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Abstract−Fuel cell-based auxiliary power units (APUs) are a promising technology for meeting global energy needs
in an environmentally friendly way. This study uses diesel containing sulfur components such as dibenzothiophene
(DBT) as a feed. The sulfur tolerance of molten carbonate fuel cell (MCFC) modules is not more than 0.5 ppm, as sul-
fur can poison the fuel cell and degrade the performance of the fuel cell module. The raw diesel feed in this study con-
tains 10 ppm DBT, and its sulfur concentration should be reduced to 0.1 ppm. After desulfurization, the feed goes
through several unit operations, including steam reforming, water-gas shift, and gas purification. Finally, hydrogen is
fed to the fuel cell module, where it generates 500 kW of electrical energy. The entire process, with 52% and 89% fuel
cell and overall system efficiencies, respectively, is rigorously simulated using Aspen HYSYS, and the results are input
into a techno-economic analysis to calculate the minimum electricity selling price (MESP). The electricity cost for this
MCFC-based APU was calculated as 1.57$/kWh. According to predictions, the cost reductions for fuel cell stacks will
afford electricity selling prices of 1.51$/kWh in 2020 and 1.495$/kWh in 2030. Based on a sensitivity analysis, the die-
sel price and capital cost were found to have the strongest impact on the MESP.
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INTRODUCTION

Auxiliary power units (APUs) using fuel cells are attracting in-
creasing attention as an environmentally friendly energy supply
technology. APUs can provide electricity to many systems in ships
beyond the main propulsion, such as lighting, plumbing, water
pumping, fuel transfer, and navigation. Fuel cells can improve the
efficiency of these auxiliary systems and conduct other functions
in a much more environmentally friendly way than other technol-
ogies such as diesel engine-based APUs. According to Delphi Auto-
motive Systems, solid oxide fuel cell (SOFC)-based APUs have higher
efficiencies, lower fuel usages, and are better able to meet current
emissions standards than diesel engines [1].

Fuel cells are low-polluting electrochemical devices that directly
convert the chemical energy of hydrogen into electrical energy.
Among the many types of fuel cells, we considered molten carbon-
ate fuel cells (MCFCs). MCFCs can be operated at approximately
650 oC, which enables efficient recovery of residual pressure and
waste heat via a gas turbine bottoming cycle and cogeneration [2,3].
For example, the operating temperature of phosphoric acid fuel cells

(PAFCs) is lower than that of MCFCs. However, MCFCs have much
higher operation efficiency (approximately 50-60%) than PAFCs (37-
42%). When the waste heat is recovered, the overall fuel efficiency
of MCFCs can be as high as 85% [4].

MCFC technology is considered as one of the most promising
options for marine applications [5]. Technical feasibility of using fuel
cells for ship propulsion and APUs has been demonstrated through
successful applications for commercial, cruising, passengers and
military navy ships, to list only a few, in North America and Europe.

High efficiency is one of the main reasons why MCFCs can offer
significant cost reductions over PAFCs. Furthermore, MCFCs do
not require an external reformer to convert more energy-dense fuels
into hydrogen, unlike PAFCs and polymer electrolyte membrane
fuel cells (PEMFCs), among other fuel cells. MCFCs are not prone
to poisoning by carbon monoxide or carbon dioxide [6]. These fuel
cells can even use carbon oxides as fuel, making them more attrac-
tive for fueling with coal-generated gases. Because MCFCs are more
resistant to impurities than other fuel cells, coal could be internally
reformed in MCFCs if they could be made resistant to impurities
resulting from coal reforming, such as sulfur and particulates. Alter-
natively, because MCFCs require CO2 be delivered to the cathode
along with the oxidizer, MCFCs can be used to electrochemically
separate carbon dioxide from the flue gas of other fossil fuel power
plants for sequestration [7].

