

K to prevent CO component from poisoning the ABs type hydrogen storage alloy.

(3) The net exergy efficiency of the hybrid system under the optimal operating

conditions can reach 60.91%. The SOFC and PEMFC components account for nearly
half of the total exergy loss, indicating the dominant role in the hybrid system.
Besides, the TSA process for H, separation and purification has the comparable

exergy destruction to the PSA process, both of which are very small (less than 1%).
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