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Abstract: To increase the efficiency of fuel processor and HT-PEMFC (High Temperature-Proton
Exchange Membrane Fuel Cell) combined system, it is essential to improve the efficiency of a fuel
processor. In this research, the fuel processor was simulated by Aspen Hysys® simulator, and effect
of the various operating conditions on the total efficiency was investigated. Thermal efficiency of
the fuel processor increased as the temperature and S/C (Steam to carbon) ratio increased, and the
efficiency was higher at the S/C ratio of 3 than at the S/C of 4 at the reformer temperature of 700 °C
and higher. Under the selected operating conditions of the fuel processor, recycling of unreacted
hydrogen from the anode off gas (AOG) of the HT-PEMFC improve the overall efficiency of the
combined fuel processer and HT-PEMFC by a factor of 1.28. Operating conditions where the AOG
supplied excessive heat than required for fuel processor operation were excluded. The high-
efficiency operating conditions of the fuel cell system were proposed with the target of 5 kW of
output as the capacity of the household HT-PEMFC.

Keywords: fuel processor; steam reformer; residential HT-PEMFC; fuel cell; water gas shift reactor

1. Introduction

Distributed power generation is actively researched as a respond to instability of power supply
such as a large-scale blackout due to disaster. Distributed power generation directly produces and
supplies power at demand, and stationary fuel cell are a representative of distributed power
generation [1,2]. Stationary fuel cell for building have advantage of using a relatively small
installation space for producing the same amount of energy compare to other renewable energies and
using existing city gas infrastructure [3,4]. Therefore, demand for stationary fuel cell system for
building is increasing worldwide. Also, electricity output, durability, system size, operation,
installation, and operation costs of fuel cell systems are becoming competitive [5,6]. In particular, the
fuel processor and fuel cell combined system efficiency is mainly affected by the fuel processor
efficiency [7,8]. The flow rate of methane used for reactants and for burner fuel affects the reaction
temperature in the steam reformer resulting in the change in conversion and also affect the overall
efficiency of the combined system [9]. In general, hydrogen production rate increases as the
temperature of the reactor increases, but the overall thermal efficiency may decrease due to excessive
input of burner fuel [10]. Therefore, the fuel processor needs to be operated at optimal temperature
conditions and used to operate within the temperature range shown in Figure 1.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Schematic diagram of fuel processor.

The fuel processor is composed of a steam reformer, a water-gas shift reactor, a burner, and heat
exchangers [11]. In a steam reformer, natural gas and steam reacts on nickel catalysts at 500 °C to 800
°C to produce hydrogen and carbon monoxide [12]. Since the reforming reaction is an endothermic
reaction, the reactor must be designed to supply sufficient amount of heat to keep the reaction
temperature constant [13,14]. For this reason, a burner is installed close to where the steam reforming
reaction takes place to provide sufficient thermal energy.

The heat from the exhaust gas, the reformed gas and the heat released from the steam reformer
are recovered to heat the reactants, in particular water [15]. Increasing the efficiency of fuel processors
requires thermal energy optimization for heat transfer between exhaust gas, reformate and reactants.

The WGS (Water Gas Shift reactor) is classified into HTS (High Temperature Shift reactor) and
LTS (Low Temperature Shift reactor) depending on the operating temperature (shown in Figure 1).
The WGS reactor shifts CO to CO: to prevent the CO poisoning of the fuel cell. A water-gas shift
reaction is an exothermic reaction that needs to remove the reaction heat [16]. LT-PEMFC (Low
Temperature-Proton Exchange Membrane Fuel Cell) requires CO concentration to be less than 100
ppm [17], whereas HT-PEMFC has sufficient durability even when CO is less than 1% [18]. HT-
PEMEFC does not use a humidifier unit and is advantageous in high thermal efficiency using the
thermal energy from high cell temperatures [18,19].