Fuel cells need primary resources as sources of hydrogen in the
fuel stack to generate electricity. In this study, diesel was used as
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the primary resource. Diesel, which is mainly produced by the frac-
tional distillation of crude oil, consists of a mixture of aliphatic hy-
drocarbons (C9-C20), aromatic hydrocarbons (including benzene
and polycyclic aromatic hydrocarbons), and olefinic hydrocarbons.
It also contains sulfur components such as dibenzothiophene (DBT),
benzothiophene, and 4,6-methyldibenzothiophene. Hydrodesulfur-
ization (HDS), oxidative desulfurization (ODS), oxidation-extraction
desulfurization (OEDS), adsorptive desulfurization, and bio-desul-
furization (BDS) are some of the technologies that are used, or have
the potential to be used, to produce ultra-clean fuels able to meet
standard emission regulations [6]. According to Korean Standard
Specification for Diesel Fuel Oil (KS M 2610), upper specification
limits of automotive diesel and marine diesel are 10 ppm and 500
ppm, respectively [8].

Above sulfur content level still can poison the catalyst in the steam
reformer and fuel cell. Therefore, desulfurization in the fuel cell
system is necessary to reduce the sulfur content of diesel. Via fur-
ther desulfurization, the sulfur concentration of the diesel feed is
reduced to enable safe entry to a steam reformer and prevent deg-
radation of the fuel cell performance. Interestingly, desulfurization
has often been ignored in many fuel cell application studies. For
example, Delphi Automotive Systems decided to remove the desul-
furization process in SOFC-based APUs because no sorbent per-
formed well enough above 750 oC [1]. However, MCFCs have less
restrictive high-temperature requirements.

Herein, all process units, including a desulfurization unit and an
MCFC module, are rigorously simulated and analyzed. Although
numerous works have simulated and analyzed fuel cell systems
using diesel as a fuel, very few have included a desulfurization unit
in the system, which is crucial in long-time applications of fuel cells.

Therefore, the fuel cell system under consideration in this study is
much more realistic and thus analysis of the system can provide
useful insight into the system, such as economics of the system
and its limiting factors. The rest of this paper is organized as fol-
lows: After system overview, detailed descriptions and conditions
of unit processes and techno-economic analysis are given in Section
2. Simulation results and techno-economic analysis are assessed
and discussed in Section 3. Summary and conclusion are given in
Section 4.

METHODOLOGY

1. System Overview
The investigated MCFC system consists of the following sections:

(1) desulfurization, (2) reaction and separation (steam reforming,
water-gas shift reaction, and purification), and (3) MCFC module
(see also Fig. 1).

Fig. 1. Process flow diagram of an MCFC-based APU.

Table 1. Chemical composition of diesel used
Component Mole fraction
Dibenzothiophene (DBT) 0.0029
Naphthalene 0.0009
2-Methyl naphthalene 0.0009
n-C16 0.3162
n-C12 0.4154
n-C14 0.0010
t-Decalin 0.1294
Tert-butyl benzene 0.1337
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Aspen HYSYS v8.6 is used for the modeling and simulation of
a 500-kW APU including diesel fuel processing. Aspen HYSYS is
extremely versatile and popular software used in the process indus-
try for process modeling, conceptual design, and optimization.
The chemical composition [9] of the diesel feed used in the simu-
lation is summarized in Table 1. It is assumed that the sulfur com-
pound in diesel is DBT, which can be found in the Aspen HYSYS
component database.
2. Desulfurization Section

Among many types of desulfurization, we considered adsorp-
tive desulfurization in the liquid phase. The most common adsor-
bents used in this type of process are activated carbon, zeolite, and
silica gel. The sulfur components in the diesel feed are absorbed by
the adsorbent, thereby separating them from the diesel feed. Based
on this concept, the desulfurizer is simulated as a component split-
ter in Aspen HYSYS. The initial concentration of the sulfur com-
pounds in diesel is 10 ppm. This concentration must be reduced
to 0.1 ppm to avoid poisoning the catalyst in the steam reformer
and the MCFC module. In this paper, the temperature used as an
operating condition for desulfurization is 200 oC. The desulfuriza-
tion unit is simulated as a single vessel, though there are two ves-
sels in real situations: one for adsorption and one for regeneration.
Both these functions are simulated in one device with a compo-
nent splitter by adjusting the output pressure of the upper and bot-
tom stage splitters with a 440-kPa inlet pressure [2,10]. It is assumed
that there is a total 20% loss in diesel feed, including both adsorp-
tion and regeneration phases.
3. Reaction and Separation Section

Steam reforming is a commercial way of producing hydrogen
from fossil fuel and is more efficient than partial oxidation (POX).
The typical conditions of steam reforming are approximately 700-
800 oC and 3bar. Before steam reforming, gas phase diesel and steam
are mixed, producing a gas mixture that can be safely heated in a
steam reformer [11]. In the steam reformer, there is an external
heat supply (low thermal heat) to keep the temperature constant.

