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A B S T R A C T

Solid Oxide Fuel Cells (SOFCs) have become the promising energy source for stationary and portable
applications. The design of SOFCs including its structure and its operation are an important part to be
properly optimized in order to achieve the best performance. The topic on optimization of SOFC has gained
tremendous attention recently in line with the growing applications of fuel cell. This paper involves a literature
survey of the application of SOFC in particular the optimization strategies. The strategies are reviewed in detail
based on five features, which are the decision variable, objective analysis, constraint, method and tools. The
future trends of research related to the optimization for SOFC are also discussed to provide better insight for
future research work in this area.

1. Introduction

Recent research developments on renewable energy have identified
fuel cell as an important potential energy source for the future. Fuel
cells are a renewable energy type which converts the chemical reaction
between hydrogen and oxygen into electrical voltage. It has become a
competitive power source due to its advantages such as high efficiency,
flexibility in the usage of the required fuels and can be developed for a
wide range of operating temperatures, which makes them easy to be
implemented in extensive applications [1,2].

Fuel cells have been developed in several types, namely Proton
Exchange Membrane Fuel Cell (PEMFC), Direct Methanol Fuel Cell
(DMFC), Alkaline Fuel Cell (AFC), Phosphoric Acid Fuel Cell (PAFC),
Molten Carbonate Fuel Cell (MCFC), microbial fuel cell and Solid Oxide
Fuel Cell (SOFC) [3]. The fuel cell study classifies PEMFC, DMFC, and
PAFC as low-temperature fuel cells which have the potential to be
implemented in transport applications, military, and public facilities
[4–7], while PAFC, MCFC, and SOFC have higher temperature ratings
and higher efficiency, which makes them suitable for power generation
and hybrid-power applications [8–11].

Among the high-temperature fuel cell types, SOFC is the most
widely developed due to it having a high efficiency and have the
flexibility of using different hydrocarbon fuel as well as its versatility in

the electrolyte material [10]. It has also become one of the most
attractive fuel cell applications in combined heat-power generators
[12,13] and in the building sector [14]. It also has the flexibility to be
integrated with another power generation source, water heating device
and cooling device used in residential homes [15]. The topics on SOFC
which have been considerably reviewed over the past 10 years and
more intensively developed over the last five years indicate the growing
interest in this research area [16].

Improvements of SOFCs have been conducted based on modeling
and simulation studies with the aim to achieve better performance
[17–25]. Research in this topic has been developed in several areas
involving improved model and observer studies [26–31], advanced
estimation and identification [32,33], precision of control and manage-
ment [34–40], and optimization of design and operation [41–54].
These previous studies frequently mentioned optimization of SOFC as a
recent research topic compared to other fuel cell types such as PEMFC
and MCFC [55]. The research on optimization of SOFC has been
established since 1996 based on our review. Since then, optimization
topics on SOFC application continued to the development of advanced
computer and intelligent techniques. Fig. 1 shows the exponential
trend of research in the application of SOFC based on the number of
publication in a three year-wise graphic.

So far some researchers have conducted for studies with respect to
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the review of the topic on fuel cell optimization. The report from Ang
[3] discussed on the optimization of fuel cell using the study case
format and focus on the optimization strategy based on its decision
variables and objective analysis aspects. The authors explained on how
to build the optimum design and robust model for fuel cell applica-
tions. Another review by Secanell [16] studied works of literature in
computational optimization for a fuel cell in a single cell design, stack
design and hybrid applications. The study focused on designing and
optimizing scope using complex example of model and parameters.
Both of these studies did not provide the current research on SOFC
optimization. In 2014, Hajimolana [56] published a review on SOFC
optimization strategy including the decision variable, objective and the
tools. However, the study reviewed a limited number of related
researches and did not focus on the strategy in detail. Neither of the
previous studies focuses on the comprehensive strategies to deal with
SOFC application and do not present the recent reviews regarding the
advanced development on the topic of optimization.

Since there has been no extensive review on this subject, the
objective of this paper is to provide a comprehensive literatures review
on the optimization of SOFC in the last 20 years. This study also
focuses on the five important aspects in the optimization strategies,
namely decision variables, objective function, constraints, optimization
methods and optimization tools. Finally, the future development of
research on SOFC application especially related to the topic of
optimization is presented to analyze the opportunities for researchers
interested to develop an optimization part in that area.

This paper is divided as follows. Section 2 provides the brief review
of SOFC application, including its implementation of distributed
generation (DG) stack system, hybrid power generation system and
multi-power generation. Section 3 provides literature survey on
optimization strategies for microstructure, single cell and integrated
system design in SOFC application. It includes the five aspects of
optimization strategy which are the decision variables, objective
analysis, constraints, methods and its implemented validation.
Section 4 provides the future trend of research on SOFC optimization.

