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ABSTRACT

This study presents a comparative evaluation of Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel cell (SOFC) stacks coupled with a micro gas turbine (MGT).
For the analysis, it is assumed that the fuel supply to the stacks is constant in all the analyzed conditions. The components of the system have been sized using the first
law of thermodynamics to meet the thermal conditions required to maintain fuel cell stack operation, while an exergetic analysis has been implemented in order to
assess the components in terms of irreversibilities. Furthermore, an economic analysis to estimate the Levelized Cost of Electricity (LCOE) has been carried out to
indicate the most feasible option between the two analyzed systems. The capacity of the fuel cell stacks is 500kWg, operating at 350 kPa and 600 °C/650 °C. The
results indicate that MCFC stacks are more efficient than SOFC stacks, but are considerably more expensive. Nevertheless, the SOFC/MGT system has a global ef-
ficiency higher than that of the MCFC/MGT; also its Total Capital Investment (TCI) is 2.5-3.5 times lower, thus making the SOFC/MGT coupling more attractive. The
only product considered coming out from the systems to determine the LCOE is electricity. The LCOE for the SOFC/MGT system is 0.339-0.402$/kWh and for the
MCFC/MGT is 0.875-0.897%/kWh, which for both configurations is still higher than the current electricity prices. One aspect that increases the investment and
consequently the LCOE is the high cost of the stacks and their replacements which is around 19 % and 10 % of the total Purchased Equipment Cost (PEC) for MCFC
and SOFC stacks, respectively.

was found that the system with the higher power installed was the most
efficient. This is attributed to the fact that the efficiency in steam tur-
bines improves with size. The range of SOFC stack pressures tested was
from 8 to 10 bar and the SOFC stack temperature was evaluated from
950 to 1100 K, obtaining an average efficiency of the system of 68.4 %.

A SOFC/GT system within a net power plant of 500 kW is tested in
[2]. The system was operated with methane, methanol or kerosene in
four system layouts. The results show that with methanol a lower effi-
ciency is obtained but an attractive economic performance. The opera-
tion with methane shows highest efficiency, 64.5 % for a fuel cell stack
pressure and temperature of 4 bar and 800 °C, respectively.

1. Introduction

The coupling between gas turbines and high-temperature fuel cells
has been widely studied in the last two decades [1-4]. The hybrid system
consists of a high-temperature fuel cell stack that could be either a MCFC
or a SOFC as the main cycle, and a gas turbine (GT) or a steam turbine
(ST) as a bottoming cycle operated with the remaining energy from the
main cycle. High-temperature fuel cells are preferred in stationary
power generation systems because of their capacity to manage different
fuels, as well as their ability to tolerate compounds like carbon mon-

oxide considered as a poison in low-temperature fuel cells. The exhaust
gases coming out from low-temperature fuel cells have too low a content
of thermal energy to drive another conventional system like steam or gas
turbines. The reported operative conditions of hybrid systems are very
diverse in the literature and depend on the application that they are
designed for.

A hybrid SOFC/GT/ST system is analyzed in [1], where the efficiency
and cost of systems ranging in size from 1.5 to 10MWe are evaluated. It
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A thermodynamic, economic and environmental evaluation of
SOFC/GT and SOFC/Internal combustion Engine (ICE) is studied in [5].
The SOFC stack lifetime is assumed to be 40,000 h, with the stack
replacement every 5 years. The operative temperature and pressure of
the SOFC stack are 850 °C and 1 bar. The net electrical efficiency of the
SOFC/GT hybrid is 57.64 % and the LCOE is 0.3202%/kWh.

A MCFC/GT system is analyzed in [3] using first- and second-law
thermodynamics. The results show that the catalytic burner is the
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Nomenclature

Exergy, kJ

Specific exergy, kJ/kg

Heat capacity, kW/K

Heat capacity ratio, -

Reversible open circuit voltage, V

Faraday constant, 96485.33C/mol

Enthalpy, kJ/kg

1 508 Enthalpy of formation at 298 K, kJ/kg
Current, A

iy Average annual effective discount rate, %

m Mass flow rate, kg/s

n Number of electrons involved in the electrochemical

reaction

n Molar flow rate, kmol/s

NTU Number of heat transfer units, —

Pressure, kPa

Rate of heat transfer, kW

Universal Gas Constant, 8.314 kJ/kmol K

Specific entropy, kJ/kg

Temperature, K

Utilization factor, %

Overall heat transfer coefficient, W/K

Voltage, V

Power, kW

Mass fraction, —

Mole fraction, —

Cost, $

:**qtggnc-m

T

N‘<><§.<§c:'ﬁ"’>wo.“u

Greek symbols

p Pressure ratio, -

Effectiveness, —

Efficiency, %

Entropy production rate, kJ/K

Q= ™

Subscripts and superscripts

a Air

ac Alternating current

act Activation overpotentials

c Cold side

ch Chemical

con Concentration overpotentials

cv Control volume

d Exergy destruction

dc Direct current

e Exit

f Fuel

fe Fuel electrode

g Combustion gases

h Hot side

hf High frequency current

i Inlet

j Stoichiometric coefficient of product
k Stoichiometric coefficient of reactant

L Levelized

If Low frequency current
LMTD  logarithmic Mean Temperature Difference
max Maximum

min Minimum

n System lifetime

oe Oxygen electrode

ohm Ohmic overpotentials
P Products

ph Physical

R Reactants

ref Reference state

w Water

0 Dead state

Acronyms and abbreviations
AFC Auxiliary Fuel Compressor
BPV Value of by-products

C Compressor

ccC Carrying Charges

CHP Combined Heat and Power
CRF Capital-recovery factor

ECO Economizer

EVA Evaporator

FC Fuel compressor or Fuel Costs
FCI Fixed Capital Investment

FCS Fuel Cell Stack

FF Fuel cost

G Electrical Generator

GT Gas Turbine

HRSG Heat Recovery Steam Generator
HX Heat Exchanger/Pre-heater
ICE Internal Combustion Engine
IEA Internal Energy Agency

INV Inverter

LCOE Levelized Cost of Electricity
MCFC  Molten Carbonate Fuel Cell
MGT Micro Gas Turbine

MPQ Main Product Quantity

MPUC  Main Product Unit Cost
O&M Operation and Maintenance
OMC Operation and Maintenance Costs
p Pump

PEC Purchased equipment cost
RC Recompressor

REF Reformer

RG Regenerator

ST Steam Turbine

SOFC Solid Oxide Fuel Cell

sup Superheater

T Turbine

TCI Total Capital Investment

TDC Total Direct Costs
TNCI Total Net Capital Investment
TRR Total revenue requirement

component with the highest irreversibilities. Besides, the maximum
work output of the MCFC is 314.3 kW and the overall energy and exergy
efficiencies achieved were 42.89 % and 37.75 %, respectively, when the
fuel cell operating temperature is 650 °C and the pressure is 4 bar.

A MCFC/MGT configuration is analyzed by Iora et al. [6] where the
operative conditions of the micro gas turbine are used to regulate and
improve the performance of the MCFC stack at partial loads. The sizing

of the components is carried out in off-dessign conditions respecting the
matching of the gas-turbine, the part-load behavior of the fuel cell, and
the rest of components. The fuel cell stack is representative of the 500
kW Ansaldo Twinstack or 2TW and the micro gas turbine was scaled
based on the reference curves of a Bownman TG60. The results show
how acting in sequency on 1) the turbine shaft speed, 2) the air-to-fuel
ratio, 3) the bypass of a fraction of air across the cell cathode, and 4)
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Fig. 1. MCFC/MGT hybrid system configuration. Adapted from [6].
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Fig. 2. SOFC hybrid system configuration.

the fuel utilization, help to regulate effectively the plant power output.

In order to increase the use of renewable energies and reduce the
dependence of hydrocarbons, renewable alternatives need to be
economically and environmentally competitive with respect to current
options. In the SOFC/GT or MCFC/GT system the most expensive
component is the fuel cell stack. The reported cost of the MCFC stack is
$1327/kW [7] in 2020, almost 4.7 times more expensive than the SOFC
stack with an estimated cost of $282.9/kW [5]. The reduction in the cost
of stack manufacturing can be achieved by increasing the production as
Scataglini [8] claimed, with a target value of $238/kW, that is much
lower than the installed cost for steam turbines, $430-1100/kW [9]. The
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cost trends for different fuel cells is presented in [10] considering the
annual produced units and their impact on the cost of combined-heat-
and-power configurations.

Thermoeconomic analyses are useful to get a more realistic approach
of a thermal system while evaluating economic and thermal feasibility.
In combination with exergetic analyses it is possible to identify the
components with the higher irreversibilities, that in terms of efficiency
represent the main losses, or translated into running costs, the most
expensive operative parts. Thermoeconomic analyses also allow to
compare between different configurations which is the most competitive
[5,7], e.g. the comparison of three different supercritical carbon dioxide
bottoming cycles using the exhaust gases of an MCFC stand-alone system
carried out in [7], where a lower LCOE was found for all three analyzed
cases compared to the current price of electricity. Nevertheless, in the
economic analysis the cost of the fuel cell stack replacements during the
lifetime of the system is not indicated, i.e., only one stack is considered
for the 20 years of the overall lifetime of the plant whereas stack lifetime
is about 5 years. This parameter is important because it indicates that
the LCOE is being underestimated and could jeopardize the maintenance
of the system and the real payback period. This assumption is also found
in other thermoeconomic analyses [11,12]. Nevertheless, there are
others analyses where the lifetime of the fuel cell stack is considered
correctly, obtaining more comprehensive values of LCOE [5,13,14].

Ryu et al. calculate the LCOE using a stand-alone MCFC with respect
to four bottoming configurations to utilize the exhaust gases of a MCFC
that include combined heat and power, supercritical CO; Recompression
Brayton cycle, supercritical CO5 Reheat Recompression Brayton cycle,
and supercritical CO, Brayton Rankine Cascade cycle. The simulated
exhaust gas conditions for a MCFC of 2800 kW were considered to
evaluate the bottoming configurations. The LCOE ranges between
0.1715$/kWh to 0.1733%/kWh.

The MCFC can be coupled with traditional power plant systems to
capture CO; as indicated in [15,16]. Desideri et al. [15] indicate that
around 62 % of the CO, contented in the exhaust gases from a cogene-
ration power plant can be separated with a purity of 82 %. Samanta and
Ghosh [16] show that using MCFC to separate the CO; of the exhausted
gases of a 250 MW can help to increase the plant capacity by 6.7 % and
the net plant efficiency by 7.43 %. The CO, emissions can be reduced
around 90 % although the LCOE of the system rises from 0.057$/kWh to
0.108$%/kWh. Nevertheless, the utility of the CO5 is not taken into ac-
count to determine the LCOE.

Moshin et al. [14] evaluate a carbon capture and utilization case for a
500 MW power plant using a MCFC system to separate the CO2. It is
assumed that 97 % of the CO2 is sequestrated. After CO2 is sequestrated
it is reduced to obtain different products that include: carbon monoxide,
formic acid, methanol, ethylene, ethanol and n-propanol. The cost of
derived products and three scenarios (conservative, baseline, and opti-
mistic) are considered in calculating the LCOE, that ranges from 0.020
$/kWh to 0.225$/kWh depending on the product analyzed, where CO is
the option that most decreases the LCOE.