After steam reforming, a water-gas shift is conducted to oxidize
the carbon monoxide generated during steam reforming. The steam
reforming [12,13] and water-gas shift [14-16] reactions are given
in Eq. (1) and Eq. (2), respectively:

C12H34+12 H2O→25 H2+12 CO (1)

C12H26+16 H2O→33 H2+16 CO
CO+H2O→CO2+H2. (2)

In the purification section, a flash separator is used to separate gas
products (mainly hydrogen) from liquid mixture (unreacted die-
sel). Our operation conditions for steam reforming, water-gas shift

reaction, and separation were 720 oC and 300 kPa; 350 oC and 300
kPa; and 80 oC and 300 kPa, respectively [2].
4. MCFC Section

The APU system considered in this study generates 500 kW of
electrical energy. The operation temperature of the MCFC module
is 650 oC [2]. The fuel cell characteristics are summarized in Table 2.

The utilization of hydrogen in the cell (ηFP) depends on the hy-
drogen that must be consumed to produce 500 kW of electricity.
The H2 consumption and utilization [14] are calculated according
to Eqs. (3)-(6):

(3)

(4)

(5)

(6)

where P is the power (W), I is the electric current (A), V is the
voltage (V), and t is the time (s). Furthermore, e is the gram equiv-
alent weight, taken as 2, and F is the Faraday constant, 96,500 s A/
mol.

The MCFC efficiency (ηFC) depends on the hydrogen utilization,
which is defined as the percentage of hydrogen fuel reacted in the
fuel cell. The stack voltage efficiency (ηstack voltage) and DC/AC con-
version efficiency (ηAC/DC) are presented in Eq. (7)-(9):

ηAC/DC=0.98 (7)

ηstack voltage=Vcell×ηFP (8)

ηFC=ηstack voltage×ηAC/DC (9)

where Vcell is the cell voltage in volts.
5. Techno-economical Analysis

Using the simulation results, the overall APU system cost is esti-
mated to calculate the MESP. The economic parameters for the
discounted cash flow analysis are shown in Table 3. The material and
energy balance data from Aspen HYSYS simulation were used to

I = 
P
V
----

mass of H2 consumed = 
e I× t×

F
---------------

mass flowrate H2 consumed = 
mass of H2 consumed kg( )

1 hr
----------------------------------------------------------------

ηFP = 
mass flowrate H2 consumed
mass flowrate inlet module
-------------------------------------------------------------------

Table 2. MCFC characteristics
Anode reaction H2+CO3

2−
→H2O+CO2+2e−

Cathode reaction CO2+½ O2+2e−→CO3
2−

Overall reaction H2+½ O2→H2O
Temperature (oC) 650
Pressure (kPa) 300
Cell voltage (Vcell) (V) 0.6

Table 3. Parameters used in the techno-economic analysis
Parameter Value
Cost basis year 2015 dollars
Chemical engineering plant cost index (CEPCI) 579.5
Project life (years after startup) 10 years
Tax rate 35%
Annual interest rate 10%
Cost of raw material (CRM) ($) 2,070,439
Cost of land 6% of Installed cost
Operating hours per period 8322 h/year
Construction period 2 years
Distribution of fixed capital investment:

1. End of year one 60%
2. End of year two 40%
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determine the number and the size of each equipment.
In estimating the capital cost, there are numerous important

factors such as the fixed capital investment (FCI), working capital,
utility cost, installed equipment cost, and manufacturing cost. The
FCI was calculated by adding the direct costs such as materials,
labor, and utilities, and indirect costs such as land taxes and insur-
ance. The working capital represents the amount of capital required
to start up the plant and finance the first few months of operation
before the first process revenues are generated. The manufactur-
ing cost, which represents the total costs of all resources consumed
in making a product, can be determined from the FCI, cost of
operating labor (COL), cost of utilities (CUT), cost of water treatment
(CWT) and cost of raw materials (CRM). The capital cost can be esti-
mated in terms of the costs of the major plant equipment, which
involves material and energy balances for each major piece of equip-
ment, construction material selected, and the size/capacity set in
the simulation [17].