2. Brief review of SOFC application

2.1. Stack system

In the late 1930s, experimentation of solid oxide electrolyte was
conducted by Emil Baur, a Swiss scientist and his colleague Preis [57].
Williams [58] achieved the temperature operation of the first ceramic
solid oxide at 1000 °C in 1937. Since then, the research in micro-
structure of solid oxide ceramics became more challenged in increasing
its conductivity and mechanical strength. Research by Davtyan in the
1940s experienced an unwanted chemical reaction which shortens the
life span of electrolyte due to the mixing of the sodium carbonate with
monazite sand. In 1959, based on various research works by Stimming
[57] on the fuel cell, several issues on microstructure were addressed
with the objective to decrease internal electrical resistance, melting due
to high temperature and short circuiting due to semiconductivity.

From our review, the new energy and industrial technology devel-

opment organization (NEDO), Japan, started the earliest research of
SOFC for the stack system in 1989 which was set up to develop
technology for fabricating SOFC. During the first period of the study, it
had manufactured the 100 W class of SOFC stack. From 1992, the
study of planar SOFC was conducted to generate high power density
and large active area of the cell. Moreover, it also was planned to
fabricate several-kW class of SOFC. From 1997 to 2000, the research
focused on increasing cell stability and reliability instead of manufac-
turing various class of planar SOFC which initiated the development of
the tubular SOFC.

In the USA, the Department of Energy (DOE) National Energy
Technology Laboratory (NTRL) developed the tubular SOFC power
plant with several private industries, initiated by Siemens
Westinghouse Power Corporation [59]. NETL also partnered Pacific
Northwest National Laboratory (PNNL) in developing a commercial,
high efficiency modular, low cost and fuel flexible SOFC stack of 3 and
10 kW power.

Moreover, Delphi Corporation also started to fabricate the stack
SOFC for auxiliary power unit (APU) to supply power engine-indepen-
dent with high efficiency and low emissions. By taking advantages from
SOFC, it increased the effectiveness of APU from 10–20% upto 30–
35% compared to the engineered-powered generator. SOFC can be
attractive for APU application since it does not have complicated water
management for the electrolyte, compatibility in terms of temperature
between reformer and stack and high tolerance to fuel impurities [58].
Optimizing of the reformer is the key point for increasing the APU
efficiency instead of increasing cell voltage which causes decrease of
current density. The recycled anode exhausts gas which can be fed into
the reformer inlet with incoming hydrogen fuel was performed to
improve fuel utilization in the APU system. Delphi developed a 5 kW
SOFC APU which has a compact design, fuelled by gasoline and has a
low mass system [59].

2.2. Hybrid power generation system

Developing hybrid power generation comes from the idea to
optimize the exhausted heat of SOFC. Following the success in
developing stack systems, Siemens Westinghouse power corporation
run the hybrid project concentrating on the development of tubular
SOFC [59]. It augmented the fuel cell with the turbine to utilize its
byproduct heat. The additional power generation increases the overall
efficiency and reduces the cost of electricity without using extra fuel.
The combination also reduces further combustion of fuel in the turbine
and achieves efficiency of 70% with lower of energy cost. With the
hybrid project, related industries such as Rolls Royce and General
Electric also developed stack SOFC combined with the gas turbine (GT)
for distributed generation following requirement of clean energy in The
Vision 21 [60]. In 1995, Domeracki patented an improvement for
hybrid power generation [61] including attached compressor that
producing compressed air. In the combustion process, the unreacted
portion of fuel was combusted with oxygen for further heating of the
hot gas and the second steam of fuel was used to increase the
temperature of the hot gas before it was expanded to the turbine.

Developing of hybrid system was expanded to utilize other thermal
generators as Stirling heat engines (SHE) and steam turbines (ST).
Arsalis [62] studied the hybrid SOFC-GT-ST model and the parametric
study of the system using thermo-economic analysis. The model was
developed based on thermodynamic, kinetic, geometric and costing
with size ranging from 1.5 MWe to 10 MWe. The heat recovery system
generator (HRSG) was added to produce steam which drives the steam
turbine for additional power output. Four different steam turbine
cycles were considered in the study to design the hybrid system
adequately. Ugartemendia [63] developed an optimum management
in the hybrid SOFC-ST system using proportional-integral (PI) control
for fuel utilization and operating temperature of the scheme.
Management of the stack resulted in the increasing of fuel efficiency

Fig. 1. Three years-wise number of publications using optimization in SOFC application.
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at the rated power levels. For the case study, it achieved 120 kW of the
SOFC rated power, optimal efficiency at 66% when the fuel utilization
at 6.5 and operating temperature at 900 °C. Chen [64] performed
regenerator implementation for the hybrid system between SOFC-SHE.
It acts as a counter-flow heat exchanger which absorbs the heat in the
high temperature to preheat the reactants to attain the reaction
temperature. The study considered hybrid SOFC-SHE system as the
efficient power generator and flexible fuel utilization.