One of the ways to increase the total efficiency of the fuel processor and fuel cell combined
system is to recirculate unreacted hydrogen discharged from the anode of the fuel cell to the burner
as a fuel [20-25].
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In this study, conditions such as operating temperature, S/C ratio, reactant flow rate, and burner
fuel flow rate of each reactor were investigated to efficiently operate the combined system of fuel
processing system and PEMFC stack. A theoretical model based on thermodynamic analysis was
applied and the overall efficiency of the combined process was investigated at various operating
temperatures using the Aspen Hysys® simulator.

2. Modelling

Simulations were performed for a combined system of fuel processor and HT-PEMFC with a
recycle stream of anode off gas to a burner installed in the SR (Steam Reformer). The fuel processing
system consists of a steam reformer, two water gas shift reactors (high temperature shift reactor and
low temperature shift reactor), and heat exchangers. Figure 2 shows the process flow diagram by
Aspen Hysys®. PNG (Process Natural Gas) is introduced to the reformer and reacted with steam to
form hydrogen. Q=i is the heat required to raise the PNG to the reaction temperature of the steam
reformer. Qw2 is the heat required to turn water into the steam up to the reaction temperature of the
reformer. The product gas from the steam reformer is cooled down by a heat exchanger (cooler 1 in
Figure 2) to the high temperature water-gas shift reactor (HTS) operating temperature and then
introduced to the HTS. CO converted into CO2 with steam at the HTS and the concentration of CO in
the HTS product gas would be lowered less than 3%. To reduce the CO concentration lower than 1%,
HTS product gas cooled again and introduced to the low temperature water-gas shift reactor [26].
The heat released in the process was named Qc1, Qew, Q. Qsr is the energy required for the reaction
at steam reformer. Qmursis the heat of reaction at high temperature water-gas shift reactor and Qvrs is
the heat of reaction at low temperature water-gas shift reactor.

Q
3 Qa1 Qcx Qcs
Qm Reformate
-—‘Q/—f Cooler 1 Cooler 2 Cooler 3
PNG
Heater Qm } J
Water Steam Steam L (g Y
Generator SR HTS LTS

Figure 2. Aspen hysys® flowsheet of fuel processor.

In the steam reformer, two main reactions are considered [27-29] : the steam reforming reaction
(equation (1)) and the WGS reaction (equation (2)). It is assumed that the reaction proceeds to
equilibrium conditions in each reactor, and the equilibrium reactor is used for the simulation with
the equilibrium constants (Ksz and Kwes) calculated the equations (3) and (4).

Steam methane reforming : CH, + H,0 < CO + 3H, @)
Water Gas Shift reaction : CO + H,0 < CO, + H, (2)
PCOP1312 2 1 3)
KSR = atm =
DcH,PH, exp (Z(Z(Z(0.2513Z — 0.3665) — 0.58101) + 27.1337) — 3.2770)
Kyes = z ”Zp;"z atm=? = exp(Z(Z(0.63508 — 0.293532) + 4.1778) + 0.31688) @)
H,0Pco

. (1ooo> . ®)
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Equation (3) and (4) are empirical equations presented by Twigg [30], and the equilibrium
constants (Ksr and Kwcs) are expressed as a function of temperature (Z and T) instead of each partial
pressure. The WGS reactor applied Kwes within the temperature range of reactor. Equilibrium
constants calculated for each reaction are summarized in Table 1.

Table 1. Equilibrium constant for reactor temperature.

Tsr Equilibrium constant

(°C) Steam reforming (Ksr) Water gas shift (Kwcs)
100 0 2289

200 0 210.8

300 0 38.83

400 0.0001 11.72

500 0.0098 4.904

600 0.5212 2.551

700 12.54 1.541

800 168.87 1.036

To calculate the thermal energy and heat of reaction in each component, energy balances are
applied. As shown in Figure 3, the fuel processor consists of two independent parts. One is the
reaction part and the other is the thermal energy supply part. The thermal energy required is
calculated as the enthalpy difference between the inlet stream and the outlet stream. (equations (6),
and (7)), which can be supplied by the methane burner via combustion. Since the entire system must
operate at a steady state, the total reactive energy required (Qxe) is equal to the amount of energy
supplied by the burner through combustion (Qck).