As mentioned, the simulation includes two desulfurizers: one
for sulfur adsorption and one for the regeneration process. There-
fore, the installation cost of the desulfurization stage involves two
desulfurizers. When estimating the MCFC cost, we used cost reduc-
tion projections by the National Renewable Energy Laboratory
(NREL) to estimate future MCFC costs (see Fig. 2) [18], and calcu-
lated the MESP by setting the net present value (NPV) to zero.

A single-point sensitivity analysis was also performed on the con-
structed techno-economic model and parameters, including diesel
price, capital cost, adsorbent price, total cost of utility (CUT), and
annual interest rate. Each parameter was changed to its maximum
and minimum values while all other parameters were held con-
stant at the same level.

RESULTS AND ANALYSIS

1. Simulation Results
Diesel was first fed to the desulfurization unit, where its sulfur

compounds (DBT) were removed to avoid poisoning the catalyst
in later processes. After desulfurization, the sulfur concentration of

the diesel was below 0.1 ppm. The resulting diesel was then con-
verted entirely into the gas phase and introduced into the steam
reformer, where it was mixed with steam. The reforming was per-
formed and produced hydrogen and carbon monoxide. To minimize
carbon monoxide, a water-gas shift reaction was then conducted,
in which carbon monoxide reacted with air and produced carbon
dioxide and hydrogen. The hydrogen-rich gas was transported to
the MCFC module to generate 500 kW of electricity. The simula-
tion results for the individual streams are summarized in Table 4.
2. Desulfurization Section

Desulfurization was conducted in the liquid phase, in which 98%
of DBT was separated from the diesel feed. It was then directed to
the upper stage (rich DBT), where the DBT content of the feed
was reduced from 0.0029 mol DBT/mol feed to 0.0001 mol DBT/
mol feed. This value is within a safe range for the steam reformer
and the fuel cell module. The upper-stage (regeneration process)
pressure was 350 kPa [9,18], while the bottom-stage (adsorption
process) pressure was 430 kPa [2,9]. Rich DBT was transported to
the upper stage and separated from diesel, which was sent to the
bottom output stage to be used in the next process. The desulfur-
ization process resulted in a diesel feed with a 0.1 ppm sulfur con-
centration.
3. Reaction and Separation Section

There are two methods for converting hydrocarbons into hy-
drogen: partial oxidation and steam reforming. In partial oxidation,
fuel is burned to produce carbon monoxide and hydrogen, which
requires a high temperature (approximately 900 oC-1,500 oC). Mean-
while, in steam reforming, hydrocarbons are combined with steam
via an endothermic reaction to produce hydrogen and other prod-
ucts. The operating temperature in the steam reforming process,
approximately 700 oC-800 oC, is lower than that in the partial oxi-
dation process. In this simulation, 720 oC was used as the process
temperature. The steam reforming system is more efficient because
the heat coming out of the process can be recycled. It also produces
more hydrogen because hydrogen is obtained from the steam as
well. The portion of the steam required for reacting C16H34 and
C12H26 into a hydrogen product output is set so that the steam is
only approximately 4% of the product of steam reforming [3] based
on the reaction stoichiometry. If the steam output is more than
4%, then there will be excess steam in the output, which will affect
the economics of the process. Hence, the input flow of steam enter-
ing the steam reformer is 234.2 kg/h. Conversion of hydrogen from
C16H34 and C12H26 in the steam reformer is 75%, and the final mole
fraction of hydrogen obtained in steam reforming is 0.6411.

In the next stage, the water-gas shift reaction occurs between
carbon monoxide and water to produce additional hydrogen. InFig. 2. Projected cost reduction of MCFC module [1].