2.3. Multi-power generation system

In further enhancement to the power generation system, utilization
of waste heat from SOFC was not limited to trigger another heat
generator, but to also develop for satisfying heat demand. Coming from
the requirement of water and space heating, the integrated SOFC for
combined heat and power (CHP) becomes a valuable system since it
does not require fuel as much as the separated heating and cooling
system. This system is expected to be the first commercialized
application for residential power generation which have been success-
fully demonstrated by several companies such as Hexis (Switzerland),
Ceres Power (UK), in partnership with British Gas and Ceramic Fuel
Cells Ltd (Australia) [65].

Since the early 1990s, many authors has been publicizing the
development of SOFC based CHP system. Riensche [66] developed a
200 kW SOFC based cogeneration system by considering the parameter
study of the system such as air temperature increase in the stack,
degree of internal reforming, cell voltage and fuel utilization. Based on
the study, two main parameters affecting the cost in the CHP system
are the temperature of the pre-heated air for stack cooling and the
active cell area of the chimney. Adjusted fuel utilization, increasing air
temperature, adapting internal reforming instead of external bring cost
reduction by about 5%, 20% and 50%, respectively. Residential
cogeneration system has also been optimized using the soft computing
approach by Entchev [14]. This study used intelligent control strategy
to adjust the water temperature according to the number of occupants.
It implemented the control mechanism using two sensors employed in
the water storage tank and thermostat in the room space. The proposed
control claimed to increase the overall efficiency by about 8–10% and
reduce pollutants by 25–30%. After 2010, the development of SOFC
based CHP system focused on reducing the cost and unwanted gas
emission and simultaneously decreasing the overall performance of
energy and exergy [67–80]. In the recent development, micro-CHP
system which has a rated power of 1–50 kW became more advanta-
geous to be developed for house residential and small building [72].

Following the successful development of the CHP system, the
research on SOFC based combined, cooling, heating and power
(CCHP) has been attractively increasing. The slight difference between
CHP and CCHP is the cooling device fed by the heat output from SOFC
as the prime mover. In CCHP system, with similar fuel utilization, the
system efficiently meet the requirement of electrical power, water and
space heating and also water and space cooling. It uses some cooling
device as absorption chiller, electric chiller and refrigerator. As
researched by Chen [81], the developed CCHP for the case study of a
Hotel in Hong Kong was more efficient than the CHP system. The
overall efficiency of CCHP and CHP system for the study were found to
be 93.86% and 84.02%, respectively. However, due to some extra
cooling system, CCHP has higher investment costs than the CHP
system. CCHP has payback period of about 4.3 years longer than the
CHP system. In a different study by Chitsaz [82], it was revealed that
the proposed CCHP achieved exergy efficiency of 46%. It is 5% higher
than the exergy efficiency obtained by the standalone SOFC system.

Developing the stack and integrated system from laboratory
research into the commercialized system has to deal with several
issues. Those aspects come from the technical, economic, environ-
mental and social political viewpoints. As presented in Table 1, those
issues should be handled by rightly designing the SOFC based system

before it is commercialized. From these aspects, the optimization
approach is useful in proposing the applications which can be beneficial
in relates to these issues i.e. technical, economic, environmental and
also social politic objective. Hence, the review of optimization strate-
gies for SOFC is highly important to tackle the issues related to SOFC
application in the real world.

3. Literature survey on optimization strategies for SOFC
application

Optimization involves the process of finding the best solution from
all feasible solutions [83]. Optimization strategies are systematic steps
to define optimum solutions towards one or multi-parameters with
specified constraints to maximize or minimize the objective of those
solutions [84]. In the fuel cell research area, some investigations have
been carried out for SOFC optimization and its implementations over
the years. For improving the SOFC performance, this optimization
turns out to be a fundamental aspect which has to be performed at
several aspects as depicted in Fig. 2. The key point of research trends in
developing the optimization strategy is related to the optimized
variables, objectives, constraints, methods and how to implement the
optimization.