Fuel processor system

PNG ' Reformate
Reaction part (H,, CO,, CO, CH,)
Water
IQB

Fuel

Thermal energy Exhaust gas
Air supply part (H,, CO,, CO, CHy)
(Burner)

Figure 3. Schematic diagram of energy balance for fuel processor system.

(6)
Qce = mih; = mfuelAhfuel + M4 DNy — Mpxnaust gasAhExhaust gas
Thermal energy
supply part
= ke = 1pneAhne + water Awater — 1 AR )
QRE - mih; = Mpng PNG My aterBwater mReformate Reformate

Reaction part
The required energy of reaction section can be calculated by summing the heat of reaction, the
heat energy for heating the reactants, or for cooling the products as shown in equation (8). In equation
(8) each energy is calculated by the enthalpy difference between the inlet stream and outlet stream.
The enthalpy of each stream would be a function of the temperature, flowrate and the degree of
reaction.
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Qre = —Qy1 — Quz — Qsgp + Qc1 + Qcz + Q¢z + Qurs + Qurs 8

Figure 4 shows the above explanation intuitively.

Reaction Part

reformer

QHI QSR ch QHTS QCZ QLTS QC3

L Nfe=

Figure 4. Detailed thermal energy flow of reaction part.

The thermal efficiency of the fuel processor system (nrr) was defined as equation (9) [31-33].
ny, LHVy, )

"~ (nang +Mpng) * LHVyg + Nagg 1, LHV 406 1, + Maoc cu, LHVch,

Nrp

The thermal efficiency of the fuel processor is calculated by dividing the energy of produced
hydrogen by the total energy supplied to the process (PNG, natural gas to burner, AOG).

The product gas containing produced hydrogen is cooled in the cooler Qcs system to remove
moisture in the product gas and supplied to the PEMFC. Hydrogen is supplied to the anode side and
oxygen from the air is supplied to the cathode side of the PEMFC. Using the electrochemical reaction,
electrical energy is produced. To calculate the amount of electrical energy produced by the PEMFC,
fuel utilization efficiency, irreversibility of the PEMFC should be considered. Detailed simulation
condition for the fuel processing system is summarized in Table 2.

Table 2. Simulation conditions for the fuel processing system.

Variables Condition
Temperature of Steam Reformer (Tsr) 500 ~ 900 °C
Temperature of HTS (THrs) 300 ~ 400 °C
Temperature of LTS (Tvrs) 200 ~ 300 °C
Steam to Carbon ratio (S/C) 1~5
Molar flow rate of natural gas supplied to steam reformer

0.7 ~ 1.2 mol/min
(npng)

S/C ratio is defined as in equation (10), and is a value obtained by dividing the moles of steam
introduced by the moles of carbon.

§/C ratio = Steam moles (10)
rato = Carbon moles

PEMEFC description
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Since the flow rate of unreacted hydrogen in AOG is inversely proportional to the fuel utilization
efficiency of the PEMFC, proper prediction of fuel utilization efficiency would be important to
calculate the hydrogen consumption rate in the PEMFC. Power by the PEMFC stack (Psuc) can be
calculated as the product of the number of unit cell (rcer), unit cell voltage (Vear), unit cell current (i),
and MEA area (Aumea) as shown in equation (11).

Pstack = NeeuVeeu " 1" Amea (11)

The unit cell voltage in equation (11) can be calculated from equation (12) considering the
thermodynamic equilibrium potential (V,), and the irreversibility of the PEMFC such as the activation
loss (1act), ohmic loss (1orn), and concentration loss (Neon) [34].

Veeu = Vo — Nact — Norm — Mcon (12)

The thermodynamic equilibrium potential, activation loss, ohmic loss, and concentration loss
are calculated by equations (13) to (17). The equation (13) can calculate the thermodynamic
equilibrium potential in HT-PEMFC. Equation (13) is a function of cell temperature (Teu) and 1.1549
V was calculated using a cell temperature of 150 °C  [35,36] .