Table 4. Equipment data for capital cost calculation [17]
Item Cost US$ Year of quote
Desulfurizer 0,817,252 2015
Steam reformer 0,798,101 2015
Water gas shift 0,084,046 2015
Purifier 0,054,400 2015
Fuel cell module 1,200,000 2015
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this stage, the water-gas shift reactor is simulated as an equilib-
rium reactor. The conversion resulting from this process is 72%; thus,
the mole fraction of produced hydrogen is increased to 0.6567.
This result shows that CO was converted and additional hydro-
gen was produced. In addition to the water-gas shift reaction, the
purification stage is also important for separating the remaining
C16H34 and C12H26 for further recovery. As a result, both hydrocar-
bon outputs are 1% of the upper product. The mole fraction of
hydrogen produced in this purification stage before entering the
fuel stack module is 0.6623.
4. Molten Carbonate Fuel Cell Section

In the MCFC module, hydrogen from the steam reforming pro-
cess was converted into 500 kW of electricity. The sulfur compo-
nent of the diesel feed was decreased from 10 to 0.1 ppm in the
desulfurization process as the sulfur tolerance of the MCFC mod-
ule was at most 0.1 ppm. Thus, a 290 kg/h molar flow in the die-
sel feed was required for the generation of 500 kW of electricity in
the MCFC module. The fuel cell utilization and fuel efficiency cal-
culation are presented in Table 5. The fuel cell utilization shows
how much hydrogen is consumed to generate 500 kW of electric-
ity. In this simulation, a fuel-to-electricity efficiency of 52.33% can
be achieved (Table 5). McPhail et al. [7] reported that the electri-
cal efficiency of MCFC is 49%. The difference in efficiencies comes
from the operation temperature of the MCFC: McPhail et al. oper-
ated their MCFC at approximately 500-550 oC, while the MCFC
in this work was assumed to operate at 650 oC. The similar effi-
ciencies validate the MCFC simulation in this work.
5. Techno-economic Analysis Results

The desulfurizer design [20,21] required in the techno-economic
analysis is summarized in appendix A. The base cost for the fuel
cell stack is 2,400 $/kW [22,23]. The total installed cost and fixed
capital investment are listed in Table 6. From the techno-economic
analysis, the MESP was computed as 1.57 $/kWh. Fig. 3 shows the
breakdown of MESP breakdown for the base case (1.57 $/kWh). It

is clear from the figure that total capital investment and raw mate-
rial costs take almost 80% of the MESP. As shown in Fig. 4, the
fuel cell stack takes more than 40% of the equipment cost of major
sections. Based on the predicted cost reductions of fuel cell stacks
(see also Fig. 2), the electricity selling price will be 1.51 $/kWh in
2020 and 1.495 $/kWh in 2030.
6. Sensitivity Analysis

A single-point sensitivity analysis was performed on the techno-
economic model and its parameters including diesel price, capital
cost, adsorbent price, utility cost, and annual interest rate. The base-

Table 6. Simulation results
Stream Diesel feed Air Steam Diesel3
Temperature (oC) 120 25 0180 330.0
Pressure (kPa) 300 101.3 0100 440.0
Molar flow (kg/h) 290 8655 2597 365.1
Stream Mix2 CO Rich6 Rich10
Temperature (oC) 720.0 349.0 80. 650.0
Pressure (bar) 350.0 300.0 340.0 300.0
Molar flow (kg/h) 525.6 525.6 759.8 684.7

Table 5. Variable operating cost [17]
Item Cost
Diesel 0.76 $/kg
Adsorbent 3.8 $/kg
Cooling water 0.354 $/GJ
Low thermal source 12.33 $/GJ
Natural gas 11.1 $/GJ

Fig. 4. Capital cost breakdown.

Fig. 3. MESP breakdown.

Fig. 5. Sensitivity analysis on MESP.
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line for all variables is described above. Each variable was changed
to its maximum and minimum values while all other parameters
were held constant at the same level. We compared all parameters
to identify those with the strongest impact on the MESP shown in
Fig. 5. We changed the adsorbent price by up to ±25%. The elec-
tricity selling price was computed by varying the adsorbent price
from 2.85 $/kg to 4.75 $/kg with annual interest rates of 5%, 10%,
and 15%. For the capital cost and total CUT, we again varied the
values by up to ±25%. We compared the diesel prices over a range
of ±25%. The electricity selling price was compared with diesel
prices of 0.57 $/kg and 0.95 $/kg.

An adsorbent price of 3.8 $/kg yielded an electricity selling price
of 1.38$/kWh. However, changing this price by ±25% (from 2.85$/
kg to 4.75 $/kg) had little effect on the MESP.