Appendix A lists the summary of the review papers regarding to the
optimization strategies for SOFC application. It provides the previous
research lists and its detailed decision variables, objectives, methods
and implemented validation. The detailed explanation of the decision
variable is presented in Section 3.1. It is described based three
parameters for SOFC application that are micro-structure, single cell
and integrated system. In Section 3.2, the objective functions from
thermodynamic, economic and environmental aspects are explained
based on several case studies. Section 3.3 presents the optimization
constraints consist of safe operation constraints and specification
ranges of the system. Section 3.4 explains the optimization methods
including deterministic, stochastic and meta-heuristic method. Section
3.5 discusses optimization tools used in simulation and real experi-
mental validation.

3.1. Decision variables

Regarding its geometrical aspect, SOFCs are categorized into two
major types as depicted in Fig. 3; planar and tubular. Planar composed
of several layers sandwiched between the electrodes, while the tubular
SOFC is designed from many discrete electrolyte tubes in the parallel
form [24]. Tubular design has been assessed to be more secure than the
planar since the gap between air and fuel is sealed separately. The
improvement between the planar and tubular design is the micro-
tubular type which takes the advantages of the low resistance of the
planar and tubular form. The design has been proven to have faster
startup times compared to the planar design. It has also been improved
since early 1990's due to their greater tolerance to thermal cycling,
quicker start-up capability, higher output density and better portable
characteristics as compared to the planar and tubular SOFCs [85].

Based on the literature, the planar, tubular and improved design of
the SOFCs can be implemented into several structures namely micro-
structure, single and integrated system, which affects to the parameters
optimized. In microstructure design, the cell thickness including the
electrode, anode and cathode, grain size, distribution of porosities, all
of which are important parameters to be optimized [56]. Ge [86]
analyzed the parameter influences of microstructure design such as
weight fraction, void fraction, particle size ratio, particle size, and
density for optimizing the tubular SOFC. At the same time, the research
from Shi [87] has proven that the distributions of porosities and
particle sizes for electrodes can affect the current density and output
cell voltage of planar SOFCs.
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3.1.1. Micro-structure parameter
Optimization of SOFC has been researched since 1996 by Kleitz

[89] regarding microstructure improvements. The study found that
SOFC electrode performance can be improved by mixing the conduct-
ing electrode material and increasing the reaction zone as fast as
possible at medium operating temperatures. Some studies were con-
ducted to optimize the material of micro-structure [90–93]. The study
by Li [92] showed that the composition effect on the electrode can
increase the exchange current density and decrease open polarization
resistance. They used the SSM55 (Sm0.5Sr0.5MnO3) material in the
YSZ (Yttria-stabilized Zirconia) scaffold for improving the distribution
uniformity and connectivity of the nano-sized particles. Ahmed [93]
studied material optimization by adding nickel oxide (NiO) and
gadolinium doped ceria (GDC) as anode materials and used graphite
as a pore former in the anode substrate. It obtained an increased

performance in three different operating temperatures (600, 550 and
500 °C) achieving values of 0.86 V and 48.62 mW/cm2 for open voltage
and current density respectively.

For increasing the electro-chemical performance of the cell, some
studies took into account the characteristic parameters of the micro-
structure. Costamagna [94] used an analytical model to enhance the
electrode conductivity, cell polarization, ohmic effect and electrode
thicknesses to maximize the current density of the cell. These studies
showed that the microstructure optimization has a significant impact
on the cell performance, especially the output current density and
output voltage. Bhattacharya [95] optimized the porosity of electrode,
effective diffusivity of the species and the rate of chemical reaction
micro-structure SOFC. By using the isothermal model from his
previous publication [96], the study revealed that optimizing its design
and operating condition can improve the anode-supported tubular cell

Table 1
Issues in implementing SOFC technology.

Technical issues Economic issues Environmental issues Social political issues

Technological development for durability and
affordability for SOFC commercialize type

Very costly investment Still produce hazardous wastes
as sulfur poisoning

Government regulation in grid-connected
application (in some countries)

The high temperature leads to the problem in designing
external reforming part as heat exchanger, piping
and pumps

High cost of natural fuel Education for public awareness in
implementing SOFC based power
generation

Particular problem by using brittle ceramics which is
difficult to be fabricated

The market target is limited for
industrial application in large scale
application

Legal constraints to realize distribute
power generation and grid connected

Component stress at high operating temperature which
leads to the issue of life cycle reduction

Flexibility and fast response are difficult due to
preheating process needed

Fig. 2. A scope diagram showing the research area of this review paper.
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performance. Several characteristics of the cell at the optimum value
can give significant impact to the output performance, particularly at
the high current density.

