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A theoretical model of a combined system composed of a high-temperature proton exchange membrane
fuel cell (HT-PEMFC), a regenerator and an absorption refrigerator (APR) is established, where the APR
is used to absorber the waste heat from HT-PEMFC for cooling production. By taking irreversible losses
within the proposed system into account, mathematical expressions of the equivalent output power and
efficiency for HT-PEMFC, APR and the combined system are derived and the optimum operating
regions of system performance parameters are obtained. In addition, the effects of key parameters such
as operating temperature, doping level, relative humidity, proton exchange membrane thickness and
some composite parameters on the combined system performance are discussed in detail. The obtained
results can provide some guidelines for the integration and design of such an actual system.
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1. INTRODUCTION

Fuel cells have been hailed as an alternative to conventional fossil fuel power generation
technologies because of their high efficiency, zero toxic emissions and potential to reduce the burden of
primary energy consumption. Fuel cells have great potential in a wide range of applications, including
large-scale fixed generation, scattered cogeneration and portable power sources [1-2]. In a variety of fuel
cells, the proton exchange membrane fuel cell (PEMFC) is regarded as one of the most potential clean
energy technologies because of its significant advantages such as fast startup, low operating temperature,
immediate response ability [1-4]. However, it is reported that up to half of the chemical energy in
hydrogen will be eventually dissipated as waste heat in PEMFCs due to the irreversible losses resulting
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from electrochemical reactions and joule heat [5]. If the waste heat is not immediately removed, the
accumulated heat may affect the normal operation of the PEMFC [3-6]. Therefore, it is of great
significance to reuse the waste heat generated from PEMFCs for other applications, as it Kills two birds
with one stone.

Based on the operating temperature, PEMFCs can be classified into high-temperature PEMFCs
(HT-PEMFCs) and low-temperature PEMFCs (LT-PEMFCs). The HT-PEMFCs are a kind of promising
technology that may overcome many problems faced in LT-PEMFCs, such as carbon monoxide (CO)
poison [7, 8], waste heat removal difficulty and comparatively complicated water management system
[9, 10]. In addition, HT-PEMFC does not require a humidifier or CO removal process, so the system
configuration of HT-PEMFC is simpler than that of LT-PEMFC [11, 12]. Moreover, HT-PEMFC has a
higher operating temperature (120°C~200°C), which greatly simplifies the complexity of HT-PEMFC
thermal management [13-15] and provides higher quality thermal energy than LT-PEMFC.

At present, most studies of HT-PEMFCs mainly focus on aspects, such as research and
development of cost-effective proton exchange membranes [16], fuel cell configuration optimization
[17], electrode structures design [18], high-performance and low-platinum electrocatalysts and multi-
platinum alloy catalysts [19], etc. While relatively few studies have been conducted on the waste heat
recovery of HT-PEMFC [20, 21]. Perna et al. [22] proposed a HT-PEMFC/organic Rankine cycle
cogeneration system for providing power and heat to independent residential utilities, and the maximum
electric power and the corresponding electric efficiency were found to be 27 kW and 43%, respectively.
Sarabchi et al. [23] studied an electricity/heating cogeneration system composed of a HT-PEMFC, a
solar methanol steam reformer and a Kalina cycle, and showed that the average dairy exergy efficiency
can increase by up to 29.3.

Absorption refrigerators (APRSs) can be thermally activated by industrial waste heat, solar energy,
geothermal and other low-grade thermal energy [24], which offer advantages such as reliable, silent and
environmentally friendly. To date, many studies have been undertaken to use APRs to recovery the waste
heat from PEMFCs [26-32]. For example, Pilatowsky et al. [25] introduced a cogeneration system
consisting of a LT-PEMFC and an APR, and the results showed that the cogeneration efficiency reached
the maximum value of 28.6%~37.3%. Arsalis [26] put forward a HT-PEMFC/APR combined system
and studied the potential of this technology in future applications. Due to the higher operating
temperature, HT-PEMFCs are superior to LT-PEMFCs as the topping cycle for APRs. The technology
coupling APRs to HT-PEMFCs can be widely used in scenes that electricity and cooling are both needed.
For example, Lee et al. [33] proposed a combined system consisting of a HT-PEMFC and an APR to
provide both electricity and cooling, and the output electrical efficiency and equivalent power of the
combined system were improved by 8% and 24~50% in comparison with the single HT-PEMFC,
respectively. However, the effects of various operating conditions and design parameters on the HT-
PEMFC/APR combined system performance are still unrevealed. The relative studies may provide some
new insights into running and designing such an actual system.

