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Abstract

Hydrogen sulfide (HS) occurs naturally in crude petroleum, natural gas, volcanic gases, hot springs, and some lakes. Hydrogen sulfide
can also result as a by-product from industrial activities, such as food processing, coke ovens, paper mills, tanneries, and petroleur
refineries. Sometimes, it is considered to be an industrial pollutant. However, hydrogen can be decomposg8 &odtiien used as fuel
for a solid oxide fuel cell (SOFC). This paper presents an examination of a simple hydrogen sulfide and natural gas-fed solid oxide fuel
cell system. The possibility of utilization of hydrogen sulfide as a feedstock in a solid oxide fuel cell is discussed. A system configuration
of an SOFC combined with an externaj$ldecomposition device is proposed, where a certain amount of natural gas is supplied to the
SOFC. The exhaust fuel gas of the SOFC is after-burned with exhaust air from the SOFC, and the heat of the combustion gas is utilize
in the decomposition of 5 in a decomposition reactor (DR) to produce hydrogen to feed the SOFC. The products are electricity and
industry-usable sulfur. Through a mass and energy balance, a preliminary thermodynamic analysis of this system is performed, and th
system efficiency is calculated. Also in this paper, the challenges in creating the proposed configuration are discussed, and the direction
future work is presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction which puts stringent requirements on cell materials, espe-
cially at high temperaturel]. Direct use of HS in solid

A fuel cell system provides a promising option for ef- oxide fuel cells with a platinum anode causes anode deterio-
ficient and environmentally benign electric power genera- ration over time, and the performance of the SOFC therefore
tion. Among the several kinds of fuel cells, solid oxide fuel drops[3]. For an SOFC with Ni—YSZ cermet electrodes and
cells (SOFCs) are particularly suitable for integration with a YSZ electrolyte, although material integrity is recoverable
other types of bottoming cycles (such as gas turbine cycleswhen HS is removed from the fuel, the performance loss
and cogeneration) because of their high operating temper-will increase when the k5 concentration exceeds 2 ppm at
ature (up to 1300K). Furthermore, an SOFC has multiple 1000°C [5].
fuel choices due to the high reaction temperature. In the last To circumvent some of these issues, afBHlecomposi-
decade, solid oxide fuel cells using hydrogen or methane tion reactor (DR) integrated with an SOFC system becomes
as a fuel have attained real maturity and may soon pro- a possible choice. Production of hydrogen by direct ther-
vide a viable commercial option for power generatjdr2]. mal decomposition of hydrogen sulfide has been studied
Researchers are also exploring other fuel options. Hydro- extensively. There are several good reviews of the subject
gen sulfide, which is considered to be an air pollutant, is a available[4,6]. Thermal catalytic decomposition of,8 in
potential candidate as a fuel for SOF[33$. However, hy- the temperature range of 500-1073 K has been investigated
drogen sulfide is an extremely corrosive and noxious gas, by many researchefg—11]. Many kinds of membrane sys-

tems to separate hydrogen and sulfur decomposed frgn H
- have also been studied extensivéh—-15] H>S decom-
* Corresponding author. Tek:1 412 624 9766; faxi-1 412 624 4846. o . . .
E-mail addressesyil5@pitt.edu (Y. Lu), position can occur ql_chkIy in the presence of certain cata-
laschaef@engr.pitt.edu (L. Schaefer). lysts and the conversion rate can be high. A laboratory-scale
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Nomenclature

[CH4]
[CO]

[CO]
Cp

f

h

Ahg

Ahfuel

Ahne

[H2]
[H20]

Us
Wdc

WH,S

molar flow rate of methane (mot$)
molar flow rate of carbon monoxide
(mols™)

molar flow rate of carbon dioxide
(mols™1)

specific heat at constant pressure
(Imolrtk-1

hydrogen flow rate at the inlet of an
SOFC stack (molst)

enthalpy (J mot?)

combustion heat of hydrogen (J md)
combustion heat of fresh natural gas
fed into system (J moft)

combustion heat of consumed hydrogen
in SOFC bundle (Jg"

molar flow rate of hydrogen (mols)
molar flow rate of steam (mot$)
reaction equilibrium constant
equilibrium constant for the reforming
reaction

equilibrium constant for the shifting
reaction

total molar flow rate of gas mixture
(mols1)

pressure (bar)

partial pressure of hydrogen in the
anode gas mixture

partial pressure of steam in the

anode gas mixture

partial pressure of methane in the anode
gas mixture

partial pressure of carbon monoxide in
the anode gas mixture

partial pressure of carbon dioxide in
the anode gas mixture

heat (J)

temperature (K)

molar flow rate of the reacted methane
in reforming reaction (molst)

molar flow rate of the reacted carbon
monoxide in shifting reaction (mot$)
molar flow rate of the reacted hydrogen
in electrochemical reaction (mot8)

fuel utilization

dc power generated from an SOFC power
generation unit (W)

molar flow rate of hydrogen decomposed
from HoS (mols™?)