The geometry characteristic of the microstructure has also been
studied to enhance electrochemical performance of the fuel cell.
Haanappel [97] studied microstructural optimization to improve
electrochemical performance of LSM based anode-supported single
cell. The study look at four parameters which are LSM/YSZ mass ratio
of cathode functional layer, the grain size of LSM powder for cathode
current collector, the thickness of cathode current collector layer and
the calcination effect of YSZ powder for cathode functional layer. The
results from these electrochemical measurement showed that the
performance of LSM-based SOFC can be improved by varying the
LSM/YSZ mass ratio of the CFL. It also showed that the thicknesses
and grain size affects the current density.

3.1.2. Single cell parameter
For single cell application, optimization has been focused on

increasing the output power and efficiency of the cell while reducing
its cost [16]. Optimization of a single cell takes into account several
factors such as composite cell and geometric parameters such as
thickness of the ribs, length of TPB, cell volume, and channel height.
The study from Bhattacharyya [96] analyzed the impact of cell design
such as the porosity of electrodes, effective diffusivity of the species and
rate of the electrochemical reaction to the cell output performance. It
also took into account dimensions of the cell as the radius of the anode
flow channel, the length of the canal and the annulus size while keeping
the cell volume constant. Sciacovelli [48] considered geometrical
aspects such as injection tube diameter in the optimization procedures
to enhance entropy generation. Ji [98] studied the effects of geome-
trical aspects such as the channel height, rib thickness and thin-film
electrode for increasing the cell efficiency. A parametric study was
performed to analyze the effects of these parameters on temperature,
species concentration, local current density and power density. The
thicknesses and fuel cell length were also optimized by Skalar [99] and
Feng [100] to minimize thermal stress and maximize the output power,
respectively. It used the finite element method (FEM) in a two-
dimensional model for solving these cases.

Some studies also took into account the effect of operating condi-
tions for single cell performance such as the fuel flow rate, air flow rate,
the temperature of fuel and air, pressure and fuel utilization impact. Ni
[101] studied several operational parameters such as temperature,
hydrogen molar fraction and pressure to maximize output power and
efficiency. The study revealed that activation and ohmic overpotential
resistance decreased as the temperature is increased. Furthermore,
increasing the hydrogen content and pressure has been shown to

enhance the SOFC output power. After that, similar parameters were
also studied by Jo [102] with current density as the objective. The study
showed that increasing of temperature, molar fraction and pressure
give significant enhancements to output current density for the fuel
cell.

3.1.3. Integrated system parameter
Due to the limited power of the output, single cell SOFC can be

arranged into a stack system in series or parallel design. In these stack
systems, the SOFC is attached with auxiliary devices called the balance
of plant (BOP) components such as the reformer, burner, heat
exchanger, air compressor and fuel processor. The stack system and
its BOP components can be operated together to generate output at
high temperatures (typically between 750 and 1100 °C). The stack size
and efficiency become the most important aspect in developing these
stack system. Moreover, the operating conditions of these BOP has also
been taken into account to increase the overall efficiency of the stack
systems.

Based on the literature survey, the stack system has been applied
for applications such as micro-power generation [43,103–106], the
standalone system [107–110], portable power generator [111], aux-
iliary power unit (APU) [112,113] and hybrid vehicle [47]. In larger
applications, the stack system is combined with other power generators
to tackle the efficiency issue of SOFC. The combination between two or
more energy sources which are called ‘hybridization’ has been found to
maximize integrated performance and hence minimize disadvantages
of the coupled power sources. In its application, SOFC stack has been
combined with several types of a heat-based generator such Gas
Turbine (GT) [12,44,50,114–125], Steam Turbine (ST) [62–64], diesel
[126,127], heat engine [128] and biomass power [129]. For power and
heat power system (CHP), it also utilizes the exhaust heat of the stack
SOFC to increase the efficiency of the composition [66–69,71,130–
132]. In other applications, the CHP is improved by attaching cooling
devices such as chiller and absorber to satisfy the cooling demand. The
improved system is called the combined cooling, heating and power
system (CCHP) [15,80,133,134]. In earlier implementation, the CHP
system has been popular in industrial applications. However, in line
with the development of micro-scale power generation, these CHP and
CCHP systems have been made attractive and developed for residential
and small building applications [135].