In this work, a HT-PEMFC/APR combined system is proposed to simultaneously produce
electricity and cooling. The structure of this paper is organized as follows: In Section 2, each component
within the proposed system is mathematically described, and the mathematical expressions for power
output and efficiency of the combined system consisting of HT-PEMFC and APR are obtained. In
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Section 3, the general performance characteristics of the combined system are demonstrated and the
optimum operating ranges for some key performance parameters are given, and the effects of some
important parameters on the performance of the combined system are discussed in detail.

2. SYSTEM DESCRIPTION
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Figure 1. Diagram of the HT-PEMFC/APR combined system.

The proposed combined system comprised of an HT-PEMFC, an APR and a regenerator, where

the APR is mainly composed of a generator, an evaporator, an absorber and a condenser. As shown in
the Fig. 1, HT-PEMFC generates electrical power P,; .- and waste heat through electrochemical

reactions. The rate of waste heat generated by HT-PEMFC q,, is flowed to the generator at temperature
T1to drive the APR for cooling purpose; another part g,, is flowed to the regenerator to recompense the
regeneration losses; and the third part g, is directly leaked into the ambience [29, 34-36]. q. is the heat
transfer rate of the working fluid from the cooling space at temperature T to the evaporator at
temperature T,. q, is the total heat transfer rate of the working fluid from the condenser and the absorber
at temperature T, to the ambience at temperature T, . For this combined system, the waste heat generated
by the HT-PEMFC can be readily used by the APR for cooling production without providing any
electricity, therefore, the energy conversion efficiency is expected to be further improved.

To facilitate the description of major irreversible losses, some simplified assumptions are made
as follows [37-39]:

o Each subsystem within the combined system is operated under stable states;
o Hydrogen and air are supplied according to the generated electric current;
o The working fluid temperature for the absorber and condenser are the same;

o The electrical energy needed to compress hydrogen and air is neglected;
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o The working fluid in the APR continuously exchanges heat with the heat reservoirs;
o Heat transfers in the system obey Newton's laws.
2.1. HT-PEMFC
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Figure 2. Diagram of an HT-PEMFC.

As shown in Fig. 2, the HT-PEMFC within the hybrid system mainly consists of a cathode and
an anode with phosphoric-acid-doped polybenzamidazole ((PBI)/H3P04) membrane as electrolyte

between the anode and the cathode. The HT-PEMFC is a power generation device that directly converts
the chemical energy stored in H, and O, into electric energy and thermal energy H, and O, reach

both sides of the proton exchange membrane through the diffusion layer and the catalytic layer on the
electrodes, respectively. On the anode side, H> is dissociated into H* and e” under the action of the
catalyst. H" is transferred in the proton exchange membrane in the form of water and protons (XHZO),

and finally reaches the cathode to achieve proton conduction. The anodic reaction is expressed as:
H, — 2H"+2e". At the same time, O, at cathode combines with the H" under the action of the catalyst.

The cathodic reaction is expressed as: 2H++%02+2e' — H,0. The overall electrochemical reactions of

HT-PEMFC are: H,(g)+1/20,(g) — H,O(g)+electricity+heat [40-42].

The produced electricity is delivered to the external electric circuit and the produced heat is
usually rejected into the ambience without any recovery. Adopting the HT-PEMFC electrochemical
model from Refs. [24, 30], the output voltage U of a single cell is always lower than the reversible
voltage Eo owing to the electrochemical irreversible losses such as activation overpotential (E,),

concentration overpotential (Econ) and ohmic overpotential (thm) . As a consequence, the power output

P _pemee and efficiency 77 pevec Of a single HT-PEMFC can be, respectively, given by [37, 38, 43,
44].
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Per_pemre = JA(U Bt —Eoon = thm) (1)
and
Mur—PEMFC = (U Eact —Econ — thm) (2)

where j is the operatmg current density; A is the effective polar plate area of the HT-PEMFC; F isthe
Faraday’s constant, Ah is the molar enthalpy change of the overall electrochemical reactions.
The output voltage U is given by [30, 42]
RT
U:Eo"'ﬁ"‘n_l (szpo2 /pHO) 3)

e e
AQ°
e

electrochemical reactions at T=298 K and P=1.00 atm; N, is the number of electrons exchanged per

where E, = is the ideal standard potential, Ag® is standard molar Gibbs free energy change of the

hydrogen molecule; As is the molar entropy change of the electrochemical reactions; R is the universal
gas constant; P, , B, and R, , are, respectively, the partial pressures of Oz, Hzand H2O.