V, = 1.1669 — 0.00024 (T, — 373.15) (13)

Activation loss can be calculated by Butler-Volmer equation that express the electrochemical
kinetics [34]. Since hydrogen oxidation reaction and oxygen reduction reaction occur in anode and
cathode in fuel cell, Butler-Volmer equations are using the two half reactions of equation (14) and
equation (15) to calculate the activation loss [34-38].

. 0.5
l RTcey (CHZ,ref> (14)

n = er
e (aa + acF)\ Cu,
0.75 .
|77 | _ RT ey In COZ,ref L (15)
ackel ™ q F Co, i/

Resistance loss and concentration loss occur according to the structural characteristics of the fuel
cell (thickness, electronic conductivity, porosity, etc.) and represent losses by hindering the
movement of hydrogen protons and electrons. To express Nown and 1o, Jo and his colleague suggest
the Equations (16) and (17) [35].

(Smem O'SSQCL O'SSCCL (16)
=i + +R
Nonm ( K Véf’LK V}CSLK elec)
- RT ( g5 Do,Co, ) 17)
con 4F végLDoz COZ - SGDL

The parameters in the equations (14) ~ (17) are shown in Table 3.

Table 3. PEMFC parameters used in combined fuel processor and PEMFC simulation.

Symbol Value Unit Description Reference
Awmea 300 cm? MEA area -
F 96500 C/mol Faraday constant -
Neelr 160 EA Number of cells -
R 8.314 J/mol K Universal gas constant -
Teenr 150 °C Temperature of cells -
SacL 0.015 mm Thickness of anode/cathode GDLs, CLs [35]
Sccr 0.015 mm Thickness of anode/cathode GDLs, CLs [35]
Smem 0.35 mm Thickness of anode/cathode GDLs, CLs [35]
K 300 S/m Electronic conductivity [35]
ire f 109 Ajm> Reference exchange current density in [36]

anode
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Reference exchange current density in

i 104 Afm2 hode [36]
g 0.5 Anode transfer coefficient [37]
ac 0.65 Cathode transfer coefficient [37]
Chyref 40.88 mol/m3 Reference H2 molar concentration [37]
Co,ref 40.88 mol/m3 Reference O2 molar concentration [37]
VacL 04 Porosity of CL [37]
Vel 04 Porosity of CL [37]
Vel 0.6 Porosity of CL [37]

The current density of a stack (i) is a function of the H2 molar flow rate (n#:) entering the stack,
the fuel utilization efficiency (Uy), the MEA area (Ames) and number of cells (11cer) as shown in equation
(18).

] 2F 18
L= X Uy X AmgaNcen =

Fuel utilization efficiency is shown by equation (19) and defined by the ratio of the fuel used by
the HT-PEMEC to generate power to the total fuel supplied to the HT-PEMFC [34].
amount of H, actually used in the power generation (19)

Amount of H, actually suppied to the stack

U f=
Total energy efficiency of the whole system would be defined as the ratio between the produced

energy to the supplied energy and can be calculated by equation (20) [39,40]

Pstack (20)
(ngnG + Mpng) * LHVyg

Nsys =

In equation (20), Psuc is the power (Joule/sec), nsnc is the moles of natural gas supplied to the
burner (mole/sec), nene is the moles of natural gas supplied to the reformer (mole/sec), LHVnc is the
lower heating value of the natural gas (Joule/mole).

3. Result

Sensitivity analysis

The simulation results (Figure 5) show the mole fraction of the gas produced in the steam
reformer at 500 ~ 900 °C. As the temperature of the steam reformer increases, the mole concentration
of hydrogen increases and the thermal efficiency of fuel processor increases, and they are stabilized
at 700 °C or higher. The highest thermal efficiency of the fuel processor is confirmed to be 89.15% at
900 °C, 88.38% at 800 °C and 86.36% at 700 °C. In order to prevent degradation of the catalysts, the
operating temperature should be lower than 800 °C [41].

do0i:10.20944/preprints202307.1363.v1
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500 550 600 650 700 750 800 850 900
Tsr (°C)

Figure 5. Mole fraction at the outlet of the steam reformer and efficiency of the fuel processor
according to the temperature of steam reformer. (S/C = 3, Turs = 400 °C, Tits = 200 °C).