Accordingly, it is quite challenging to make a comparison between
different systems and indicate which one is more efficient when oper-
ative conditions are not the same. It certainly will be easier when the
systems have the same reference. Thus, the aim of this work is to
compare for the first time the two types of high-temperature fuel cells,
SOFC and MCFC, coupled with a GT under the same operative conditions
in order to analyze which one is more efficient and with the lowest
LCOE. The reference condition considered is keeping the same energy
content in the fuel supplied to the fuel cell stack. The auxiliary com-
ponents were sized at 600 °C and 650 °C to fulfil the reference condi-
tions, their energetic matching and the constraints of the first and second
law of thermodynamics. Additionally, the locations with higher entropy
generation are determined by using an exergetic analysis, and finally we
conclude with an economic analysis to compare the total capital in-
vestment and the levelized cost of electricity to determine the best op-
tion purely based on the considered benchmark conditions of the stack.
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Table 1
Design parameters of the MCFC and SOFC systems.
600 °C 650 °C
MCFC SOFC MCFC SOFC

Fuel compressor (FC)
Brcl- 3.632 3.632
myc[kg/s] 0.021 0.021
Nrc[%] 80.000 80.000
Recompressor (RC)
Brel-] 1.020 - 1.020 -
nipc[kg/s] 3.076 - 2.903 -
rc[%] 60.000 - 60.000 -
Pre-heater (HX)
UApx(W/K) 104.445 107.102 62.011 61.958
gx p[kg/s] 0.106 0.106
Mg e [kg/s] 0.106 0.106
APyy n[%] 1.108 1.108
APpx [%] 1.902 1.902
Pump (P)
Brel] 4.698 4.698
mgelkg/s] 0.085 0.085
Nre[%] 80.000 80.000
Heat Recovery Steam Generator (HRSG)
tigrs.n [kg/s] 1.328 1.296 1.559 0.919
Murse.c[kg/s] 0.085 0.085
APyrsch[%] 2.572 2.572
APyrsc . [%] 22.689 22.689
Economizer (ECO)
UAgco(W/K) 627.240 833.439 1128.302 921.689
Evaporator (EVA)
UAgya(W/K) 2756.072 3840.358 4086.139 3066.71
Super heater (SUP)
UAsyp(W/K) 56.440 53.897 60.027 45.985
Turbine (T)
Prl-] 3.222 2.974 3.222
mr[kg/s] 1.328 1.296 1.559 0.919
ny[%] 85.700 85.700
Compressor (C)
Pcl-] 3.523 3.523
mg[kg/s] 1.220 1.189 1.450 0.813
nc[%] 79.500 79.500
Reformer (REF)
UAger(W/K) 4234.704 2585.32 3219.79 1593.925
tiggrp [kg/s] 3.076 0.985 2.903 0.781
mgprc [kg/s] 0.106 0.106
APpepn[%] 1.153 1.153
APggr . [%] 1.108 1.108
Regenerator (RG)
UArg(W/K) 4028.231 3277.932 13655.404 2166.220
g .nlkg/s] 1.328 1296 1.559 0.919
Tgg.c [kg/s] 0.146 0.309 0.203 0.138
AP p[%] 3.704 11.111 3.704
APge o [%] 1.961 1.681 1.681
Fuel Cell Stack (FCS)
W [kW1 500.000 500.000
V[Vv] 0.714 0.688 0.755 0.672
U [%] 69.257 74.047 65.502 73.674
APy [%] 0.286 0.286
AP [%] 0.286 0.286

2. System configuration

A hybrid system consisting of a high-temperature fuel cell and a MGT
as a bottoming system is analyzed. Two different configurations are
analyzed by changing uniquely the type of fuel cell, MCFC or SOFC. The
capacity of the fuel cell stacks is defined to be 500kWy,, because this
power is equivalent to small modules that can be used in commercial
combined heat and power (CHP) applications or as assembly systems to
reach higher capacities. Since the direct current obtained from the fuel
cell stacks cannot be directed to the grid without conditioning, e.g.
frequency regulation, it is necessary to use an inverter (INV) to convert
the output from direct current to alternating current. Nevertheless, the
conversion of electrical current in the inverter produces losses that
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decrease the target power. To compensate those losses a MGT is coupled
to the system providing the difference of power. Fig. 1 shows the
configuration for the MCFC/MGT system taken from [6], with the
addition of the inverter in the fuel cell stack and the electrical generator
(G) in the MGT. Both devices are going to be considered in the ther-
moeconomic analysis.

Fig. 2 shows the SOFC/MGT system configuration which has the
same auxiliaries as the MCFC/MGT system, with the only difference that
the re-compressor (RC) is not included in the SOFC/MGT system.
Instead, the combustion gases leaving the reformer (REF) are sent
directly to the auxiliary combustion chamber (ACC). Besides, a per-
centage of the air leaving the oxygen electrode is mixed with the air
supplied by the MGT in order to decrease the demand on the air
compressor (C). This change has been implemented because SOFCs do
not require carbon dioxide in the oxygen electrode to carry out the
electrochemical reaction. Besides, there is evidence that the water
content and carbon dioxide in the oxygen electrode could increase the
degradation of the cell, promoting diverse phenomena that depend on
the nature of the oxygen electrode [17,18]. Thus, there is the possibility
to either send only air to the oxygen electrode or to recirculate the
combustion gases. In this work, it has been opted to analyze the first
option to avoid that carbon dioxide or water reache the oxygen
electrode.

In order to make an appropriate comparison of the two systems, both
configurations are technically the same, as well as the operating con-
ditions like pressure, temperature and flow rates of the fuel in stream 1
and water in stream 3, which are maintained constant in all the analyzed
cases. Two cell temperature values are studied, 600 °C and 650 °C,
maintaining the pressure of the fuel cell stack at 350 kPa. More details of
the design parameters are shown in Table 1. In the case of the MCFC/
MGT configuration, the reference data were taken from [6] and recal-
culated until satisfying the 500kW,, by using the electrochemical model
presented in Section 3. Concerning the SOFC/MGT configuration, the
operating conditions for each piece of equipment have been calculated
to satisfy the configuration shown in Fig. 2 and the power indicated.

The main assumptions to obtain the design conditions and the sizing
of the components in all the cases are listed below:

The amount of fuel supplied to the fuel cell stack, stream 1, and
water, stream 3, are constant in all cases in order to have the same
reference condition.

All the fuel is oxidized in the catalytic burner and the auxiliary

combustion chamber.

Pressure and temperature of the streams entering the anode are the

design conditions of the fuel cell stack, 350 kPa and 600/650 °C,

respectively.

e The reference case is based on the conditions published in [6] to
evaluate a MCFC/MGT at 600 °C and 350 kPa. The design of this case
was compared with the values reported in [6] obtaining mainly
pressure drops in the components, pressure points, efficiencies of
electric generator and inverter, reformed gas composition, and
bypass of the outlet cathodic gas flow rate.

o The air-to-fuel-ratio was kept constant as ;5 /my = 39.2054, as well
as the steam-to-carbon ratio, m4/m; = 4.04.

e A constraint between the fuel cell stack, catalytic burner, reformer,

heat exchanger and recompressor was set to calculate the in-

teractions of these components until the changes in composition and
temperature satisfy the power of the stack, 500 kW. This constraint
was set using a while-loop maintaining constant the pressure drop of
the components, the efficiency of the catalytic burner and recom-

pressor, until the relative error in the mole fraction of the CO3 and O,

coming out from the cathode was less than 1 x 1075,

In the SOFC/MGT configuration, the recompressor is not required

because the CO, formed in the catalytic burner is not needed in the

cathode. The combustion gases are directed to the axuliary com-
bustion chamber. The stream coming out from the cathode is mixed
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Fig. 3. Representation of the HRSG. Adapted from [6].
Table 2
Geometrical assumptions for the electrochemical models of the fuel cell stacks.
MCFC [19,25] SOFC [5,26]

Stack module capacity 250 kW 100 kW,
Cells per module 292 500
Active area per cell, m? 0.72 0.05
Type of cell Planar Planar and anode supported
Fuel electrode
Thickness, m 0.7 x 1073 4.05x 10~
Porosity, % 51.9 39
Tortuosity 2 5.5
Oxygen electrode
Thickness, m 09x 1073 1.5x 1075
Porosity, % 67 55
Tortuosity 2 1.7

with new air, stream 13, to be enriched in oxygen before entering the
cathode again. The amount of air bypassed in stream 22 is calculated
to meet the thermal conditions in the HRSG and RG.

A counterflow configuration is considered for the design of the heat
exchangers and the NTU —¢ method is used for sizing.

Most of the equipment is considered to run adiabatically except the
reformer and the fuel cell stacks that are placed together in an
adiabatic container to facilitate the heat transfer between the two
components [19].

The minimum terminal temperature difference in the regenerator is
contrained to be no less than 2.5 °C [20].

No pinch-point or approach-point constraint or optimization was set
in the Heat Recovery Steam Generator (HRSG) [21]. Nevertheless, it
was ensured that gases temperatures were always higher than the
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Table 3
Energy and exergy balance equations per component.

Energy Exergy

FCS mohy + mMushis = nMiohio + niohy + mshis =miohio + Mishie +
mshis + Wres + Qucs Wrcs + Qres + Ba

T fgshas = Wr + ritgghas Mashas = Wr + niaghze + By

C myrhy + Wc = myzhia mithy + Wc =mizhiz + Bd

RC Miohie + Wre = mizohzo Miohyo + Wi = fitaohao + By

FC mihy + Wpc = mahy mihy + Wpc = mohy + Bd

AFC tigshas + Ware = Maahag Mashas + Warc = niaghag + By

P mshs + Wp = nighy mshs + Wp = mshy + By

REF tughis + mzhy + Quer = mishig + mzhy + Qrgr = Mighio +
mighig + mghg mghg + Bg

CB mizhiy + miohio = mushis + Qes Muzhiz + Miohio = nushis + Qs +

By

ACC Ma1ha1 + Maohay = mashas + nMathor + Mazohay = maghag +
mashas tashas + Ba

RG myzhiz + Moghoe = Mishig + myzhiz + Maghas = mighis +
mazhyz tigzhyy + Ba

HRSG  mgshs + mazhy; = mshs + maghas mahg + mazhay = Mshs + maghag +

By

HX mghs + mghg = myh; + mohy mehe + mghs = miyhy + mohg + By

INV Wae = Qv + Wae W = Qv + Wae + Bg

G

th :Q-G+WU

th:Q-G+W(f+Bd

temperature of water to have heat transfer from the combustion
gases to water according to Fig. 3.
e Entropy production is always positive.

In Section 3, the equations used to carry out the thermal, exergetic
and thermoeconomic analyses are presented, as well as some comple-
mentary data taken for the study.