The capital cost includes the price of the fuel cell stack. A capi-
tal cost of $7,050,000 gives an MESP of 1.57$/kWh. When the capi-
tal cost was decreased by 25% (to $5,287,500), the electricity price
decreased to 1.4 $/kWh. After a 25% increase (to $8,812,500), the
MESP increased to 1.73 $/kWh.

An annual interest rate of 10% gives an MESP of 1.57 $/kWh.
Changing the annual interest rate had little effect on the MESP: an
annual interest rate of 5% gives an MESP of 1.45 $/kWh, whereas
a 15% annual interest rate gives an MESP of 1.71 $/kWh.

Total CUT of $563,000 gives an MESP of 1.57 $/kWh. However,
if the utility cost is decreased by 25% (to $422,250), the electricity
price becomes 1.53 $/kWh. Meanwhile, if it is increased by 25%
(to $703,750), the MESP increases to 1.61 $/kWh.

A diesel price of 0.76 $/kg yielded an MESP of 1.57 $/kWh.
Changing the annual interest rate had a significant effect on the
MESP. When the adsorbent price was decreased by 25% (to 0.57 $/
kg), the MESP decreased considerably to 1.41 $/kWh. Meanwhile,
when the price was increased by 25% (to 0.95 $/kg), the MESP was
1.72 $/kWh.

Comparing the parameters, changes to the diesel price and capital
cost have the strongest impact on the MESP. The MESP decreases
from 1.57 $/kWh to 1.41 $/kWh if the diesel price decreases from

0.76 $/kg to 0.57 $/kg, and the MESP increases from 1.57 $/kWh
to 1.72 $/kWh if the price increases from 0.76 $/kg to 0.95 $/kg.
Furthermore, the MESP decreases from 1.57 $/kWh to 1.4 $/kWh
if the capital cost (which includes the fuel cell stack price) decreases
from $7,050,000 to $5,287,500, and the MESP increases from 1.57 $/
kWh to 1.73 $/kWh if this price increases to 8,812,500.

CONCLUSIONS

The simulation predicted a hydrogen utilization (i.e., percentage
of hydrogen fuel reacted in the fuel cell) of 89% and fuel cell stack
efficiency of 52.33%. In the techno-economic analysis, the MESP
for this MCFC-based APU was calculated as 1.57$/kWh. The pre-
dicted cost reduction of fuel cell stacks gives an MESP of 1.51 $/
kWh in 2020 and 1.495$/kWh in 2030. Surprisingly, the cost reduc-
tion due to advances in future fuel cell technology alone cannot
substantially lower the electricity price. This also indicates that sig-
nificant MESP reduction can be achieved through technical advance-
ments in the entire balance-of-plant (BOP). The sensitivity analysis
showed that changes in the diesel price and capital cost have the
strongest impact on the MESP. Because the sensitivity analysis also
shows that the CUT also affects the electricity selling price, more effi-
cient heat integration is recommended.

Because of global warming, alternative energy sources are draw-
ing increasing attention. The need for alternative energy sources can-
not be enforced or welcomed without the development of their
economically feasible operation strategy. Further research similar to
this paper will be continued to accelerate the introduction of clean
and sustainable energy sources.
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APPENDIX A

Desulfurizer Design
1) Reaction rate constant (k)

(A1)

RAp=Kρp

(A2)

2) Volume of reactor (VR)

(A3)

3) Required catalyst

Wc=ρbVR (A4)

K = pellet’s production rate
ρp = density of pellet
ρb = density of bed
CAs = concentration of diesel (A) in terms of molar flows
RAp = production rate
DA = diffusion coefficient of A
Ø = thiele modulus
η = effectiveness factor
εB = bed porosity

Ø = 
1

3Øtanh
------------------ − 

1
3Ø
-------  = − 

RApa2

DACAs
---------------

CAs = 
P

RT
-------

k = 
3Ø
R
-------

⎝ ⎠
⎛ ⎞

2
DA

VR = − 1− εB( )
RTNAf

ηkP
----------------⎝ ⎠
⎛ ⎞ NAd

NA
----------

NAf

0.02NAf

∫

η  = 
1
Ø
----

1
3Øtan

---------------  − 
1

3Ø
-------⎝ ⎠

⎛ ⎞

εB = 
ρp

ρb
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