Figure 6 and Figure 7 are simulation results of mole fraction and thermal efficiency of fuel
processor according to HTS and LTS temperatures. For HTS, the thermal efficiency of the fuel
processor was 86.36% regardless of temperature. For LTS, the thermal efficiency of the fuel processor
was decreased by 2% when the temperature was increased from 200 °C (86.36%) to 300 °C (84.36%).
Since the HTS and LTS generate a relatively smaller amount of hydrogen compared to the steam
reformer, the contribution to the thermal efficiency of the fuel processor according to the temperature
change of the HTS or LTS is not significant. Therefore, the operating temperature of the HTS was
fixed at 400°C [26], and the operating temperature of the LTS was fixed at 200°C in the simulation, so
that the HTS and LTS each showed the highest efficiency.

100
20 Nrp —
P H, -1
CONC.
(mol %) 00 1
& 40
NEep
(%)
20 oo m . co, -
0 e seeeeesessessnseesesssssesesssessssssszmmssssssssnns CO o
300 350 400

Trs (°C)

Figure 6. Mole fraction at the outlet of the HTS and efficiency of the fuel processor according to the
temperature of HTS. (S/C =3, Tsr = 700 °C, Tvrrs = 200 °C).


https://doi.org/10.20944/preprints202307.1363.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2023 do0i:10.20944/preprints202307.1363.v1

100 -
Nrp —
80 4 ;e m e e e e m i i e m e m -
CONC. H,
(mol %) 40 -
&
NEep 40 1
(%)
] S CO, - -
CO. CH,
200 250 300

Tirs (°C)

Figure 7. Mole fraction at the outlet of the LTS and efficiency of the fuel processor according to the
temperature of LTS. (S/C =3, Tsr = 700 °C, Turs = 400 °C).

As shown in Figure 8 and Table 3, the thermal efficiency of the fuel processor increases as the
S/C ratio increases at the steam reformer temperature below 650 °C. As the steam reformer
temperature increases, the thermal efficiency of fuel processor increases. However, the thermal
efficiency according to the S/C ratio seems to have a maximum point according to the S/C ratio at a
temperature of 650°C or higher in the steam reformer. At the steam reformer temperature of 650 °C,
the highest efficiency was 81.81% at an S/C ratio of 4, but at a temperature of 700 °C or higher, case
the highest efficiency was obtained at an S/C ratio of 3. At the reformer temperature of 700°C or lower,
the highest thermal efficiency of 86.36% was obtained at an SCR of 3.

100
90 | v R R e i . T
80 —- i e — — — o
70
Nep 60 )/ ISR
*0) 50 Yo =TT e S/C =
i S et S/C=2
40 —S/C=3
30 --=S/C=4
— —S/C=5
20

500 550 600 650 700 750 800 850 900
Tsr (°C)

Figure 8. Comparison of efficiency of fuel processor according to temperature of steam reformer and
S/C ratio.

At higher temperatures, the conversion of natural gas to hydrogen increases and more natural
gas enters the burner for providing heat to the reactants (natural gas and water) to produce maximum
thermal efficiency at different S/C ratios with temperature. Figure 9 shows the conversion of natural
gas according to S/C ratio and temperature of the steam reformer. The conversion of natural gas to
hydrogen is calculated based on the molar flow rate of natural gas entering and leaving the steam
reformer and indicates the degree of reaction. The amount of heat required to bring the water
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temperature to the operating temperature of the steam reformer at various S/C ratios and
temperatures is shown in Figure 10. Since larger amount of water is supplied to the system at high
S/C ratio, the amount of heat required is increased according to the increase of S/C ratio. On the other
hand, since the natural gas conversion is more than 95% at 700 °C of temperature and 3 of the S/C
ratio, the increase in produced hydrogen flow rate with increasing in S/C ratio at the temperature of
700°C and higher is inevitably small.