3. Zero-dimensional model
3.1. Thermodynamic analysis

The sizing of the auxiliary components shown in Fig. 1 and Fig. 2 is
carried out by using the principle of energy conservation, stated in the
first law of thermodynamics. Thus, the energy balances are performed in
every component using first-law thermodynamics for control volumes in
steady state condition as indicated in Eq. (1). The signs for power and
heat transfer rates are considered in accordance with [22].

Ocv —Wey = i = rih; m
out in
In the condition where the fluid exists as a mixture, enthalpy is
evaluated in terms of the mass fraction of each compound, x;, as:

h= XJ:xih,- 2
i=1

As regards reacting systems, like the reformer or the fuel cell stack,
the enthalpy h; per component is evaluated at the corresponding reac-
tion temperature and pressure in terms of the standard enthalpy of
formation and the difference in the sensible enthalpy change due to the
temperature and pressure change as [23]:

hizp = Ah?,Z‘)x.i + (hT,PJ - h(2)98,i) 3

The equations of the energy balance for each component are pre-
sented in Table 3. Below, other complementary equations required for
the design of the components and to perform the energy balance of the
system are presented.

3.1.1. Heat exchanger
Heat exchangers are sized according to the number of transfer units
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Fig. 4. Electrochemical validation for MCFC and SOFC single cell models
operating at 650 °C [25,26].

(NTU) and ¢ parameters according to the NTU- ¢ method [24]. The NTU
is defined as the ratio of the overall heat transfer coefficient to the
minimum heat capacity rate.

NTU = A ()]

min

The effectiveness is defined as the ratio of the actual heat transfer
rate to the maximum possible heat transfer rate:
e=2 ®)

Ornax

The effectiveness depends on the flow arrangement that a heat
exchanger has. In this case a counterflow configuration was used whose
relation is:

_1—exp[-NTU(1 - C,)]

CTI-C[-NTU(1-G)] ©

Once the effectiveness and minimum heat capacity rate are known,
the actual heat transfer rate is determined as:

Q = €Cpin (Th,i - T(;.i) @)

3.1.2. Heat recovery steam generator

The HRSG is a heat exchanger the function of which is to recover heat
content in a hot stream, usually combustion off gases, to produce steam.
In this case, the steam produced is mixed with the fuel to produce the
stream required in the reformer. The most common HRSG design con-
sists of three sections: economizer, steam generator or evaporator, and
steam super-heater, as shown Fig. 3a. Every section consists of pipe
arrays in counterflow configuration. The first section is the economizer,
the objective of which is to heat the water until saturation temperature.
The discharge of the economizer is sent to a deposit drum that contains a
mixture of saturated liquid and saturated vapor. The saturated liquid is
extracted from the drum in the evaporator where the phase change oc-
curs to obtain saturated vapor. Finally, the saturated vapor flows to the
super-heater where it absorbs energy until the desired conditions are
reached. A diagram of the temperature versus heat transfer in the HRSG
is shown in Fig. 3b indicating the different states of water through it. In
order to analyze the HRSG it is necessary to perform an energy balance
in every component using Eq. (1).

3.1.3. Fuel cell stack

The two systems studied consist of a MCFC and a SOFC power plants
with a nominal capacity of 500kWy. each, as in Fig. 1 and Fig. 2
respectively. In both cases the operating pressure of the stack is 350 kPa
and the temperature is analyzed at 600 °C and 650 °C. Accordingly, the
operating voltage of the stack is calculated subtracting the ohmic,
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activation and concentration overpotentials from the Nernst voltage as:
V' = Vernst = Vaet = Voim — Veone ®

The open-circuit voltage, or Nernst potential, is calculated using Eq.
9

RT pX
Viems: = E° ——1In (—HF ) ©)]
n "

where E° represents the reversible open circuit voltage, p; is the partial
pressure of the ith component of the products, P, or reactants, R, involved
in the electrochemical reaction; the exponents k and j indicate the
stoichiometric coefficients of the i component.

The ohmic overpotential accounts for losses due to the flow of
electrical current through every component of the cell. The estimation of
the ohmic overpotential can be challenging in most cases due to the
different nature of the components and their contact resistance once the
system is assembled. However, it can be determined experimentally by
using the electrochemical impedance spectroscopy (EIS) technique,
which is the method used in the present study. The ohmic overpotential
has been experimentally estimated by testing single fuel cells, resulting
in an ohmic resistance of Ropm = 1.646 1 x 1072 Q-cm? and Ropm =
1.976 x 10! Q.cm? for MCFC and SOFC at 650 °C, respectively [25,26].

The activation overpotential accounts for the voltage losses required
to overcome the activation energy barrier that materials intrinsically
display in order to start the electrochemical reaction. It also depends on
the temperature and species present in the cell. The model used to es-
timate the activation overpotentials in the MCFC is presented in [27],
with certain parameters recalculated by the authors with experimental
data obtained from single cells and reported in [28]. Regarding the
SOFC model, this corresponds to the one presented in [29], with certain
parameters fitted by the authors with experimental data obtained
through SOFC single cell tests.

Finally, the concentration losses account for the effects of mass
transport of reactants that have to reach the triple-phase boundary re-
gion, where the electrochemical reaction occurs. Fick’s law to calculate
the concentration overpotential is used in combination with kinetic gas
theory to determine the effective binary diffusion coefficient in every
electrode. More details are presented in [28].

Table 2 shows the principal dimensions considered for the electro-
chemical models. It has been assumed that the fuel cell stacks are
composed of stack modules. Each MCFC stack module produces
250kWg . operating at 650 °C, as indicated in [19], and the SOFC stack
module produces 100kWg, at 850 °C, as indicated in [5].

The electrochemical models have been validated with experimental
data obtained through the experimental testing of single cells, as indi-
cated in [25] and [26] for MCFC and SOFC, respectively. The results of
the models’ validation are shown in Fig. 4, where the single cells were
operated at 650 °C.

3.1.4. Reformer

The reforming reaction taking place in the reformer is endothermic.
Thus, the heat required to sustain the reaction is provided by the com-
bustion gases coming from the catalytic burner in stream 18, and the rest
of the heat is supplied by the fuel cell stack. The heat transfer of the stack
is due to the exothermic reaction occurring in the cells and the heat
produced by the overpotential losses. It is considered that the reformer
and the fuel cell stack are placed together in a container that facilitates
the heat transfer process [19]. The energy balance accounting for the
heat terms in the reformer is:

O = Qf'cs,rxn +I(Vaer + Vorm + Veon) (10)

Once the energy balance is carried out in every component and the
components have been sized, the next step is to calculate the irrevers-
ibilities through an entropy analysis per item of equipment. The design
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Table 4
Investment cost for each component.

Component Cost equation Reference
FC X 0.67

Zpc = 91562(WFC/455) [11]
AFC ) 0.67

Zare — 91562(WAFC/455) [11]
RC . 0.67

Zrc = 91562 (WRC/455> [11]

- 0.71

P Zp = 705.48W5 " [1+0.2/(1 — )] [12]
C .

Zc = {71410111(1/(049 - ;76)] (pe/pi)In(pe /Pi) [30,33]
T .

Zr = {479.34mg/(0.92 — ) ] In(pi/pe)[1 +exp(0.036T, — 54.4) | [30,33]
HX Zpx = 10000[( — 0.2478¢% — 1.238¢ + 1.19) / (¢2 — 2.093¢ + 1.035) | (34]
RG 0.6

Zre = 4122 [rr'lg(hi - he)/(lsATLMTD)] [30,33]
HRSG . 08 . 08

Zprsc = 6570 [(QECO/ATLMTD.ECO) + (QEVA/ATLMTD.EVA) + 21276m, + 118447?1; 2 [16]
CB .

Zeg = [46.08m.1/(0<995 —Pe/Pi)} [1+exp(0.018T, — 26.4)] [16,30,33]
ACC .

Zacc = |46.08m,/(0.995 — P, /P;) | [1 +exp(0.018T, — 26.4)] [16,30,33]
REF . 0.6 i

Zrer = 9.4 x 10° <nCH4_i/1390[kmol/h]> [35]
MCFC Zucre = 1327 Wcre (7
SOFC Zsorc = Asorc(2.96Tsorc —1907) [12]
INV . 0.7 4

Zy =10 x 105<Wdc) (36,371
G

L\ 095
Zs =26.18 <Wac>

[38]

parameters of the systems are presented in Table 1.

3.2. Entropy analysis

The first law of thermodynamics is useful to evaluate reversible
processes, but actual processes are irreversible. In practice, irrevers-
ibilities imply a loss of energy or power which represent an increment in
the operational costs. Thus, it is important to perform an entropy anal-
ysis in every component in order to identify the critical processes with
the highest entropy production. Eq. (11) shows the entropy rate balance
for control volumes in steady state [22]:

0= Z% + Zmisi - chse + if(‘v (11)
J i e

i

where ¢ is the rate of entropy production.

The properties of real fluids have been taken from the Cantera soft-
ware. Accordingly, the entropy of any stream at different temperature
and pressure can be found in terms of the entropy of the reference state
sor

SiTp = S?_T + [s,-(T,P) *SI(T7 Pre/) ] 12

where S?_T is evaluated at Tyef = 298.15 K and Py, = 101.325 kPa.

3.3. Exergetic analysis

Exergy represents the maximum potential that energy contains to
develop work. Thus, this potential is usually measured with respect to
the energy a system can convert to work until the thermodynamic
equilibrium with the environment is reached. The exergy rate balance
for control volumes at steady state with fixed boundaries is stated as
[22]:

0= 3 (1-0) 0y Wev + it~ Y.~ B (13)
J i e

J

As the work developed by the potential content in exergy could be
achieved by physical or chemical means, exergy accounts for both terms
that are expressed in Eq. (14) to Eq. (16).

b=b" 4 b a4

bph = (h—h0)+T0(S—S0) (15)

—ch I —ch -, J

b" = "yib, +RTy > yiny; (16)
i=1 i=1

where y is the mole fraction of the i compound in a flow stream. Table 3
shows the energy and exergy balance equations for every component.

3.4. Economic analysis

In this section, the main assumptions for the estimation of the TCI are
presented for each configuration, as well as the LCOE that allows for a
better techno-economic comparison of the two configurations. Since the
LCOE is a measure of economic competitiveness of different power
generation technologies, this parameter will be used to compare the
MCFC and SOFC systems allowing to determine the thermo-economic
feasibility of each one. In this study, the total revenue requirement
method is used to determine the LCOE [30,31].

The equipment costs are estimated by using the cost equation
available in the literature for every component, taking into account the
operative and design parameters. Table 4 shows the investment cost for
each component, including the inverter that converts the direct current
provided by the fuel cell stack to alternating current, as well as the
electrical generator that converts the high-frequency current produced
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Table 5
Detailed information and assumptions of the total capital investment cost esti-
mation [7,30].