Greek letters

Ndc

dc efficiency for an SOFC power
generation unit

nsystem €fficiency of integrated system

Subscripts

e electrochemical reaction
r reforming

f fuel

S shifting

stack fuel cell stack

Superscripts
[ inlet

to greater than 99.4% of complete conversion at around
973K [15]. Since the SOFC can be operated under a high
temperature condition of about 1300K, its exhaust flue gas
has a heat utility high enough for,8 decomposition. The
hydrogen decomposed frompH can then be sent back to
the SOFC as fuel.

In this investigation, a simple model of the integrated sys-
tem is given, and thermodynamic analyses, including energy
and mass balances, are performed. A computer code is de-
veloped to simulate the processes.

2. System configuration and description

The system configuration of the proposed SOFC system
consuming natural gas and hydrogen sulfide is shown in
Fig. L The system consists of an internal reforming SOFC
stack, a combustor, a thermap$l decomposition reactor, a
desulfurizer, and two recuperators. Natural gas is internally
reformed, and the product, a hydrogen-rich gas mixture, is
fed into the SOFC anodes. The air is pre-heated and fed into
the SOFC cathodes. The electrochemical reaction occurs at
the interface of the cathodes and anodes and produces oxy-
gen ions flowing through the electrolytes and cathodes, and
electrons flowing through the anodes and external circuit,
which generates the electricity. The reaction heat is used to
reform the natural gas and heat the incoming air and fuel
streams. The depleted fuel and air streams are fed into the
combustor where the residual fuel gases (hydrogen, carbon
monoxide, and methane) are combusted with the excess oxy-
gen from the depleted air stream. The high-temperature flue
gas is used to decompose theSHand heat the air and fuel
streams fed into the SOFC stack. The hydrogen sulfide is
decomposed and separated in a decomposition reactor with
a porous membrane. The separated hydrogen flows through
a desulfurizer and is sent back to the SOFC stack as a fuel.
Another by-product is sulfur, which can be used in industrial
processes.

3. System modeling

This system model calculates the thermodynamic proper-
ties and chemical composition of the gases at the inlet and
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Fig. 1. Schematic diagram of the proposed SOFC power generation system.

outlet of the different system components, the system energyThe equilibrium constants can also be expressed as functions

and mass balances, and the system efficiency. of the mole fractions of the gas components.
3.1. Internal reformer model ((cor + r n/ @' +2x) .
x (Ho]' +3x+y—2)/(n' +20)) ,
| g Ve onti o K= . . P (6)
nternal reforming is an attractive option that offers a sig- ((ICH4]' — x)/(n' + 2x)) r

nificant cost reduction, higher efficiencies, and faster load

responses for an SOFC power plant. In an SOFC system,
anode gas recycling can be used to provide steam to the re- i i
forming process, which occurs at the anode side of the SOFC (([CORL' + )/ (' + 20))

stack. The reaction mechanisms for the internal reforming ;. _ X ((Hal' +3x+y — 2)/(n' +20) @)

are ~ (([COJ +x — y)/(n' + 2x))
x ([H20] — x — y + 2)/(n' + 2x))

x ([H20] — x — y + 2)/(n' 4 2x))

Reforming reaction : Chkl4+ H20 <> CO+ 3H;

(xmols™t) 1) where superscript i is the inlet, and subscripts r and s are
reforming and shifting, respectively.is the total inlet molar
- : flow rate of the gas mixture, andy, andz are, respectively,
Shiftingreaction : - COF Hz0 <> COz + Hz the reacted molar flow rates of methane, carbon monoxide,
(ymols™) (2) and hydrogen in the reaction givenkigs. (1)—(3)and satisfy
following relationship:

Electrochemical reaction : 4# 0.50, — H>0 7= Ui(3x + y + wH,s) (8)
(zmols™t) (3) _ o _
Us is the fuel utilization rate in an SOFC stack, aing,s
Assuming that the reforming and shifting reactions are is the molar rate of hydrogen fed into the SOFC stack from
in equilibrium during the SOFC operation, the equilibrium H>S decomposition. When the temperature is known, the
constants can be expressed as functions of the partial presequilibrium can be calculated from:
sures of the gas components.