For an integrated system, optimization is conducted for several
aspects of designing, controlling and management. Regarding the
designing aspect, the right synthesis design and sizing are the most
important part minimizing the cost of investment. Optimization of
system design and its size depends on the load, weather conditions and
government regulations. The plan for a residential area is different to

Fig. 3. SOFC structure design (a) planar cell (left) and (b) tubular cell (right) [88].
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the hotel buildings or academic buildings. Similar effects appear for the
weather condition where the system design for area with four seasons
is different from the tropical areas. Wipke [136] developed the size for
hybrid SOFC-battery for mobile applications. It took into account
several parameters such as sizing of fuel cell rated power, battery
capacity and motor rated power to minimize the fuel consumption of
the hybrid vehicle. The study observed that the control strategy has to
be coupled with the right sizing of the device. Weber [41] synthesized a
multi-generation system to size the storage tanks, SOFC capacity and
absorption chiller. The case study was done in an office building in
Tokyo with the objective for reducing CO2 emission and cost. The study
used 12 types of differential load profile based on the behavior of
occupants and the weather conditions. Optimal sizing of hybrid
systems has also been investigated by Deng [137] to minimize the cost
and environmental emission. It took into account the size of the wind
turbine, PV array and CHP system containing the combination of the
SOFC and gas turbine hybrid system. The micro-grid system was
designed to meet the electricity and heat load profile for the specified
case study in hand.

In addition, the design of the operating conditions also takes into
account to increase the performance of the system and also decrease
the cost and environmental effects. Operating condition involves
several aspects such as the characteristic of components, operating
point of devices and operating strategy to operate the system. Shirazi
[138] conducted optimization of the SOFC-turbine hybrid system for
the thermal-economic-environmental aspects. It involved several char-
acteristics of the hybrid system and its operating points such as air
compressor pressure ratio, air compressor efficiency, gas turbine
isentropic efficiency, current density, fuel utilization, air utilization
and steam to carbon ratio. It implemented an integrated system in
simulation and validated with the real device. Najafi conducted similar
work [139] which optimize the hybrid SOFC-GT based on the exergetic
aspect. It improved the system by adding several parameters such as
temperature point, inlet motive steam temperature, the number of
desalination stages and brine temperature in the last stage. Since the
exergetic aspect is related to the temperature range, the study
conducted optimization considering these temperature points.
Regarding the operating strategy, Napoli [72] proposed four modula-
tion strategies to apply for CHP system in residential areas namely
without modulation, day-night modulation, segmented modulation and
load-following. By using constant fuel utilization and varying the
current density, the study applied the strategies for reducing the cost
and enhancing the system performance. Based on these results, the
best scenario was found to be the day-night modulation due to the
lower ramp rate of SOFC which reduces the tendency to follow the
user's request exactly.

3.2. Objective function

An important part of the optimization strategy is the objective to be
maximized or minimized. In calculus-based optimization, the objective
is numerally represented as follows [16]

minimize f(x) (a)
w.r.t. x for k = 1, 2, …n (b)
subject to: h (x) = 0 for i = 1, 2, …p (c)
g (x) ≤ 0 for j = 1, 2, …q (d)

x ≤ x ≤ x (e)

k

i

j

L U (1)

where f(x) is the objective function to be minimized. The equation
of hi(x)=0 are equality constraints, while gj(x) ≤0 are inequality
constraints towards the decision variables x. The equation XL and XU

represent vector of lower and upper bound of decision variables. In
some cases, f(x), hi(x) and gj(x) are nonlinear, continuous and have
continuous first and second order derivatives [16]. In SOFC applica-
tion, there are several objectives to be considered based on thermo-

dynamic, economic and environmental aspects. The objective function
can be single or in combination between several aspects that depends
on the decision variable x. The decision variables can consist of single
or k variables considering micro-structure, single cell or integrated
system parameters.

In simple system, the optimization is solved for one objective
function. However in complex system such as the SOFC, the objective
can be more than one. One of the objectives can be a constraint to be
satisfied by the others and vice versa. For example, to optimize the
output power, several constraints can be used such as cell cost,
efficiency, and fuel utilization which refers to the energy price. This
problem is called multi-objective function not only having complicated
functions, but also has conflicted objective and constraints to be
addressed. In optimizing SOFC applications, several goals can be taken
into account such as the thermodynamic aspects, economic aspects and
environmental aspects which will be elaborated below.