The activation overpotential is

_ RT3 Jea
Ewe==——1In ea
' 2aF [ o “)

where a, j., and j, are the charge transfer coefficient, the leakage current density, and the exchange

current density, respectively [41, 44].
The concentration overpotential is

Econ :(14_ 1jﬂln(Lj (5)
2F )
where j, stands for the limiting current density [43].

The ohmic overpotential can be expressed as

; tmem
thm e (6)

(¢}
AJ e R:al'CI

mem

where G, and t . are, respectively, the proton conductivity of the electrolyte and the

thickness, A)—168DL3—6324DL2+65750DL+8460 and b,, =-619.6DL+21750, DL and Rh are

the doping level [45-47] and relative humidity of the electrolyte, respectively. The value of B varies
with the operating temperature T: when the operating temperature is in the range of
373.15<T <413.15, B:1+(0.01704T —4.6767)Rh; when the operating temperature is in the range

of 413.15<T <453.15, B =l+(0.1432T —56.89) Rh; when the operating temperature is outside of
the ranges mentioned above, B :1+(0.7T —309.2) Rh .

2.2. APR

The APR in the combined system is driven by the waste heat generated in HT-PEMFC. Once
some of the waste heat of HT-PEMFC flows to the generator, the APR begins to extract heat from the
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cooling space [48]. By considering internal irreversible effects inside the working fluids and the external
finite-rate heat transfer irreversibilities, the maximum cooling rate of the APR R, and its corresponding

coefficient of performance ¢ are, respectively, given by [49-51]:

2 0.5
Ro:qc:% (a+Mj — 4T, 1 . _1_|rT0/T _{a_FIrTo _Tc:| (7
2 Cq, (1+D)'T Ca, Ca,
and
2 05
=1 (a+MJ T L 1T T {a+ 1T, —TC} @®
2 Cq, (1+D)'T Cq, Ca,

where  a=1+(T,-1,D°T, )/ (1+D)'T | D=[b-1] /|1 (1) . B=K/K, L BEKK,

C=(1+ D)z/(AQ K), K= Kh/[l+,/I,bl T , |, isthe internal irreversible factor of the working substance,

K, and K_ are, respectively, the heat transfer coefficients of generator and evaporator, K, is the heat
transfer coefficient of condenser or absorber, A, = A, + A, + A, is the total heat-transfer area of the APR,
A and A, are, respectively, heat transfer areas of generator and evaporator, A, is the total heat transfer

area of the condenser and absorber.

As the exergy contents of the cooling load and electric power are different, the equivalent power
output P, and efficiency 7,., for the APR can be, respectively, given as [50-52]:

0.5
2
VR[N ELA ST SR (R 9
2| T, Cq, (1+ D)2 T Cq, Ca,
and
05
2

Mapr = E - E 1_T_0 (a+MJ 4T, 1 11, T /T {a_,_ero_Tc}

Gh T Cahn (1+D)2T Cap Cay, (10)

2.3. Regenerator

The regenerator in this system is used as a counter-flow heat exchange, and the rate of
regeneration loss q,, is usually calculated as follows [6]:

Q.= KreAe (1_‘9)(1— _TO) (11)
Where K, and A, are, respectively, the heat-transfer coefficient and heat-transfer area of the

regenerator.

2.4. Power output and efficiency of the combined system

The rate of heat leaked from the HT-PEMFC to the ambience g, is usually assumed in
proportion to the temperature difference between the HT-PEMFC and the ambience, i.e.,
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q.= KLAL (T _To) (12)
Where K| is the conductive and/or convective heat-leak coefficient, A is the corresponding heat-leak
area.
According to the energy conservation law, g, can be given as [46]:
AAh . 2F(c,+¢c,)(T—To
an, = —AH — PHT—PEMFC -0 —0.= _F|:(1_77HT—PEMFC )J - (Cl _ZZ]( )} (13)

where clz[KreAe (l—s)]/A and ¢, =K A /A are two composite parameters that are related to the

geometry configurations and the heat transfer irreversibility of the HT-PEMFC and regenerator.