; logk = AT*+BT3+ CT2+ DT+ E 9)
. P§, Pco
Reforming : Kr = ——2—— (4) where constant#, B, C, D, and E are listed inTable 1
PcH, PHy0 [16.17]
P, Pco, Both the reforming and shifting processes are endothermic

Shifting:  Ks = (5)

PcoPh,0 reactions. The heat needed for the reforming and shifting
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Table 1 Table 3

Coefficients for calculation of the equilibrium constants The assumed performance values of the related system components
Reforming Shifting Parameters Assumed values

A —2.63121x 10711 5.47301x 10712 Thermal efficiency of HS DR (%) 90

B 1.24065x 107 —2.57479% 1078 Recuperator efficiency (%) 90

C —2.25232x 1074 4.63742x 1075 Combustor isotropic efficiency (%) 95

D 1.95028x 1071 —3.91500x 102 H2S conversion efficiency (%) <90

E —6.61395x 10t 1.32097x 10 Temperature difference in various recuperat6S)( >100

reactions comes from the electrochemical reaction and canare calculated usingq. (15) In this study, the system effi-

be calculated using following equations: ciency is defined ifEq. (16) whereAhy,e is the combustion
energy of the fresh nature gas fed into the system.
Or = x(hco + 3hH, — hh,0 — hcH,) (10) T
Qs = y(hco, + hu, — hco — hh,0) (11) Ah = T Cpdr (15)
Wdc
3.2. SOFC model = — 16
Tlsystem Ahroel (16)

The SOFC model is based on a 100 kW tubular SOFC -
heat and power system (SOFC-CHP) developed by Siemensib?]p?:egf ;oorgglossmon feactor and other system
Westinghouse. The field performance parameters of this
SOFC system are shown irable 2 [1]

Thengc in Table 2is the dc efficiency of the SOFC bundle
and is defined irEq. (12) wherewgc is dc power produced
by the SOFC power generation unit, andnc is the com-
bustion heat of consumed hydrogen in the SOFC bundle.

The decomposition temperature range can be 200-1600
which includes catalytic or direct thermal decomposition.
In the temperature range of about 800—1500 thermol-
ysis of hydrogen sulfide can be treated simply in terms of
the reaction shown ifEq. (17) wherex equals 2[18—-20]

Wdc (12) In this study, the temperature of,H decomposition is set
Ahne as 800°C, although the KIS decomposition may occur at

To simplify the study, this paper focuses on the thermody- many different _temperatures, ip_cluding those lower than
namic aspects of the total SOFC system based on the avail300°C. depending on the specific catalysts. The ass_ume_d
able data inTable 2 The total heat generated in the SOFC parameters for the _relevant system components are given in
stackQstack Can be calculated frofaq. (13) This generated Table 3 where DR is the decomposition reactor.
heat includes reversible electrochemical reaction heat and 1

: L ! H2S < Hy + —Sx 17
the heat due to the irreversibility of the process that provides 25« M2t X (A7)
the heat for internal reforming and heating the incoming re-
actant streams.

1—
Qstack= M (13)

Ndc 4.1. System simulation results

wherenqc is the dc efficiency of the SOFC bundle ang. is ) )
the dc power. The flow rate of hydrogen fed into the SOFC  In this study, the pressures in all of the system compo-

Ndc =

4. System simulation

stack can be calculated as nents are assumed to be 1bar, and the flow resistance in
i Wdc the pipelines and system components is neglected. The typ-
Jstack= Urnache (14)  ical natural gas composition in the United States is 94.4%

methane, 3.1% ethane, and 1.1% nitrogen and other com-
whereAhe is the change of enthalpy of formation of the elec-  ponentq21]. In this study, the natural gas is assumed to be
trochemical reaction given iq. (3) The enthalpy changes  100% CH, for simplicity. The depleted fuel recalculation
of the reactants and products due to temperature variationfor internal reforming is set to 58%, which makes the C/H
ratio in the reforming process in the range of 2.5-3.