Concept Reference cost

33 % of PEC

35 % of PEC

12 % of PEC

13 % of PEC

5 % of PEC

30 % of PEC

35 % of PEC

8 % of TDC

15 % of TDC
18.45 % of TDC
6.8 % of FCI
6.1 % of Fixed O&M

Purchased equipment installation

Piping

Control and instrumentation

Electrical equipment and materials

Land cost factor

Civil, structural, and architectural factor
Service facilities

Engineering and supervision
Construction cost and contractor’s profit
Contingency

Fixed operating and maintenance (O&M)
Variable operation and maintenance O&M

Table 6

Assumptions and parameters for the economic analysis [5,30].
Parameter Value
Annual inflation rate (%) 2.0
Nominal escalation rate of all services and goods except fuel (%) 2.0
Fuel escalation rate (%) 2.5
Construction period (year) (Jan. 2023-Dec. 2024) 2

Start of commercial operation 01-2025
Economic lifetime for all components except SOFC/MCFC stack (years) 20
Economic lifetime for SOFC/MCFC stack (years) 5
Tax-related plant lifetime (years) 15

Plan for financing

Common equity

Fraction (%) 35
Required annual return (%) 8
Preferred stock

Fraction (%) 15
Required annual return (%) 8
Debt

Fraction (%) 50
Required annual return (%) 6
Resulting average annual return on investment (%) 7
Income tax rate for company (%) 30
Insurance rate and other taxes rate (%) [7] 5.5
Average annual capacity factor (%) 85
Labor for operating and maintenance (persons) 5
Average labor cost ($/h) 30
Fixed O&M cost (% of PFI) [7] 6.8
Variable O&M cost (% of Fixed O&M) [7] 6.1
Unit cost of fuel (natural gas) ($/GJ-IHV) 15.1
Unit cost of fuel (water) ($/m>) [40] 1.568
Allocation of plant-facilities investment (%)

Jan. 2023-Dec. 2023 40
Jan. 2024-Dec. 2024 60

by the micro gas turbine into low-frequency current.

In addition to the PEC, more concepts should be considered to carry
out the economic analysis, including equipment installation, piping,
instrumentation and control, land, service facilities, among others as
listed in Table 5. Moreover, Table 5 shows the costs assumptions in
terms of the PEC and total direct cost [7,30]. The economic lifetime for
all components, except for the fuel cell stacks, is taken as 20 years. The
economic lifetime for the SOFC and MCFC stack is considered to be 5
years [5,32]. Thus, during the lifetime of the whole system, a total of 4
replacements, including the initial one, of the fuel cell stacks needs to be
done, except for their auxiliaries that remain unchanged.

Table 6 shows additional parameters and assumptions taken for the
economic analysis. In the case of fuel cost, also the cost of water is
considered, due to the importance of this resource globally. The Inter-
national Energy Agency (IEA) reports that water and energy will in-
crease their interdependence in the coming years with effects in water
availability and reflected in its cost [39]. Once the total capital invest-
ment has been determined by considering all the assumptions here
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presented, the annual total revenue requirement (TRR) is calculated.
The TRR represents the amount of money that needs to be obtained in a
given year through the sale of all the products in order to compensate
the system operation in the same year. It is integrated with two terms:
the carrying charges and the expenses [31].

The series of annual costs associated with carrying charges, CC;, and
expenses including fuel cost and operation and maintenance, FF; and
OMC;, for the jth year of plant operation is not uniform. Thus, a levelized
value TRR; for the total annual revenue requirement is computed by
applying a discounting factor and a capital-recovery factor, CRF [30,31]:

n

TRR, = CRF) _TRR;
(1 +ig)

where TTR; is the total revenue requirement in the j* year of the
plant operation, iy is the average annual effective discount rate, and n
denotes the plant economic life in years. It is assumed that each money
transaction occurs at the end of each year. Thus, the capital-recovery
factor (CRF) is expressed as:

a7

P ieff(1_+l;fff)" as)
(I+ig)" =1

Once the total revenue requirement is estimated it is possible to
obtain the cost of the main product (MPUC). In this study the electricity
is the main product. Thus, the cost of electricity (LCOE) is determined by
subtracting, in case these are present, the annual total value of by-
products (BPV), from the TRR and dividing the result by the main-
product quantity (MPQ) as:

TRR — BPV
MPUC = M7PQ (19)

As electricity is the main product and considering it is the only
product that can be obtained with this configuration, it is assumed that
LCOE = MPUC.

The analyses have been performed by solving all the presented
equations using Python programming. As for the properties of the sub-
stances, they were assumed as real fluids by taking their properties data
from the Cantera libraries.

4. Results and discussion

The analyses are carried out in the following order: a) the energy
analysis by using first-law thermodynamics to size the devices and
determine the operating conditions, b) the entropy analysis using
second-law thermodynamics to determine the irreversibilities in each
component, c) the exergy analysis by using both first- and second-law
thermodynamics to estimate the availability of energy and verify the
design of operating conditions, and d) the economic analysis to calculate
the LCOE based on the operating conditions.

The pressure, temperature and mass flow rate of fuel in stream 1 of
the fuel cell stack are maintained constant. Nevertheless, due to the
different energy demands the fuel in stream 23 is calculated in order to
fit the design conditions shown in Table 1 and to obtain the 500kWg,
delivered by the fuel cell stack.

4.1. Molten carbonate fuel cell system

The first system analyzed is the MCFC/MGT plant, whose configu-
ration is as shown in Fig. 1. The component that provides the main
power in the system is the MCFC stack, producing 500kWg.. The stack
pressure is 350 kPa, and the cell temperature was set at 600 °C and
650 °C. Table 12 and Table 13 show the obtained temperature, pressure,
mass flow rate, enthalpy, and composition for every stream at 600 °C
and 650 °C, respectively. The water from stream 3 is taken at environ-
ment conditions and heated to superheated steam, stream 5, in the HRSG
using the remaining heat content from the combustion gases. The fuel
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Table 7
Equipment thermal analysis for the MCFC/MGT system.
600 °C 650 °C
(%] WIkw] QIkW] nl%]l  Wkw] QIkwW]
MCFC 94.12 500.000 —70.201 94.23 500.00 —55.720
T 85.70 333.615 0 85.70 378.056 0
C 79.50 —196.454 0 79.50 —233.434 0
RC 60.00 —28.974 0 60.00 —28.753 0
FC 80.00 —5.854 0 80.00 —5.854 0
AFC 80.00 —0.689 0 80.00 —0.903 0
P 80.00 —0.040 0 80.00 —0.040 0
REF 63.98 0 287.799 56.07 0 299.074
CB 97.00 0 —-162.309 97.00 0 —133.541
ACC 97.00 0 —34.370 97.00 0 —28.943
RG 85.74 0 0 98.20 0 0
HRSG 83.38 0 0 88.65 0 0
HX 33.56 0 0 21.07 0 0
G 79.34 0 —28.336 79.34 0 —29.877
INV 94.20 0 —29.000 94.20 0 —29.000

and steam are mixed and heated with the reformed gases in the heat
exchanger before entering the reformer. In the latter, the fuel reacts with
the steam at high temperatures forming hydrogen through the steam
methane reforming and the water-shift reactions, the main reactions
involved in hydrogen production. The reformed gas has a molar fraction
with a high content of hydrogen, around 50 %; the rest is water vapor,
carbon monoxide, carbon dioxide and methane, as shown in Table 12
and Table 13. The reformed gas is supplied to the fuel electrode in the
fuel cell stack. The air required in the fuel cell stack is compressed using
the compressor of the microturbine. Since the air at the temperature
leaving the compressor is not that required by the fuel cell stack, the air
is heated again in the regenerator, stream 14, and subsequently mixed
with the combustion gases, stream 20. The recirculation of the com-
bustion gases in the MCFC/MGT system is required to maintain the COy
concentration in the oxygen electrode and ensure the operation of the
cell.

The fuel supplied to the fuel cell stack is not completely consumed in
order to avoid damage to the system. The fuel utilization in the fuel
electrode at 600 °C and 650 °C is 69.26 % and 65.50 %, respectively. The
fuel utilization represents the amount of hydrogen oxidized, methane
reformed, and carbon monoxide reacting in the water—gas shift reaction;
all these reactions occur in the fuel electrode. At 650 °C the fuel utili-
zation is lower than at 600 °C because at higher temperatures the
overpotentials are lower [41], implying less electrical losses and
consequently, a lower amount of fuel is required to achieve the 500kWg,
in the fuel cell stack.

As stream 10, leaving the fuel electrode, still contains some fuel, it is
sent to a catalytic burner to get completely consumed. Stream 16 is the
oxidant leaving the fuel cell stack, still rich in oxygen and having a high
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energy content for use in subsequent processes. Stream 16 is split in two;
almost two thirds are sent to the catalytic burner to oxidize the fuel
present in stream 10. The combustion gases from the catalytic burner are
directed to the reformer. The remnant of stream 16 is directed to the
auxiliary combustion chamber and depending on the energy content of
the hot gases, it will be determined if extra fuel is added to meet the
energetic conditions required in the turbine, regenerator, and the HRSG.
Thus, the energy content from stream 25 should be enough to produce
power in the turbine to drive the compressor and some extra power.
Furthermore, the hot gases from stream 26 should heat up the air to the
conditions required by stream 14. Finally, the hot gases leaving the
regenerator, stream 27, should heat the water to produce steam and
achieve the conditions of stream 5.

The electricity produced by the fuel cell stack and microturbine do
not have the characteristics required for integration with the grid. The
inverter in the fuel cell stack converts the power produced from direct
current into alternating current, just as the generator in the microturbine
converts the high-frequency current into low-frequency current, usually,
50 Hz or 60 Hz.

Table 7 shows the efficiency by first-law thermodynamics, i.e. the
power and heat transfer rate per piece of equipment in the MCFC/MGT
system, at 600 °C and 650 °C. The signs for power and heat transfer rate
are considered in accordance with [22], where a positive sign for the
power indicates that component generates power, while a negative sign
means that power is required by the device. The opposite is assumed for
the heat transfer rate, i.e. a positive sign indicates that heat is required
by the equipment and the negative sign that heat is produced by the
system.