Due to the existing regenerative losses in the regenerator and heat leakage from the HT-PEMFC
to the ambience, the APR begins to absorb heat from the cooled space when ¢, >0. Thus, based on Eq.
(13), the lower bound of operating current density from which the APR begins to absorb heat from the
cooled space |, is determined by

i = 2F (¢, +¢,)(T-T,)
°  —Ah (1_77HT—PEMFC)
where 7+ _pemec (Jc ) 1S the efficiency of HT-PEMFC at . .

(14)

When j> j. , the equivalent power output P and efficiency 7 of the combined system can be,

9 05
[ITT] e B {ITT}
C
Ca (1+D)2T Cap Ca,

respectively, given by

P=P =p iy To

+ —_
wr-pemrc + Papr HT-PEMFC = 2 1

c

and
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(16)
When j < j., the power output P and efficiency 7 of the combined system equal to that of the

sole HT-PEMFC, i.e.,
P=P

HT —PEMFC

(17)
and
= Mr —pemrc (18)
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3. RESULTS AND DISCUSSION

Table 1. Parameters used for the modeling.

Parameter Value

Faraday constant, F (C mol™?) 96,485
Thickness of the electrolyte, t,.. (M) 5x107° [55]
Universal gas constant, R (J mol™* K 8.314
Number of electrons, n, 2
Operating temperature, T (K) 433
Temperature of environment, T, (K) 313
Temperature of cooled space, T, (K) 293
Anode pressure (atm) 1.08 [53]
Cathode pressure (atm) 1.28 [53]
Anode gas compositions 100% H»
Cathode gas compositions 21% O2
Charge transfer coefficient, o 0.5 [35]
Leak current density, j... (Am?) 5x107° [54]
Internal irreversible of absorption refrigerant, | 1.05 [51]
The doping level, DL 10

The relative humidity, Rh 3.8%
Polar plate area of the HT-PEMFC, A (m?) 0.005
Constant, a (W K1m?) 1[27]
Constant, b, (W K*m?) 0.9 [47]
Constant, b, (W Ktm?) 0.2 [47]
Constant, C; (W Ktm?) 0.001 [45]
Constant, C, (W K1m?) 0.001

3.1. Generic performance characteristics

Based on the mathematical model formulated in Section 2 and the typical parameter values in
Table 1, the generic performance characteristics of the combined system can be revealed. The curves of
equivalent power densities and efficiencies of the HT-PEMFC, APR and combined system varying with
the operating current density can be obtained, as shown in Fig. 3, where P"=P/A is the equivalent

power density of the combined system; P pevre = Par_pevre /A and Piog = Pooo /A are, respectively,
the equivalent power densities of the HT-PEMFC and APR; P, P pewec @nd Proaer are,
respectively, the maximum equivalent power densities of the combined system, HT-PEMFC and APR,;
1M, (Mp wr—pemec OF Tlp apr ) @nd jp (jPYHT_pEMFC or jp,APR) are the equivalent efficiency and operating
current density of the combined system (HT-PEMFC or APR) at P, ( P revec OF Praaer )

respectively. It is observed that the equivalent power densities of the HT-PEMFC, APR and combined
system first grow and then reduce as j is increased, while their equivalent efficiencies ongoingly



Int. J. Electrochem. Sci., Vol. 14, 2019 8741

decrease with the increasing j Fig. 3 also shows that j,, jo,r_pemec @Nd o 4oz are not equal to each
other. For the parameters in Table 1, the combined system reaches P , 3976.24 W m™2, at 13188.52 A
m2, and the HT-PEMFC reaches Py, . pewec s 3694.77 W m™2, at 13564.56 A m™2, while the APR
reaches Py, ,pr+ 9955.46 Wm™, at 310.46 Am 2. Meanwhile, 77, 77, r_pevrc @Nd 775 4 are 24%, 21%

and 3.5%, respectively. Both the equivalent power density of the combined system and its corresponding
efficiency are greater than either that of the HT-PEMFC or that of the APR. It clearly shows that the
proposed combined system performance gains obvious improvement by integrating an APR. For the
parameters in Table 1, numerical calculations show that the equivalent output power density and
efficiency of the combined system are improved by 7.9% and 14.3% in comparison to that of the sole
HT-PEMFC, respectively.
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Figure 3. Curves of equivalent power densities and efficiencies for the HT-PEMFC, APR, and combined
system varying with the HT-PEMFC operating current density, where pP"=pP/A is the
equivalent power density of the combined system, P revec = Par_pemiec /A and Prog = Papr /A
are, respectively, the power densities of the HT-PEMFC and APR; P, P’ and

max ! max,HT -PEMFC
P acarr are, respectively, the maximum equivalent power densities of the combined system, HT-

PEMFC and APR; j, is the operating current density of HT-PEMFC at P,_.; 75 . _penwre (
Mo arr ) ANA Jo i eewvee ( Jp apr ) @re the equivalent efficiency and operating current density of

HT-PEMFC (APR) at P, iir_pemre ( Pracarr )» F€SPECtively.