Table 2 In the particular case of anj3 conversion efficiency of

The operating parameters of a 100kW SOFC-CHP system 90% and 85% fuel utilization for the SOFC, the temperature,
dc power ac) (kW) 110 gas flow rate, and composition at each node of the system (as
dc efficiency §qc) (%) 53 shown inFig. 1) are listed inTable 4 The flow rate of natural

Fuel utilization Ur) (%) 85 gas fed into the SOFC is 0.0034 kg/s, the corresponding flow
Stoichiometric air ~4

rate of consumed 8 is 0.0071 kg/s, and the molar ratio of

Stack temperature (K) ~1273 the natural gas and4$ is approximately 1.01.
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Table 4 Table 5
The thermo-fluid properties at each state point for the SOFC power system The thermo-fluid properties at each state point for an SOFC power system
with the H,S decomposition device without the BS decomposition device
Temperature Flow rate Gas composition (molar fraction %) Temperature Flow rate Gas composition (molar fraction %)
(K) (kgls) K (kgls)
1 300 0.0034 Chl, 100 1 300 0.0046 Chl, 100
2 1073 0.0034 Ch{ 100 2 1073 0.0046 Chi 100
3 1073 0.0038 Chl 50.4; H, 49.6 3 1073 0.0046 Chl 100
4 300 0.4714 N, 79; O, 21 4 300 0.4714 N, 79; O, 21
5 1007 0.4714 N 79; O, 21 5 1006 0.4714 N 79; O, 21
6 1173 0.0144 KO, 69.6; b, 9; CO, 7; CQ, 14.1 6 1173 0.0113 KO, 10.8; B, 16; CO, 36.7; CQ, 36.2
7 1173 0.4439 N 83.4; Q, 16.6 7 1173 0.4439 N 83.4; Q, 16.6
8 1322 0.4599 KO, 3.4; @, 15.9; N, 79.8; CQ, 0.9 8 1424 0.4653 KO, 3.0; @, 15.8; N, 79.4; CQ, 1.8
9 1173 0.4599 HO, 3.4; @, 15.9; N, 79.8; CQ, 0.9 9 1424 0.4653 HO, 3.0; @, 15.8; N, 79.4; CQ, 1.8
10 1154 0.4599 bO, 3.4; @, 15.9; N, 79.8; CQ, 0.9 10 1399 0.4653 bO, 3.0; @, 15.8; Nb, 79.4; CQ, 1.8
11 413 0.4599 HO, 3.4; @, 15.9; N, 79.8; CQ, 0.9 11 654 0.4653 HO, 3.0; @, 15.8; N, 79.4; CQ, 1.8
12 300 0.0598 B, 90; HS, 10
13 0.0067

pose the HS, and thus the $¥8& decomposition efficiency
has a more significant effect on system efficiency. Improve-
For comparison, the simulation of a system withoySH  ment in the HS decomposition efficiency will increase the
decomposition, as seen kig. 2, is also performed for the  H»S/CH; consumption ratio, as shown Hig. 4, which also
case of an SOFC dc efficiency of 53% and fuel utilization leads to an increase in the system efficiency. This is because
of 85%. The results of this simulation are listedTiable 5 the higher the KIS decomposition efficiency, the more the
hydrogen can be decomposed. Additionally, this results in
4.2. System performance under differing hydrogen sulfide @ higher hydrogen flow rate at the inlet of the SOFC stack
decomposition efficiencies and more heat produced to decompose th$ i turn. That
is also why the curves ifig. 4 are not completely linear,
The effects of the KIS decomposition efficiency on the especially when the fuel utilization is low. Also, the higher
system efficiency and the ratio of fuel streams are shown the fuel utilization, the lower the #8/CH, ratio because
in Figs. 3 and 4 respectively. The b5 decomposition  less fuel is combusted to produce heat in the combustor.
efficiency affects the system efficiency andSACH; con-
sumption ratio significantly. For a given fuel utilization, the 4.3. System performance under differing fuel utilization
system efficiency increases with the$idecomposition ef-  percentages
ficiency. This is because theB decomposition system will
send more hydrogen to the SOFC stacks whe8 Hecom- The effect of fuel utilization on system efficiency and
position efficiency is highefrig. 3 also shows that overall, the H,S/CH; consumption ratio is shown iRigs. 5 and 6
the system efficiency increases with the fuel utilization. The
H>S decomposition efficiency has a greater effect on system o7
efficiency when the fuel utilization is low. The reason for this
trend is that when the fuel utilization is lower, more fuel in 0.6 N
the depleted gas is combusted to produce the heat to decom

é

Air|

&
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—<&— Fuel utilization: 85%
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Fig. 2. Schematic diagram of the SOFC power generation system without Fig. 3. Effect of the hydrogen sulfide decomposition efficiency on the
H2S decomposition. system efficiency.