100 & = ‘__—______m

e - -
8 L * - P - - P -

0 1 r'd ” oo——""—
-
L, ~ e -
-
X 60 N ’4"
NG -~

(%) 40 | "’af ..................................

20 s [ 500 OC ----- 600 OC- B 700 OC
0 --= 800 °C 900 °C
1 2 3 i :
S/C

Figure 9. Conversion of natural gas according to temperature of steam reformer and S/C ratio.

7
6
5
Ql S
(kW) 3 | =
2 - g
1 SFTT s 500 °C mmmm- 600 °C= = =700 °C
0 — . — 800 °C——900 °C
1 2' 3' 4' |
S/C

Figure 10. Energy required to heat water according to S/C ratio and temperature of steam reformer.

Anode off gas recycling

Unreacted hydrogen in the anode off gas from the PEMFC stack that can recycled as fuel to the
steam reformer’s burner, increasing the thermal efficiency of fuel processer and PEMFC. The thermal
efficiency for the combined system depends on the amount of hydrogen recycled that is determined
according to the fuel utilization ratio of the PEMFC. Calculated stack power is summerized on Table
4, which are depending on the natural gas supplied to the fuel processor and the fuel utiliztion
efficiency of the stack. In Table 4, conditions for making more than 5kW power are shaded. on,
The power increases at higher fuel utilization at the stack, at higher steam reformer operating
temperature, and the higher flow rate of PNG. To increase the thermal efficiency of the fuel
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proserroer and PEMFC stack, anode off gas is recycled to the burner. In the Figure 11, it can be seen
that recycling AOG increases the efficiency of the fuel cell system by 1.28 times compared to the case
without it.

Table 4. Thermal efficiency of fuel processor corresponding to steam reformer temperature and S/C
ratio. (The bold and border represent the maximum efficiency at the same temperature).

Tsr
S/C ratio 500 600 650 700 800 900
1 21.88 42.64 50.19 55.37 60.93 62.38
2 32.32 59.54 73.50 81.85 85.60 85.93
3 39.78 68.52 80.31 86.36 88.94 89.15
4 45.39 73.25 81.81 85.14 86.32 86.41
5 50.58 75.31 81.12 82.95 83.56 83.61

Table 5. Power of fuel cell versus temperature, fuel utilization efficiency, and molar flow rate of
process natural gas. (bold and border are an area that satisfies the target capacity of 5kW, simulation
condition: S/C = 3).

U, (%) T ec) 70 % 75 % 80 %

n

PNG 07 08 09 07 08 09 07 08 09
(mol/min)

600 3.18 3.68 418 343 397 451 368 426 484
650 3.87 448 5.09 418 483 548 448 518 5.88
P (kW) 700 425 491 558 458 529 601 491 567 6.44

750 437 505 574 471 545 619 5.05 584 6.63
800 441 5.09 579 475 549 624 509 589 6.69

60
50 A
ol
Smgmo
Neys 40 1 y=1.2812x-0.1012 g
AOG R2 = 0.984 B,,.A--"o
recycled 30 -~ e
(%) 20 1 g7 “ OUf=80%
U.A"O
AUT=75%
10 1 oUf=70%
0 1 1
10 20 30 40

Nsys AOG non-recycled (%)

Figure 11. Relationship between overall system efficiency of AOG recycling process and AOG non-
recycling process. (S/C =3, n, ,=0.9 mol/min).

However, some of calculations are excluded by the details described below in Figure 12. Figure
12 shows the combustion energy generated by each process at various temperature of the steam
reformer. The flow rate of unreacted hydrogen in the anode off gas varies depending on the fuel

do0i:10.20944/preprints202307.1363.v1
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utilization (U) in the stack, which causes the combustion energy to vary. If the combustion energy of

the anode off gas is greater (red area in Figure 12) than the combustion energy of natural gas, excess
energy is supplied to the reactor and reactor temperature will increases. Since the use of AOG in this
section does not maintain the temperature, it is excluded from the result of the fuel utilization of 70%
or less in this study. Conversely, if the combustion energy of the anode off gas is smaller (blue area
in Figure 12) than required heat, additional natural gas to burner must be introduced to maintain the
temperature of the reactor.