3.2.1. Thermodynamic aspects
Regarding the thermodynamic aspect, system performance such as

energy output, efficiency and electrical characteristic are the objectives
to be optimized. In the single cell design, outcome performance
includes the current density [87], power density [140,141], output
voltage [142], cell power [143], cell efficiency [144] and conductivity
[145] which should be maximized. When the outputs such as ohmic
resistance [146,147], potential losses [148] and temperature [149]
should be minimized. Tikiz [13] performed an experimental investiga-
tion of SOFC performance based on its current density. It was found
that the hydrogen flow rate and temperature were the fundamental
operating parameters which affect the current density of the solid oxide
fuel cell. Maximizing the output power was performed by Shi [150]
with consideration of H2 and H2O concentration ratio. Song [53]
conducted experimental research studies to minimize the resistance at
the base of the fuel cell by optimizing the shape of the nano-composite
cathode. The strategy was presented to identify the characteristics of
the optimal microstructure using the topology optimization. The study
by Wen [148] proposed a microstructure optimization for finding the
optimum thickness of the active reaction to minimize the total potential
losses and maximize the output power. It conducted three-way single
SOFC optimization on the active reaction layer thicknesses, operating
temperature and electrode porosity. For the various ranges of electrode
thicknesses studied, the variation of net power density achieved 20% by
this three-way optimization strategy.

In the stack and integrated system, some thermodynamic aspects
relating to the system performance can be considered as the objectives.
Electrical output parameters of SOFC system include electrical output
power, electrical output efficiency and limiting current density.
Moreover, thermal output power and temperature of system influence
the overall efficiency of the system. Inui [42] performed an analytical
investigation to minimize temperature condition of the CHP system by
optimizing air utilization and inlet gas temperature. It conducted
numerical optimization considering the stress temperature aspect in
the material of micro-structure SOFC. The proposed method is highly
efficient reducing the temperature gradient for various temperatures
even in at very low levels without lowering the single cell voltage.

Regarding the electrical output parameters, energy saving and
energy usage have also frequently been used to maximize the benefit
of the system. Moreover, device lifetime has also been considered as the
optimization objective to ensure the system is reliable and profitable.
Liso [74] studied the effect of heat-to-power ratio for SOFC running
time to maximize the economical profit. Based on the research,
optimizing the heat-to-power ratio of system is not sufficient to cover
the heat demand during the winter period for countries with four
seasons. Therefore utilization of auxiliary devices such as boiler and hot
water storage must be coupled. However, for tropical or warm season
countries, the heat-to-power ratio is sufficient to cover the heat
requirement. Wakui [132] decompose the design and operating vari-
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able of the CHP system using a simulation approach to minimize
annual primary energy consumption. Variations of battery utilization
and operational restrictions were performed to obtain the optimum
design and synthesis of CHP system. The study revealed that use of
battery significantly improves the performance and hence the primary
energy savings (PES). Similar assessment also has been conducted by
Dorer [151] considering non-renewable primary energy consumption
as the objective. The assessment took into account aspects of building
type, climate, hot water demand, electricity demand, control option,
storage size and operational option as the optimized variables. The
study showed that following the heat demand is much better to reduce
non-renewable energy consumption than utilizing the hot water
storage.

If energy is used as an indicator of system performance regarding
the thermodynamic aspect, exergy analysis defines the energy quality
impact to the environmental issue. Energy and exergy have several
differences presented by Dincer and Roses [152]. Exergy can be
evaluated from several parameters such as chemical, temperature
and mechanical. The chemical process, temperature setting of SOFC
and its BOP to generate both electrical and heat power influences the
quality of energy to the environmental aspect. Therefore, research work
to improve exergy efficiency is as important as the improvement of
energy efficiency.

Moller minimized exergy losses as an indicator of energy quality to
the environmental impact [153]. It considered heat exchanger tem-
perature, burner temperature, turbo machinery temperature and the
flow rate of gas leaving the plant to be optimized. Comparative
assessment of the PEMFC and SOFC integrated systems was performed
by Mert [154]. The study optimized operating point parameters to
maximize output power, energy and exergy efficiency. It used various
combinations of weight sum and five different models of the fuel cell as
the application. Ford conducted Micro-structure optimization [155] to
maximize exergy efficiency and minimize gross entropy generation.
Interconnected aspect ratio, electrode/electrolyte ratio and gas channel
width were used as the decision variables. The one dimension planar
SOFC model was built with a current density of 0.4 A/m2 to realize the
higher efficiencies.

3.2.2. Economic aspects
Economic objectives are important since most applications are

profit-driven and there is strong relationship between profit with both
energy and environmental aspects [156]. From an economic perspec-
tive, the cost for the whole system is the most important objective to be
optimized. The cost of the system consists of the real cost such as
investment cost, fuel consumption cost and electricity cost. While the
operational cost is calculated based on the increasing or decreasing of
the system value from year to year. It includes the life cycle cost,
profitability index, payback period, environmental cost and gross
operative margins (GOM).