Y. Lu, L. Schaefer/Journal of Power Sources 135 (2004) 184-191 189

2.5 35

—&— Hydrogen sulfide decomposition efficiency: 90%
S— / —— Hydrogen sulfide decomposition efficiency: 70%
—&— Fuel utilization=0.85 39 —&— Hydrogen sulfide decomposition efficiency: 50% [

—— Fuel utilization=0.75
—&— Fuel utilization=0.65
2 .\‘.\-\t‘\\

Hydrogen sulfide/Methane
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Fig. 4. Effect of the hydrogen sulfide decomposition efficiency on the 054 058 062 066 07 074 078 082 086 09
H,S/CH;, ratio.

Fuel utilization
. . . o Fig. 6. Effect of fuel utilization on HS/CH; consumption ratio.
Improvement in the fuel utilization will increase system ef-
ficiency, and also a higher hydrogen sulfide decomposition
efficiency will result in a higher system efficiency, as shown tion is low, the hydrogen sulfide decomposition efficiency
in Fig. 5 When the fuel utilization approaches a higher affects the consumed3/CH; ratio dramatically because
value, the improvement of the hydrogen sulfide decomposi- of the large amount of heat used to decompose tf&. H
tion efficiency will contribute less to the system efficiency.
This is because there is less fuel in the depleted fuel gas4.4. System performance under differing SOFC dc
combusted to produce heat. SimilarEa. 4, the relation efficiencies
between the fuel utilization and system efficiency is not ex-
actly linear, especially when the hydrogen sulfide decom- Improvement in the dc efficiency of an SOFC directly en-
position efficiency is high. This is because when the fuel hances the conversion rate of fuel in the SOFC and hence
utilization increases, the fuel consumption rate increases butincreases the system efficiency as showhigs. 7 and 8It
the hydrogen decomposed from$i decreases due to less is also indicated that the system efficiency increases with the
fuel in depleted gasFig. 6 shows that increasing the fuel H2S decomposition efficiency and fuel utilization as shown
utilization will decrease the consumed$ICH;, ratio due in Figs. 3 and 5As indicated irFigs. 9 and 10the SOFC dc
to the same reason as stated above. When the fuel utiliza-€fficiency improvement will slightly decrease the$ICH;,
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Fig. 7. Effect of the SOFC dc efficiency on system efficiency with differing
Fig. 5. Effect of fuel utilization on system efficiency. H2S decomposition efficiencies.
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Fig. 10. Effect of the SOFC dc efficiency on the$ICH; ratio with
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ratio because a less irreversible reaction heat is used to de-
compose the b5. If the S decomposition is set at a lower
temperature, the effect of the SOFC dc efficiency on the
H>S/CH, ratio is expected to slightly increase because of
the heat available for $& decomposition.

5. Conclusions

An integrated system that combines the SOFC power gen-
eration system with a direct thermap8 decomposition de-
vice with a membrane has been proposed and analyzed. The
preliminary energy and mass balance analysis shows that
from a thermodynamic analysis, such a system has the ca-
pacity to recover the heat from SOFC power generation sys-
tem to decompose the hydrogen sulfide and thereby produce
electrical power and industry-usable sulfur at same time.
The system power generation efficiency is expected to reach
65% for the case of an SOFC dc efficiency of 53%, a fuel
utilization of 85%, and an k5 decomposition efficiency of
90%.

In the near future, with the quest for efficient and clean
power sources, more and more SOFC-related power systems
like the one proposed in this study will be developed. For
this particular integrated system, with the advance toward
commercialization of SOFC power generation technology,
the proposed SOFC technology is becoming relatively ma-
ture. The challenges of building this proposed system focus
on the KBS decomposition device and the system integra-
tion. Although some laboratory-scale hydrogen decomposi-
tion membrane reactors exist, there are currently no such
commercial devices available in the market. Expanded tech-
nical and economic studies are necessary to evaluate the fea-
sibility and maturity of larger S decomposition devices.
Additionally, the system integration needs to be fine-tuned
and the analysis of the overall system should be expanded.
Finally, system control and other technical and economic
issues should be considered further as well.
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