As illustrated in Fig. 3, both P* and 77 reduce with j when j > j,. Obviously, the optimum

operation region of j should be
le<i<Je (19)

3.2. Parametric studies

As shown by the established mathematical model, the performance of the combined system not
only depends on the phosphoric acid doping level, relative humidity of proton exchange membrane,
some comprehensive parameters related to heat-transfer irreversibility and operating temperature but
also depends on the proton exchange membrane thickness. In this section, the impacts of these
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parameters on the combined system performance will be discussed in detail and the results of this model
are compared with the other HT-PEMFC-based hybrid systems.

3.2.1. Effects of DL

DL refers to the number of phosphoric acid molecules around each polybenzimidazole. The
PA/PBI membrane can reduce the dependence on water and increase the number of donors and
acceptors, and thus a higher DL improves the conductivity of HT-PEMFC as well as the overall
performance of the combined system.
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Figure 4. Effect of the doping degree on the equivalent power density and efficiency of the combined
system.

As shown in Fig. 4, both P* and 7 increase with DL in the whole region of, j and the effects of
DL on P* and 17 become insusceptible as DL increases. In addition, both jp and P’ shift to larger
values as pL increases. Although a larger DL benefits the system performance improvement, the
mechanical strength of PA/PBI membrane becomes weaker at the same time.

3.2.2. Effects of Rh

Rh is another parameter that affects the conductivity of proton exchange membrane for HT-
PEMFC and therefore affects the ohmic overpotential of the HT-PEMFC. Thus, Rh is crucial to the
HT-PEMFC performance as well as the combined system performance. As shown in the Fig. 5, the
influence of Rh on P* and 77 is obvious when j is between 5000 A m2 and 20000 A m2. When j is

less than 5000 A m2, Rh has almost no influence on the system performance.


https://fanyi.so.com/#insusceptible

Int. J. Electrochem. Sci., Vol. 14, 2019 8743

0.8

Pmax —_.
4000 f- = - - - - - - - - - - - =iIT L
> N
S 1 N
1 N dos
| Y ’
~ 3000 | . \.
o
E 1 \\_
1 W
; , ;04 =S
< 2000 | }
* 1
o v /= _____ ! 7,
| X < 0.2
1000 |- — Rh=o0 | . :
- —Rh=0038 , o
—=Rh =0.076 [ "
Jp X
0 0.0
0 5000 10000 15000 20000
: 2
j(AmY)

Figure 5. Effect of the humidity on the equivalent power density and efficiency of the combined system.
Numerical calculations show that P;_ increases from 3869.15 W m2to 4106.83 W m~ when

Rh grows from 0 to 7.6%, while 7, and jp are almost unchanged. In recent years, researchers

are dedicated to reducing the design complexity and additional power for the inlet gas
humidification.

3.2.3. Effects of b,
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Figure 6. Effect of the integrated parameter b, on the equivalent power density and efficiency of the
combined system.

b =K, /K, is acomposite parameter that is closely related to the heat transfer irreversibility. It
can be seen from Fig. 6 that both P* and 77 of the combined system are monotonically decreased with

b,and P, and 7, of the combined system are slightly reduced as b, increases. However, j, remains
almost unchanged when b, changes. The black solid lines in Fig. 6 stands for the special case that the
heat-transfer irreversible losses between the environment and condenser or absorber are negligibly small.
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3.2.4. Effects of b,

b, =K, /K, is another composite parameter that significantly affect the APR performance.
Similar to b, the heat-transfer irreversible losses between the evaporator and the cooled space decrease
as b, decreases. As shown in the Fig. 7, both P* and » are also monotonically decreasing functions of
b,, and P, decreases as b, increases while j, and 7, are almost constants. In addition, the effects of
b, on P* and n become insusceptible as b, decreases. The black solid lines in Fig. 7 stand for the
special case that the heat-transfer irreversible losses between the evaporator and the cooled space are
negligibly small.
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Figure 7. Effect of the integrated parameter b, on the equivalent power density and efficiency of the
combined system.