\ R Required heat
10 AN - = U =65%
DN — — Uy =70%
g NN e Ur =75%
MO S - = -Ur =80%
N TS,
Qck N N e e
(kW) 6 ] ') \ \ ...‘..'.\ \ — —— — C— — — —
Overheating > ™.
N —————ETT T Tt s e e s T
4 A / - Lack of heat
2

500 550 600 650 700 750 800 850 900
TSR (OC)

Figure 12. Combustion energy according to the temperature of steam reformer and fuel utilization

efficiency.

In Figure 13, the overall efficiency of system according to the temperature of the steam reformer
for each process. since 80% of AOG has a little small combustion energy, it is possible to reach
maximum efficiency by supplying additional natural gas. Finally, in the case of AOG 75%, the value
was consistent with the required heat, showing that the reformer can be operated only with AOG
without additional fuel supply. In other words, energy independence is possible under the conditions
of 750 °C or more, fuel utilization efficiency = 75%, and S/C = 3.
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Figure 13. Comparison of system efficiency at various temperature in AOG recycling and non-

recycled operation.
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Table 6 shows the final selected operating conditions and system efficiency for 5 kW residential
PEMEFC. Consequently, the efficiency of fuel cell system is recommended under the conditions listed
below : S/C = 3 with maximum efficiency of fuel processor, fuel utilization efficiency without
overheating (75% ~ 80%), steam reformer temperature (700 ~ 800 °C) and molar flow rate of PNG (0.8
~ 0.9 mol/min) of producing more than 5 kW.

Table 6. Efficiency of system for the selected range of temperature, fuel utilization efficiency, and
mole flow rate of reactant natural gas.

u, (%) Tek (oC) 75 % 80 %
B 0.8 0.9 0.8 0.9
(mol/min)
700 43.47 43.79 46.62 46.96
Nsys (%) 750 43.74 44.05 46.90 47.24
800 43.81 44.12 46.98 47.31

4. Conclusion

To increase the overall system efficiency of fuel processor and HT-PEMFC combined system, the
thermal efficiency of fuel processor must be improved. This study suggests the two ways for
increasing the efficiency:

1) Optimizing the operating condition (Temperature of reactor, S/C ratio, Reactant flow rate)
having high thermal efficiency

2) Recycling of unreacted hydrogen in anode of HT-PEMFC.

The fuel processor consisting of an equilibrium reactors and heat exchangers was analyzed by
Aspen Hysys® simulator and the operating conditions were optimized at the highest efficiency. In
the simulation results, the effect of the temperature change of the WGS was less sensitive than that
of the steam reformer, and at maximum efficiency, the operating temperature of the HTS was 400 °C
and the operating temperature of the LTS was 200 °C. As the temperature and S/C ratio of the steam
reformer increase, the hydrogen concentration of the reformate gas increases, but the thermal
efficiency of the fuel processor decreases. The steam reformer showed maximum thermal efficiency
at S/C ratio of 5 at 500 °C, S/C ratio of 4 at 650 °C, and S/C ratio of 3 at 700°C, 800°C, and 900 °C. The
temperature of steam reformer was selected at 700 °C or higher, which is a condition with a a methane
conversion of 95% or higher. 900 °C of steam reformer was excluded in consideration of catalyst life.
The reason for the decrease in efficiency is that the energy required to heat the water is greater than
the energy from produced hydrogen. Recycling unreacted hydrogen as combustion fuel increased
the overall efficiency of the combined system by a factor of 1.28. However, excessive heat was
supplied to the fuel processor when the fuel utilization efficiency was less than 70% and this condition
was excluded. As a result, the overall efficiency of 43.47 ~ 47.31% was confirmed for the conditions
(Tsr =700°C, 750°C, 800 °C, S/C ratio = 3, nrnc = 0.8, 0.9, Ur=75%, 80%) at 5SkW power output.
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