The net power obtained can be determined by adding all the terms of
the corresponding column and subtracting the heat losses of the
generator and the inverter. At 600 °C and 650 °C, the net power is
544.268 kW and 550.195 kW, respectively. As regarding the efficiency
of the components by the first law, the MCFC stack shows an efficiency
slightly greater at 650 °C than that at 600 °C because at higher tem-
peratures the overpotentials decrease. Although more power is being
produced at 650 °C, due to the higher energy content in the exhaust
gases, it is also required to add more fuel to achieve it, as observed from
Table 12 and Table 13. Thus, the MCFC/MGT system has a global effi-
ciency by first-law thermodynamics of 46.37 % and 45.39 % at 600 °C
and 650 °C, respectively. This result indicates that the system has a
slightly better performance at lower temperatures, and this is because at
lower temperatures the system consumes less fuel to satisfy the energy
requirements in the MCFC/MGT system. The efficiencies are in accor-
dance with reported values of 56.2 % for the conditions analyzed at
600 °C [6] and of 42.89 % at 650 °C [3]. The difference in efficiency
compared to [6] is attributed to differences in the electrochemical model
used. In the current study, the cell reflects a lower performance
compared to other electrochemical models available in literature as

Table 8
Equipment exergy analysis for the MCFC/MGT system.
600 °C 650 °C
By[kW] W, [kW] Bg[kW] (%] By[kwW] W, [kW] B4[kW] (%]
MCFC —47.49 500.00 142.50 72.46 —38.60 500.00 125.19 75.32
T 0 333.61 22.09 93.79 0 378.06 23.78 94.08
C 0 —196.45 16.26 91.72 0 —233.43 19.32 91.72
RC 0 —28.97 3.61 87.56 0 —28.75 3.39 88.22
FC 0 —5.85 0.85 85.52 0 —5.85 0.85 85.52
AFC 0 —0.69 0.10 85.52 0 —0.90 0.13 85.52
P 0 —0.04 0.01 80.00 0 —0.04 0.01 80.00
REF 194.20 0 65.70 88.65 129.73 0 31.57 88.25
CB —-113.27 0 163.83 97.13 —95.81 0 171.79 98.67
ACC —23.90 0 17.13 94.45 —20.42 0 44.64 92.85
RG 0 0 27.49 84.06 0 0 38.30 85.90
HRSG 0 0 28.26 69.79 0 0 25.99 71.53
HX 0 0 55.87 65.46 0 0 8.57 58.76
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Fig. 5. Comparison of the exergy destruction per piece of equipment in the MCFC/MGT system.
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Fig. 6. Sankey diagram of the exergy flows in one second in the MCFC/GT system at 600 °C. The main results are m; = 0.021kg/s, my3 = 0.0025kg/s, W =

544.3kW, n, = 46.37%, 1y = 44.37%, and LCOE = 0.875$/kWh.

shown in [42] being reflected in a lower performance of the system.

Since the analyses carried out by the first law of thermodynamics do
not take into account the irreversibilities of the processes, an exergetic
analysis is carried out in order to acquire a better understanding of the
system. Table 8 shows the exergy results per component at 600 °C and
650 °C for the MCFC/MGT system as well as the second-law efficiency
and exergy associated to power and heat transfer rate.

The thermal efficiency of the MCFC stack by the second law of
thermodynamics is lower than the one calculated by the first law: the
difference is about 20 % lower at both analyzed temperatures. The

opposite happens in the reformer, which shows an improvement in the
efficiency when it is calculated using second-law thermodynamics. The
difference between the 1st and 2nd law efficiency is because the first law
does not take into account the use of heat by entropy generation. Fig. 5
shows a comparison of the exergy destruction per component. Since the
exergy destruction is a measure of the irreversibilities present in the
system, the components with higher irreversibilities are the catalytic
burner, the MCFC stack, and the reformer. In these components the ir-
reversibilities tend to increase because of the chemical reactions that
take place there. The CB has the highest exergy destruction, occuring
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Fig. 7. Sankey diagram of the exergy flows in one second in the MCFC/MGT system at 650 °C. The main results are m; = 0.021kg/s, ma3 = 0.0032kg/s, W =

550.2kW, 5, = 45.39%, n; = 44.42%, and LCOE = 0.897$/kWh.

when the MCFC system operates at 650 °C. At higher temperatures the
CB demands more fuel to maintain the design conditions in the regen-
erator and HRSG to heat the air and the water, respectively. El-Emam
[3] indicates that the CB presents the highest exergy destruction fol-
lowed by the ACC, HRSG, reformer and fuel cell.

The exergy flows are represented in the Sankey diagrams of Fig. 6
and Fig. 7 for the MCFC/MGT system at 600 °C and 650 °C, respectively.
The Sankey diagrams for the MCFC/MGT system are built with Table 8,
Table 16, and Table 17. The exergy interaction between all the com-
ponents in the MCFC/MGT system is represented in the Sankey diagrams
as well. It can be observed that the mixing process also produces some
irreversibilities, e.g. the mixture of steam, stream 5, with methane,
stream 2, before entering the heat exchanger.

The heat losses plus the exergy destruction or irreversibilities are
accounted for in the general losses represented by the red lines drawn in
the Sankey diagrams. The exergy destruction is generally manifested as
heat losses. The MCFC stack and the reformer are mounted in the same
compartment to take advantage of the exothermic nature of the oxida-
tion reaction in the fuel electrode of the stack to sustain the endothermic
reaction in the reformer. Such an arrangement helps to decrease the
temperature in the fuel cell stack because the heat produced by the stack
can be absorbed by the reformer.

It can be observed from the Sankey diagrams of Fig. 6 and Fig. 7 that
more exergy losses are present in the fuel cell stack at 600 °C than at
650 °C because at higher temperatures the overpotentials decrease,
helping to produce also less exergy destruction. Although less heat is
available to be absorbed by the reformer at 650 °C, it requires a lower
heat transfer rate from the MCFC stack because at higher temperatures
the exergy in stream 18 increases, supplying more energy from the hot
gases. Furthermore, some exergy streams are almost constant because

the STC ratio is fixed, including the fuel compressor exit, stream 2, the
pump exit, stream 4, and the HRSG cold side, stream 5. Moreover, the
temperature at which the fuel is being reformed is kept almost constant
because the amount of fuel does not change.

The thermal efficiency by second-law thermodynamics can also be
calculated from Fig. 6 and Fig. 7. The efficiency is determined by
dividing the product, in this case the electricity, over the exergy inputs
that involves the fuel of streams 1 and 23, the water exergy of stream 3
and the air exergy in stream 11. Thus, the thermal efficiency by the
second law for the MCFC system is 44.37 % and 43.42 % at 600 °C and
650 °C, respectively, which is in accordance with reported values [3,6].
Accordingly, both the first- and second-law thermal efficiencies are
improved when the fuel cell stack operates at lower temperatures,
because less fuel reacts to maintain lower temperatures. The second law
efficiencies show a slight decrease compared to those obtained by the
first law, i.e. the 2nd law efficiencies are slightly lower than the 1st law
efficiencies. This is because the exergetic analysis considers the irre-
versibilities present in every component, as clearly observed in the
arrangement reformer-fuel cell stack the interactions of exergy, Fig. 6
and Fig. 7.

4.2. Solid Oxide fuel cell system

The SOFC/MGT system configuration analyzed in this section is
shown in Fig. 2. The nomenclature in the streams and components is the
same as that used in the MCFC/MGT system. Nevertheless, the SOFC/
MGT system does not include a re-compressor for the gases leaving the
reformer, because in this case the hot gases are sent directly to the
auxiliary combustion chamber independently of the pressure drop. The
other difference compared to the MCFC/MGT system is in the stream
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Table 9
Equipment thermal analysis for the SOFC/MGT system.
600 °C 650 °C
ml%l  WIkw] QIkW] (%] WkW] QIkwW]
SOFC 93.89 500.000 —158.255 93.90 500.000 —152.732
T 85.70 325.293 0 85.70 251.545 0
C 79.50 —191.370 0 79.50 —130.922 0
RC 0 0 0 0 0 0
FC 80.00 —5.854 0 80.00 —5.854 0
AFC 80.00 —0.199 0 80.00 0 0
P 80.00 —0.040 0 80.00 —0.040 0
REF 82.50 0 284.039 72.62 0 299.048
CB 97.00 0 —29.795 97.00 0 —31.810
ACC 97.00 0 —32.490 100.00 0 0
RG 88.13 0 0 84.67 0 0
HRSG 82.97 0 0 77.57 0 0
HX 31.67 0 0 21.06 0 0
G 79.34 0 —27.667 79.34 0 —24.919
INV 94.20 0 —29.000 94.20 0 —29.000

split after the oxygen electrode, where a percentage of the air leaving the
oxygen electrode is directed to the catalytic burner to provide the oxy-
gen required to oxidize the fuel content in stream 10 leaving the fuel
electrode; the rest of the air is recirculated to the oxygen electrode. Due
to the reactions that occur in the SOFC stack, the oxygen content de-
creases in the cathode, from stream 15 to stream 16, as observed from
Table 14 and Table 15 at 600 °C and 650 °C, respectively. The reduction
in the mole fraction of the oxygen is from 16.57 % to 15.44 %, when the
temperature is 600 °C, and from 14.85 % to 13.71 % when the

Energy Conversion and Management 276 (2023) 116533

temperature is 650 °C; in both cases the diminution is almost the same.
Thus, the fresh air supplied by the compressor, stream 14, helps to
compensate the consumption of oxygen in the fuel cell stack when is
mixed with the air leaving the oxygen electrode, stream 21. The oper-
ation of the other components is similar to those in the MCFC/MGT
system, which have been previously described. The power supplied by
the SOFC stack is also 500kWy, the operating pressure is 350 kPa, and
the cell temperature was set to 600 °C and 650 °C. The air-to-fuel ratio
was kept constant as mjs/mg = 39.2054, as well as the steam-to-carbon
ratio, m4/m; = 4.04. Table 14 and Table 15 show the temperature,
pressure, mass flow rate, enthalpy, and composition for each stream at
600 °C and 650 °C, respectively.

Table 9 shows the first-law efficiency, power, and heat transfer rate
per component in the SOFC/MGT system at 600 °C and 650 °C. The
efficiency of the SOFC stack is almost the same at both temperatures and
slightly lower compared to the efficiency of the MCFC stack at the same
temperatures, where the higher difference between the SOFC and MCFC
stack first-law efficiency is only 0.33 % at 650 °C. The overall first-law
efficiency of the SOFC/MGT system is 52.59 % and 53.39 % at 600 °C
and 650 °C, respectively. These efficiency values are in accordance with
[43] where data for a hybrid SOFC system at this temperature range is
presented. In this sense, it resulted to be a more efficient configuration
than using an MCFC stack. The difference in efficiency is about 7-8 %. In
this study both fuel cell stacks, MCFC and SOFC, produce the same
power at the two analyzed temperatures, 500kW., by adjusting the
current density. The net power obtained with the SOFC/MGT system is
571.162 kW at 600 °C and 560.810 kW at 650 °C. The power obtained
with the SOFC system at 600 °C is higher than the one obtained at

Table 10
Equipment exergy analysis for the SOFC/MGT system.
600 °C 650 °C
By [kW] W, [kW] By[kW] 1y [%] By [kW] W, [kW] Ba[kW] 1y [%]
SOFC —107.06 500.00 174.09 64.01 —105.95 500.00 166.45 64.73
T 0 325.29 21.55 93.79 0 251.54 15.53 94.18
C 0 —-191.37 15.84 91.72 0 —130.92 10.84 91.72
RC 0 0 0 0 0 0 0 0
FC 0 —5.85 0.85 85.52 0 —5.85 0.85 85.52
AFC 0 —0.20 0.03 85.52 0 0 0 0
P 0 —0.04 0.01 80.00 0 —0.04 0.01 80.00
REF 197.23 0 29.93 88.46 209.67 0 52.90 81.76
CB —21.95 0 159.95 97.21 —24.08 0 147.71 94.86
ACC 22.60 0 48.12 96.38 0 0 17.77 33.55
RG 0 0 21.62 86.84 0 0 23.74 82.05
HRSG 0 0 29.02 69.22 0 0 33.41 66.15
HX 0 0 11.02 64.53 0 0 8.57 58.76
200
775 SOFC/MGT system at 600 °C
B SOFC/MGT system at 650 °C
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Fig. 8. Exergy destruction per piece of equipment in the SOFC/MGT system.
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Table 11
MCFC/GT and SOFC/GT system comparison.
600 °C 650 °C
MCFC SOFC MCFC SOFC
Stack 1st law efficiency, % 94.12 93.89 94.23 93.9
System 1st law efficiency, % 46.37 52.59 45.39 53.39
Stack 2st law efficiency, % 72.46 64.01 75.32 64.01
System 2st law efficiency, % 44.37 50.3 43.42 51.13
PEC of fuel cell stack $ 663,500.00 $ 135,504.80 $ 663,500.00 $103,190.50
PEC of the system $ 3,489,913.74 $1,328,761.01 $ 3,617,099.94 $ 996,721.85
TNCI at the begining $ 14,832,663.47 $5,751,008.48 $ 15,370,453.36 $ 4,353,471.34
LCOE, $/kWh 0.875 0.402 0.897 0.339
CO2 expelled, kg/year 479.39 443.61 495.11 429.02
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Fig. 9. Sankey diagram of the exergy flow in one second in the SOFC/MGT system at 600 °C. The main results are r; = 0.021kg/s, mas = 0.0007kg/s, W =

571.2kW, 5; = 52.59%, n; = 50.30%, and LCOE = 0.4028/kWh.