3.2.5. Effects of T

The HT-PEMFC operating temperature T is a key operating condition that affects the HT-
PEMFC performance as well as the APR performance. As seen from Egs. (3) - (6), T mainly affects E,

, E... E,, and E_,, andthusimpacts U . It is observed from Fig. 8. (a) that increases with the increase
of T.

(a)

U (V)
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Figure 8. Effect of the operating temperature on (a) output voltage of HT-PEMFC, (b) the heat flowing
from HT-PEMFC to environment, equivalent output power density of HT-PEMFC and APR, and
(c) the equivalent power density and efficiency of the combined system.

Therefore, a higher T is beneficial for HT-PEMFC performance improvement, as shown in Fig.
8 (b). Besides, the temperature difference (T —T,) between HT-PEMFC and the environment is

increased as T rises, which creates a bigger g, and improves the performance of APR as shown in Fig.

8 (b). In general, an increasing T is beneficial for the performance improvement of the combined
system, as shown in Fig. 8 (c). Fig. 8 (c) also shows that both P, and 7, are improved with increasing

T . Meanwhile, j, gradually moves rightward. When T =393K, P._, i, and j, are 3200.77 W m?,
22.6% and 11086.31 A m, respectively. When T =433K, P._, n, and j, are 3987.24 W m?, 23.8%
and 13115.29 A m, respectively. When T =473K, P’ , 7, and |, are 4610.90 W m2, 24.2% and
14066.93 A m, respectively.
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3.2.6. Effects of 't
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Figure 9. Effect of the proton exchange membrane thickness on (a) the ohm overpotential of HT-
PEMFC, and (b) equivalent power density and efficiency of the combined system.

The thickness of the electrolyte tmem has a great influence on the performance of the fuel cell. As
illustrated in Fig. 9 (a), a higher t__. greatly increases the HT-PEMFC ohm overpotential E . This is
because the larger electrolyte thickness increases the impedance of the ions transport, which affects the
power output of HT-PEMFC as well as the equivalent output power density and efficiency of the
combined system. It can be seen from Fig. 9 (b) that both P* and 7 are monotonically decreasing

functions of t__ . In addition, P, and 7, are greatly reduced with t__ .
3.2.7. Model comparison

To further verify the correctness and validity of the HT-PEMFC and APR combined system
model presented here. We compared the maximum power densities at different temperatures with the
Guo's HT-PEMFC combined system where the bottoming cycle can be functioned as either an absorption
heat pump for heating or an absorption refrigerator for cooling hybrid system [56] and Lee's HT-PEFC
combined system where an APR was integrated [33], as depicted in Fig. 10. From Fig. 10, we can see
that the maximum output power densities of the three systems increase with the increase of temperature
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in the range of 423~473 K. The present combined system maximum power density is almost the same
as that of Lee’ model [33], while it is smaller than that of the Guo’s model. This is because Guo’s
absorption refrigerator model did not consider the internal irreversible losses inside the working fluid.
The results show that the proposed combined system model is reliable and can be regarded as an effective
way to enhance the HT-PEMFC performance.

n
°
4500 "
¢
—
& " A
E 4000 ]
; A
N—r
g m  Guo's model [56]
*D. ® Current model
3500 |- A Lee's model [33]
3000 . ) 1 1 1 .
420 430 440 450 460 470 480

T (K)

Figure 10. Maximum power density comparisons between the present combined system and the Guo's
combined system [56] and Lee's combined system [33].

4. CONCLUSIONS

In order to reuse the waste heat of HT-PEMFC, an APR is integrated with the fuel cell for cooling
production. By considering the existing thermodynamic-electrochemical irreversible losses within the
combined system, the equivalent power output and efficiency of the HT-PEMFC, the APR and the
proposed system are calculated. The generic performance characteristics and optimum ranges of the
operating current density are derived. Compared with the single HT-PEMFC, the maximum equivalent
output power density and its corresponding efficiency for the combined system are increased by 7.9%
and 14.3% respectively. The effects of the operating temperature, operating current density and proton
exchange membrane thickness, phosphoric acid doping level, relative humidity of HT-PEMFC, and
some crucial composite parameters related to thermodynamic losses on the combined system
performance are discussed. The obtained results are useful for the integration and design of an actual
combined system.
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