650 °C, but the efficiency is lower, which can be explained because more
fuel is required to satisfy the energetic conditions at this temperature.
The differences in efficiency are due to the configuration of the auxiliary
components that affects the overall efficiency. In the case of the SOFC/
MGT system, the efficiency improves compared to the MCFC/MGT
system. This is because more power can be obtained from the micro-
turbine due to a reduction in the power required by the compressor to
supply less air in stream 14, which mixes with the recirculation gases
prior to enter the oxygen electrode.

The results of the exergetic analysis for the SOFC/MGT system are
presented in Table 10 where the exergy streams and second-law thermal
efficiency are shown, considering the irreversibilities present in every
component. The second-law efficiency of the SOFC stack is 64.01 % and
64.73 % at 600 °C and 650 °C, respectively. In both cases the second-law
thermal efficiency of the SOFC stack is lower than the efficiency ob-
tained in the MCFC stack by 8.45 % at 600 °C and 10.26 % at 650 °C.

Most of the components show an improved efficiency at 600 °C, except
for the gas turbine. The components with the higher exergy destruction
are the catalytic burner, the SOFC stack, and the reformer, as in the
MCFC/MGT system. Fig. 8 shows a comparison of the exergy destruction
per equipment in the SOFC/MGT system. The exergy destruction is
higher in the SOFC stack than in the MCFC stack due to a lower effi-
ciency of the former. Nevertheless, most of the components show a
lower exergy destruction in the SOFC/MGT system than in the MCFC/
MGT system, being this latter generally less efficient. Table 11 presents a
general comparison of the thermal and exergy comparison of both fuel
cell systems.

Table 18 and Table 19 show the exergy flows per stream, while Fig. 9
and Fig. 10 show the interaction of the exergy flows per piece of
equipment, including the exergy by power, heat transfer rate and exergy
destruction, in accordance with the configuration of the SOFC/MGT
system shown in Fig. 2. The second-law thermal efficiency is calculated
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Fig. 10. Sankey diagram of the exergy flow in one second in the SOFC/MGT system at 650 °C. The main results are ri; = 0.021kg/s, nio3 = Okg/s, W = 560.8kW,

N = 53.39%, y; = 51.13%, and LCOE = 0.3398/kWh.

as described in the previous section. Accordingly, for the SOFC/MGT
system these are 50.30 % at 600 °C and 51.13 % at 650 °C. In the SOFC
system, the efficiency improved when the temperature of the fuel cell
stack increased, allowing to save the fuel flow from stream 23, as shown
in Fig. 10. The cancellation of fuel in stream 23 was possible thanks to an
increase in the air flow recirculation from stream 21, demanding less
fresh air from the compressor. A lower amount of fresh air reduces the
energy demand in the regenerator. Most of the oxygen and energy
required by the fuel cell stack is recirculated at the exit of the cathode,
stream 16, to the inlet, stream 15. In the SOFC/MGT system the number
of modules was calculated in order to satisfy the energy conditions in the
reformer-fuel cell stack pair. The number of modules decreases from 8 to
5 when the temperature increases from 600 °C to 650 °C, increasing the
current density and consequently the overpotentials, then achieving the
heat transfer rate demanded by the reformer. The reduction in the
number of modules agrees with the results presented by [44] indicating
that the power provided by the SOFC stack improves with the increase of
temperature. This fact allows to decrease the required area of the stack,
reflected in the number of modules, to fit a target power that in this case
was 500kWyc.

4.3. Economic and environmental analysis

In this section some economic and environmental aspects between
the two analyzed systems will be covered. Most of the assumptions
considered for the economic analysis are presented in Table 4, Table 5,
and Table 6. In these, respectively, the investment equations per
component, the assumptions for the total capital investment and the
parameters for the economic analysis are indicated. It is considered that
both systems have an economic lifetime of 20 years, with the exception

14

of the fuel cell stacks that have an economic lifetime of 5 years. Thus,
three replacements of the fuel cell stacks should be done in the whole
lifetime of the system, representing a purchase of four complete fuel cell
stacks. The PEC for the MCFC stack is $663,500.00 at both temperatures
because its cost depends only on the desired power [7]. The PEC for the
SOFC stack depends on the active area of the cell and the cell temper-
ature, as indicated in Table 4. The number of SOFC stack modules was
varied with temperature to maintain the same voltage range, using 8
modules at 600 °C and 5 modules at 650 °C. Thus, the SOFC active area
is 200 m? at 600 °C and 125 m? at 650 °C representing a PEC of
$135,504.80 and $103,190.50, respectively [12]. This is about 5 and 6
times cheaper than the cost of the MCFC stack. The PEC of the other
components depends on the operating conditions which can be deter-
mined with the equations of Table 4 and the design conditions of the
systems presented in Table 12, Table 13, Table 14, and Table 15. The
total PEC of the MCFC/MGT system is $3,489,913.74 at 600 °C and
$3,617,099.94 at 650 °C, resulting in this case being more expensive at
higher temperatures because of the robustness required for some com-
ponents when increasing the temperature. The contrary happens with
the total PEC for the SOFC/MGT system, being $1,328,761.01 at 600 °C
and $996,721.85 at 650 °C, because of the reduction in the number of
SOFC stacks at higher temperatures, as well as the required robustness in
some components due to a reduction of the mass flow rate in stream 17.
The total net capital investment, TNCI, required in the beginning of the
projects is estimated by considering the parameters presented in Table 5
and Table 6 for the economic lifetime of the systems. The TNCI for the
MCFC/MGT system is $14,832,663.47 at 600 °C and $15,370,453.36 at
650 °C, while the TNCI for the SOFC/MGT system is $5,751,008.48 at
600 °C and $4,353,471.34 at 650 °C, indicating an almost 3 times lower
investment than for the MCFC/MGT system.
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Fig. 11. Sankey diagram of the flow of carbon dioxide in the MCFC/MGT system at: (a) 600 °C and (b) 650 °C.
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Fig. 12. Sankey diagram of the flow of carbon dioxide in the SOFC/MGT system at: (a) 600 °C and (b) 650 °C.

The total revenue requirement method was used to estimate the
LCOE for each system according to [30]. The LCOE is 0.875$/kWh at
600 °C and 0.897$/kWh at 650 °C for the MCFC/MGT system, while for
the SOFC/MGT system is 0.402$/kWh at 600 °C and 0.339$/kWh at
650 °C. The costs for the SOFC/MGT system are in accordance with [5]
that reports values of 0.320$/kWh at 650 °C and 101.325 kPa. In the
case of the MCFC/MGT system it can be compared with the price of the
standalone system reported in [7] to be 0.186%/kWh, although there is
no clear indication whether the replacements of the stack have been
taken in consideration. The cheapest option thus results when the SOFC/
MGT system is operated at 650 °C, which is thanks to the reduction in
the number of SOFC stacks and the improvement in the efficiency. The
LCOE using the MCFC/MGT system doubles the value obtained using the
SOFC/MGT system.

According to the TNCI and the LCOE obtained, the MCFC/MGT
system seems to be an expensive option to produce electricity, compared
to the SOFC/MGT system. Nevertheless, the MCFC stacks have also the
characteristic to separate the carbon dioxide present in the cathode to
the anode by migration through the carbonate ion. This is a character-
istic which is not present in the SOFC stacks. This peculiarity can help to
mitigate the high TNCI and to decrease the LCOE by implementing
configurations that help to reutilize the carbon dioxide instead of
expelling it directly to the environment. For example, in [14] the

15

products of reducing the CO, are considered obtaining LCOE between
0.020 and 0.225$/kWh. Fig. 11 shows a Sankey diagram of the carbon
dioxide flow in the MCFC stack, the catalytic burner, and the auxiliary
combustion chamber at 600 °C and 650 °C. Besides, Fig. 12 shows a
Sankey diagram of the carbon dioxide flow in the SOFC stack with its
interaction with the catalytic burner, the reformer, and the auxiliary
combustion chamber at 600 °C and 650 °C. The amount of carbon di-
oxide entering the fuel electrode corresponds to the CO, replaced in the
reformer, while the amount of CO; entering the oxygen electrode cor-
responds to the quantity being recirculated from the catalytic burner. In
both stacks, the CO5 recirculated is 12.5-14 times higher than the COy
coming from the reformer.

In the MCFC/MGT configuration the CO5 required in the oxygen
electrode is obtained by recirculating the gases. Nevertheless, there are
configurations where the CO; is supplied from combustion gases that
usually are expelled to the environment [15]. In such a case, the MCFC
could help to decrease the CO; sent to the atmosphere in the combustion
gases, because the oxygen electrode directs some CO- to the fuel elec-
trode. In carbon capture applications MCFC can be coupled with tradi-
tional power plants decreasing the emission to the atmosphere by
approximately 62 % [15]. It can be observed from Fig. 11 that between
45 % and 47 % of the CO,, passes to the fuel electrode. The CO; at the exit
of the fuel electrode is mixed with other compounds including water,
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Table 12
Thermal results for the MCFC system at 600 °C.
T[°C] p|Pda] mlkg/s] h[kg/s] CO[%] CO2[%] CH,[%)] H; (%) H>0[%] N [%] 03[%]
1 15.00 101 325 0.0210 32.93 0 0 100 0 0 0 0
2 133.20 368 000 0.0210 311.70 0 0 100 0 0 0 0
3 15.00 101 325 0.0848 63.02 0 0 0 0 100 0 0
4 15.03 476 000 0.0848 63.49 0 0 0 0 100 0 0
5 180.00 368 000 0.0848 2 820.51 0 0 0 0 100 0 0
6 169.07 368 000 0.1058 2322.73 0 0 21.75 0 78.25 0 0
7 369.40 361 000 0.1058 2775.08 0 0 21.75 0 78.25 0 0
8 756.89 357 000 0.1058 3276.53 7.97 6.73 0.66 50.83 33.81 0 0
9 600.00 350 000 0.1058 2 824.19 7.97 6.73 0.66 50.83 33.81 0 0
10 635.00 349 000 0.3235 1797.03 2.67 37.49 0.46 8.73 50.65 0 0
11 15.00 101 325 1.2201 15.48 0 0 0 0 1 78.20 20.80
12 157.76 357 000 1.2201 176.49 0 0 0 0 1 78.20 20.80
13 157.76 357 000 1.0737 176.49 0 0 0 0 1 78.20 20.80
14 425.94 350 000 1.0737 460.18 0 0 0 0 1 78.20 20.80
15 600.00 350 000 4.1495 977.30 0 5.33 0 0 17.11 64.91 12.66
16 635.00 349 000 3.9319 1 041.33 0 3.02 0 0 17.75 67.35 11.88
17 635.00 349 000 2.7523 1 041.33 0 3.02 0 0 17.75 67.35 11.88
18 680.66 347 000 3.0758 1195.95 0 7.09 0 0 22.45 60.50 9.96
19 644.47 343 000 3.0758 1 148.40 0 7.09 0 0 22.45 60.50 9.96
20 651.66 350 000 3.0758 1157.82 0 7.09 0 0 22.45 60.50 9.96
21 635.00 349 000 1.1796 1041.33 0 3.02 0 0 17.75 67.35 11.88
22 157.76 357 000 0.1464 176.49 0 0 0 0 1 78.20 20.80
23 15.00 101 325 0.0025 32.93 0 0 100 0 0 0 0
24 133.38 368 000 0.0025 312.16 0 0 100 0 0 0 0
25 673.01 348 000 1.3284 1 063.46 0 3.01 0 0 16.57 68.28 12.14
26 470.24 108 000 1.3284 812.32 0 3.01 0 0 16.57 68.28 12.14
27 276.17 104 000 1.3284 583.03 0 3.01 0 0 16.57 68.28 12.14
28 121.54 101 325 1.3284 406.96 0 3.01 0 0 16.57 68.28 12.14
Table 13
Thermal results for the MCFC system at 650 °C.
T[°C] plPa) mikg/s] hikg/s] CO[%] CO,[%] CHa[%) Hy (%] H,0[%] N, [%] 02[%]
1 15.00 101 325 0.0210 32.93 0 0 100 0 0 0 0
2 133.20 368 000 0.0210 311.70 0 0 100 0 0 0 0
3 15.00 101 325 0.0848 63.02 0 0 0 0 100 0 0
4 15.03 476 000 0.0848 63.49 0 0 0 0 100 0 0
5 180.00 368 000 0.0848 2 820.51 0 0 0 0 100 0 0
6 169.07 368 000 0.1058 232273 0 0 21.75 0 78.25 0 0
7 291.54 361 000 0.1058 2 596.64 0 0 21.75 0 78.25 0 0
8 744.68 357 000 0.1058 3 240.42 7.68 6.89 0.85 50.58 34.00 0 0
9 650.00 350 000 0.1058 2 966.52 7.68 6.89 0.85 50.58 34.00 0 0
10 679.00 349 000 0.3117 1903.43 3.43 35.72 0.61 9.30 50.95 0 0
11 15.00 101 325 1.4498 15.48 0 0 0 0 1 78.20 20.80
12 157.76 357 000 1.4498 176.49 0 0 0 0 1 78.20 20.80
13 157.76 357 000 1.2468 176.49 0 0 0 0 1 78.20 20.80
14 503.63 351 000 1.2468 545.43 0 0 0 0 1 78.20 20.80
15 650.00 350 000 4.1495 998.92 0 4.86 0 0 15.17 66.30 13.67
16 679.00 349 000 3.9437 1052.20 0 2.65 0 0 15.72 68.67 12.96
17 679.00 349 000 2.5910 1 052.20 0 2.65 0 0 15.72 68.67 12.96
18 746.67 347 000 2.9027 1 249.79 0 6.85 0 0 20.99 61.42 10.74
19 696.59 343 000 2.9027 1183.81 0 6.85 0 0 20.99 61.42 10.74
20 704.14 350 000 2.9027 1193.71 0 6.85 0 0 20.99 61.42 10.74
21 679.00 349 000 1.3527 1 052.20 0 2.65 0 0 15.72 68.67 12.96
22 157.76 357 000 0.2030 176.49 0 0 0 0 1 78.20 20.80
23 15.00 101 325 0.0032 32.93 0 0 100 0 0 0 0
24 133.38 368 000 0.0032 312.16 0 0 100 0 0 0 0
25 705.00 348 000 1.5589 1 058.95 0 2.67 0 0 14.54 69.61 13.18
26 508.22 117 000 1.5589 816.43 0 2.67 0 0 14.54 69.61 13.18
27 255.92 104 000 1.5589 521.34 0 2.67 0 0 14.54 69.61 13.18
28 122.29 101 325 1.5589 371.29 0 2.67 0 0 14.54 69.61 13.18

carbon monoxide, hydrogen, and methane, where the water and carbon
dioxide are the components with the higher mole fraction, as can be
observed in Table 12 and Table 13. The fuel in stream 10, which includes
methane, hydrogen, and carbon monoxide, is mixed with oxidant in the
catalytic burner increasing the temperature of the gases sent to the
reformer. Thus, the composition of stream 18 includes only steam and
three non-condensable gases: carbon dioxide, oxygen and nitrogen. The
CO3 could be separated from the other gases, although, in this config-
uration is quite complicated because of the presence of non-condensable

16

gases. Thus, other options should be explored in order to facilitate the
separation of the CO; from the combustion gases. For example, using
only oxygen to oxidize the fuel in stream 10, or eventually separate all
the gases and see them as products that can be sold [45]. The oxidant
that is not sent to the catalytic burner is directed to the auxiliary com-
bustion chamber, and some fuel is added to achieve the energy condi-
tions required in the upstream components to finally reach the
environment. Accordingly, the annual amount of CO, expelled to the
atmosphere resulted to be 479.39 kg/year and 495.11 kg/year at 600 °C
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Table 14
Thermal results for the SOFC system at 600 °C.
T[°C] p|Pda] mlkg/s] h[kg/s] CO[%] CO2[%] CH,[%)] H; (%) H>0[%] N [%] 03[%]
1 15.00 101 325 0.0210 32.93 0 0 100 0 0 0 0
2 133.20 368 000 0.0210 311.70 0 0 100 0 0 0 0
3 15.00 101 325 0.0848 63.02 0 0 0 0 100 0 0
4 15.03 476 000 0.0848 63.49 0 0 0 0 100 0 0
5 180.00 368 000 0.0848 2 820.51 0 0 0 0 100 0 0
6 169.07 368 000 0.1058 2322.73 0 0 21.75 0 78.25 0 0
7 354.07 361 000 0.1058 2739.52 0 0 21.75 0 78.25 0 0
8 744.82 357 000 0.1058 3 240.81 7.68 6.88 0.85 50.58 34.00 0 0
9 600.00 350 000 0.1058 2 824.03 7.68 6.88 0.85 50.58 34.00 0 0
10 635.00 349 000 0.1679 2 843.20 0.63 13.93 0.85 11.97 72.61 0 0
11 15.00 101 325 1.1886 15.48 0 0 0 0 1 78.20 20.80
12 157.76 357 000 1.1886 176.49 0 0 0 0 1 78.20 20.80
13 157.76 357 000 0.8795 176.49 0 0 0 0 1 78.20 20.80
14 467.13 351 000 0.8795 505.19 0 0 0 0 1 78.20 20.80
15 600.00 350 000 4.1495 656.56 0 0 0 0 1.05 82.38 16.57
16 635.00 349 000 4.0875 697.28 0 0 0 0 1.07 83.49 15.44
17 635.00 349 000 0.8175 697.28 0 0 0 0 1.07 83.49 15.44
18 821.78 347 000 0.9854 1 356.35 0 3.58 0 0 20.85 65.35 10.23
19 758.05 343 000 0.9854 1271.31 0 3.58 0 0 20.85 65.35 10.23
20 0 0 0 0 0 0 0 0 0 0 0
21 635.00 349 000 3.2700 697.28 0 0 0 0 1.07 83.49 15.44
22 157.76 357 000 0.3090 176.49 0 0 0 0 1 78.20 20.80
23 15.00 101 325 0.0007 32.93 0 0 100 0 0 0 0
24 133.20 368 000 0.0007 311.70 0 0 100 0 0 0 0
25 673.00 348 000 1.2951 1062.21 0 2.86 0 0 16.51 68.20 12.43
26 470.08 108 000 1.2951 811.04 0 2.86 0 0 16.51 68.20 12.43
27 281.15 104 000 1.2951 587.81 0 2.86 0 0 16.51 68.20 12.43
28 122.55 101 325 1.2951 407.21 0 2.86 0 0 16.51 68.20 12.43
Table 15
Thermal results for the SOFC system at 650 °C.
T[°C] plPa) mikg/s] hikg/s] CO[%] CO,[%] CHa[%) Hy (%] H,0[%] N, [%] 02[%]
1 15.00 101 325 0.0210 32.93 0 0 100.00 0 0 0 0
2 133.20 368 000 0.0210 311.70 0 0 100.00 0 0 0 0
3 15.00 101 325 0.0848 63.02 0 0 0 0 100.00 0 0
4 15.03 476 000 0.0848 63.49 0 0 0 0 100.00 0 0
5 180.00 368 000 0.0848 2 820.51 0 0 0 0 100.00 0 0
6 169.07 368 000 0.1058 232273 0 0 21.75 0 78.25 0 0
7 291.44 361 000 0.1058 2 596.41 0 0 21.75 0 78.25 0 0
8 744.60 357 000 0.1058 3 240.19 7.68 6.89 0.85 50.58 34.00 0 0
9 650.00 350 000 0.1058 2 966.52 7.68 6.89 0.85 50.58 34.00 0 0
10 685.00 349 000 0.1676 2949.24 0.73 13.83 0.85 12.09 72.49 0 0
11 15.00 101 325 0.8131 15.48 0 0 0 0 1.00 78.20 20.80
12 157.76 357 000 0.8131 176.49 0 0 0 0 1.00 78.20 20.80
13 157.76 357 000 0.6749 176.49 0 0 0 0 1.00 78.20 20.80
14 464.91 351 000 0.6749 502.76 0 0 0 0 1.00 78.20 20.80
15 650.00 350 000 4.1495 714.92 0 0 0 0 1.08 84.07 14.85
16 685.00 349 000 4.0878 756.13 0 0 0 0 1.09 85.20 13.71
17 685.00 349 000 0.6132 756.13 0 0 0 0 1.09 85.20 13.71
18 912.82 347 000 0.7807 1 601.06 0 4.44 0 0 25.64 62.25 7.68
19 815.18 343 000 0.7807 1 464.58 0 4.44 0 0 25.64 62.25 7.68
20 0 0 0 0 0 0 0 0 0 0 0
21 685.00 349 000 3.4746 756.13 0 0 0 0 1.09 85.20 13.71
22 157.76 357 000 0.1382 176.49 0 0 0 0 1.00 78.20 20.80
23 0 0 0 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0 0 0 0
25 734.02 348 000 0.9190 1270.82 0 3.82 0 0 22.18 64.48 9.52
26 523.50 108 000 0.9190 997.10 0 3.82 0 0 22.18 64.48 9.52
27 330.08 104 000 0.9190 757.48 0 3.82 0 0 22.18 64.48 9.52
28 114.99 101 325 0.9190 502.95 0 3.82 0 0 22.18 64.48 9.52

and 650 °C, respectively.

On the other side, the SOFC/MGT configuration does not require any
amount of CO» in the oxygen electrode. It is only fed with air to satisfy
the reactions involved in the SOFC stack. The CO, and H,O in the oxygen
electrode can be harmful for the operation of the cell decreasing its
operative lifetime, which is the reason for avoiding gas recirculation in
the oxygen electrode. The CO, leaving the fuel electrode increases
because of the water—gas shift and steam reforming reactions that take
place in the electrode. It increases again when leaving the catalytic
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burner, once the fuel is completely oxidized. The amount of CO5 does
not change when it crosses the reformer because only heat transfer oc-
curs here. Then, the carbon dioxide flows to the auxiliary combustion
chamber where some extra fuel can be supplied to meet the energy
demands upstream. Fig. 12 shows the flow of CO5 in the SOFC/MGT
system. The annual amount of COy expelled to the environment is
443.61 kg/year and 429.02 kg/year at 600 °C and 650 °C, respectively.
These concluding results indicate that CO, emissions between these
configurations are still lower in the SOFC/MGT system. Table 11
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Table 16 Table 18
Exergy results for the MCFC system at 600 °C. Exergy results for the SOFC system at 600 °C.
s[kJ/(kgeK)] b [kJ/kg] ben[kJ/kgl blkJ/kg] B[kJ] s[kJ/(kgeK)] b [kJ/kg] ben[kJ/kgl blkJ/kg] B[kJ]

1 11.53 —0.01 51848.50 51848.49 1088.82 1 11.53 —0.01 51848.50 51848.49 1088.82
2 11.67 238.40 51848.50 52086.90 1093.83 2 11.67 238.40 51848.50 52086.90 1093.83
3 0.22 0.00 49.96 49.96 4.24 3 0.22 0.00 49.96 49.96 4.24
4 0.23 0.37 49.96 50.33 4.27 4 0.23 0.37 49.96 50.33 4.27
5 10.64 769.76 49.96 819.72 69.55 5 10.64 769.76 49.96 819.72 69.55
6 11.10 590.54 10326.69 10917.24 1155.48 6 11.10 590.54 10326.69 10917.24 1155.48
7 11.95 799.39 10326.69 11126.09 1177.59 7 11.89 779.93 10326.69 11106.63 1175.53
8 16.24 1419.06 11907.20 13326.26 1410.45 8 16.17 1392.39 11881.70 13274.09 1404.93
9 15.78 1100.00 11907.20 13007.21 1376.68 9 15.74 1098.90 11881.70 12980.61 1373.87
10 8.82 676.38 1458.56 2134.94 690.62 10 11.26 992.23 2017.77 3010.00 505.32
11 6.89 0.00 4.53 4.53 5.53 11 6.89 0.00 4.53 4.53 5.39
12 6.94 147.68 4.53 152.22 185.72 12 6.94 147.68 4.53 152.22 180.92
13 6.94 147.68 4.53 152.22 163.44 13 6.94 147.68 4.53 152.22 133.88
14 7.45 282.68 4.53 287.22 308.39 14 7.51 309.92 4.53 314.45 276.57
15 8.18 443.73 30.05 473.78 1965.93 15 7.70 407.24 4.90 412.14 1710.16
16 8.31 478.64 20.36 499.00 1962.00 16 7.75 434.61 5.17 439.77 1797.56
17 8.31 478.64 20.36 499.00 1373.40 17 7.75 434.61 5.17 439.77 359.51
18 8.44 539.24 41.72 580.96 1786.92 18 8.66 668.56 24.51 693.07 682.93
19 8.39 505.31 41.72 547.03 1682.55 19 8.58 605.54 24.51 630.05 620.83
20 8.40 513.56 41.72 555.28 1707.92 20 0.00 0.00 0.00 0.00 0.00
21 8.31 478.64 20.36 499.00 588.60 21 7.75 434.61 5.17 439.77 1438.05
22 6.94 147.68 4.53 152.22 22.29 22 6.94 147.68 4.53 152.22 47.04
23 11.53 —0.01 51848.50 51848.49 127.96 23 11.53 —0.01 51848.50 51848.49 37.02
24 11.67 238.53 51848.50 52087.03 128.55 24 11.67 238.40 51848.50 52086.90 37.19
25 8.32 505.91 19.83 525.74 698.41 25 8.32 505.62 19.08 524.69 679.54
26 8.38 238.14 19.83 257.97 342.70 26 8.38 237.81 19.08 256.89 332.70
27 8.04 108.34 19.83 128.17 170.26 27 8.05 110.94 19.08 130.02 168.39
28 7.67 37.93 19.83 57.76 76.73 28 7.67 38.13 19.08 57.21 74.09

Table 17 Table 19

Exergy results for the MCFC system at 650 °C. Exergy results for the SOFC system at 650 °C.

s[kJ/(kgeK)] b [kJ/kg] ben[kJ/kg] blkJ/kg] B[kJ] s[kJ/(kgeK)] b [kJ/kg] ben [kJ/kg] blkJ/kg] B[kJ]

1 11.53 —0.01 51848.50 51848.49 1088.82 1 11.53 —0.01 51848.50 51848.49 1088.82
2 11.67 238.40 51848.50 52086.90 1093.83 2 11.67 238.40 51848.50 52086.90 1093.83
3 0.22 0.00 49.96 49.96 4.24 3 0.22 0.00 49.96 49.96 4.24
4 0.23 0.37 49.96 50.33 4.27 4 0.23 0.37 49.96 50.33 4.27
5 10.64 769.76 49.96 819.72 69.55 5 10.64 769.76 49.96 819.72 69.55
6 11.10 590.54 10326.69 10917.24 1155.48 6 11.10 590.54 10326.69 10917.24 1155.48
7 11.65 705.95 10326.69 11032.64 1167.70 7 11.65 705.84 10326.69 11032.53 1167.68
8 16.17 1392.09 11881.39 13273.48 1404.87 8 16.17 1391.92 11881.21 13273.13 1404.83
9 15.90 1195.70 11881.39 13077.09 1384.08 9 15.90 1195.69 11881.21 13076.90 1384.06
10 9.04 738.15 1645.98 2384.14 743.10 10 11.39 1065.10 2049.22 3114.33 521.86
11 6.89 0.00 4.53 4.53 6.57 11 6.89 0.00 4.53 4.53 3.69
12 6.94 147.68 4.53 152.22 220.68 12 6.94 147.68 4.53 152.22 123.77
13 6.94 147.68 4.53 152.22 189.79 13 6.94 147.68 4.53 152.22 102.73
14 7.57 334.87 4.53 339.40 423.18 14 7.51 308.43 4.53 312.96 211.22
15 8.19 477.65 26.89 504.54 2093.61 15 7.77 446.97 5.34 452.31 1876.86
16 8.31 507.29 17.81 525.10 2070.80 16 7.81 475.36 5.75 481.11 1966.66
17 8.31 507.29 17.81 525.10 1360.51 17 7.81 475.36 5.75 481.11 295.00
18 8.48 592.98 39.55 632.53 1836.01 18 8.93 794.59 31.65 826.23 645.07
19 8.42 545.09 39.55 584.64 1697.00 19 8.82 691.65 31.65 723.29 564.70
20 8.42 553.83 39.55 593.38 1722.37 20 0.00 0.00 0.00 0.00 0.00
21 8.31 507.29 17.81 525.10 710.28 21 7.81 475.36 5.75 481.11 1671.66
22 6.94 147.68 4.53 152.22 30.90 22 6.94 147.68 4.53 152.22 21.04
23 11.53 —0.01 51848.50 51848.49 167.63 23 0.00 0.00 0.00 0.00 0.00
24 11.67 238.53 51848.50 52087.03 168.40 24 0.00 0.00 0.00 0.00 0.00
25 8.30 524.33 17.42 541.75 844.53 25 8.59 591.65 26.41 618.05 567.97
26 8.35 266.56 17.42 283.98 442.69 26 8.65 301.02 26.41 327.43 300.89
27 7.93 92.28 17.42 109.70 171.01 27 8.32 157.13 26.41 183.54 168.67
28 7.61 33.74 17.42 51.16 79.75 28 7.81 49.75 26.41 76.16 69.98

presents a summary of the thermal, economic, and environmental fea-
tures of MCFC/MGT and SOFC/MGT systems at 600 °C and 650 °C.

5. Conclusions
A thermoeconomic comparison of a MCFC/MGT and a SOFC/MGT

has been carried out in order to evaluate the best option to produce
electricity. The systems were evaluated under the same operating
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conditions using the first-law of thermodynamics to size the compo-
nents. The capacity of the fuel cell stacks was maintained at S00kWg,
operating at 350 kPa and 600 °C/650 °C. The results indicate that the
MCFC stacks are more efficient than the SOFC stacks at both analyzed
temperatures. An exergetic analysis was carried out to assess the com-
ponents and identify the main irreversibilities. The results indicate that
the catalytic burner and the fuel cell stack are the components in both
systems with the highest irreversibilities owing to the chemical reactions
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that increase entropy generation. The SOFC/MGT system shows the
highest overall efficiency. An economic analysis is also carried out to
estimate the Levelized Cost of Electricity and to determine which is the
most feasible option from an economic perspective. Although MCFC
stacks are more efficient than SOFC stacks, these are considerably more
expensive, with a PEC 4.9-6.4 times higher. The TCI of the MCFC/MGT
system is 2.5-3.5 times higher than the SOFC/MGT system, so that
produced electricity, which is the only product considered in the sys-
tems, is more expensive. Thus, the LCOE for the SOFC/MGT system is
0.339-0.402$/kWh and for the MCFC/MGT system is 0.875-0.897
$/kWh, though in both cases this is still higher than current electricity
prices. The high price of fuel cell stacks contributes significantly to
increasing the LCOE, although such price depends on external factors as
well, such as e.g. the number of units produced per year: with increasing
demand, more cost-effective production processes can be put in place
and the price would be more accessible. MCFC are devices that can
produce electricity and at the same time work as carbon capture devices.
This is a feature of MCFC stacks that can contribute to mitigate the high
TCI by decreasing the price in the main product and considering other
delivered products as captured COs.
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