Calise [116] carried out the synthesis and design of a SOFC-GT
system using economic analysis. For each component, it estimated the
capital cost and fuel cost. The overall life cycle cost calculated by the
sum of fuel cost and the capital cost was used as the objective function.
The cost of waste heat was also considered instead of maintenance cost
since the aim is independent of the standard deviation variables. In
another study, Tan [157] decomposed capital cost from operating cost
and investment cost for each subsystem and component. The capital
cost consists of purchase cost, maintenance cost and annual amortiza-
tion. The price represents the income tax, depreciation and property
insurance. Both annual amortization and maintenance cost are calcu-
lated as the percentage of the purchased price. For the SOFC
component, the interconnect cost and balance of plant (BOP) cost are
also considered and assumed to be 60% of the acquisition price. The
cost function discussed by Elliot [158] took into account a material
property β, which is the first parameter in diffusion model. The
proposed finite volume cost model is computationally expensive

because a full flow solution is required for every design variable.
The levelized cost of energy (LCE) expresses the net present value of

the unit cost of energy over the lifetime of utilization. Simply, LCE is
calculated by dividing the overall life cycle cost and the lifetime energy
production. For computing and financial analysis, the equation can
include several factors such as financing, insurance, maintenance and
different types of depreciation schedules [159]. The study from Amer
[160] considered LCE which consists of the capital cost recovery factor,
installed capital cost and annual operating expenses. The capital cost
recovery is expressed by the interest rate of operational life, while the
operating cost expenses contain annualized cost of insurance and other
expenditures and operation and maintenance costs (O &M). The
analysis has been proposed to optimize the most suitable technology
for generated power from a number of possible sources.

3.2.3. Environmental aspect
In addition to the environmental analysis, CO2 emission rate is also

performed to measure the rate of CO2 gas in the exhaust of the fuel cell
system expressed in units of Kg/MW h. The mass of CO2 is divided by
the generated electrical power hourly as follows [82].

Emi
mCO

W Q Q
x=

+ +
3600CO

net h c

2
2 (2)

Where mCO2 represents the mass of CO2 emission during generation,
Wnet expresses the electrical output net of the power generation. In a
tri-generation system, Qh defines the heat generation and Qc represents
the cooling power from the system.

Kazempoor [161] modeled and evaluated the CO2 emission for a
building integrated with a SOFC system. By using validated simulation
models, the study estimated cogeneration and poly-generation systems
to obtain the minimum non-renewable primary energy and carbon
dioxide equivalent. Based on the case study, the SOFC based CHP
system can save 66% of renewable energy and minimize of 14%
emission compared to the separated heating system. Reducing CO2

emission coupled with exergy destruction has also been performed by
Chitsaz [82]. The research studied four cases that involve the electrical
power generator, electric energy and cooling cogeneration, electrical
and heat cogeneration and tri-generation. It examined several operat-
ing conditions of the system towards environmental performance i.e.
exergy efficiency, exergy destruction rate and greenhouse gas emission.
The study shows that tri-generation achieves higher exergy efficiency
than a standalone system (about 5% higher). Moreover, the heat air
exchanger and the afterburner are the sources of exergy destruction in
tri-generation system. However, the emission reduction is considerably
higher for the standalone system than others where the value is
decreased by about half to that of tri-generation system.

The summary of objective function utilized in optimization strategy
of SOFC application is listed in Table 2. It includes mathematic
equation from thermodynamic, economic and environmental analysis.
The most of technical aspect is to maximize or increase output
performance of system, while in economic and environment aspect
are objected to minimize the cost and unwanted emissions from the
SOFC system.

3.3. Constraints

Most thermodynamic, economic and environmental decisions are
the result of an optimization problem subject to one or several
constraints. In SOFC applications, optimization problem takes two
types of constraints which are safe operation and limitation of
performance. For safe operation, the objectives must be reached
without harming the system due to overheated, overflow or over-
pressure. On the other hand, the specification range refers to the set of
the limited capacity of components for the system. Concerning SOFC as
the prime mover, the range of size refers to the current density, voltage,
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Table 2
The list of objective functions used in optimization SOFC.

Objective Analysis Objective function Ref.
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rated output/net power and heat power.

3.3.1. Safe operation
The working temperature is one of the most significant parameter

affecting the SOFC based system performance. Since it operates at a
high temperature, SOFC faces several problems in the endurance of
material used as well as the efficiency of the electrode. Therefore, many
researchers take into account the range of safe operation for fuel and
air temperatures. Milewski [120] defined that for running the SOFC
hybrid system, cell temperature should be kept constant on 800 °C and
gas turbine inlet at the maximum temperature of 1100 °C. It reached
the maximum system efficiency with changes of turbine pressure ratio,
SOFC fuel utilization, heat exchanger effectiveness and current density
with a constant control of temperature. An experimental investigation
was made by Bunin [174] using real-time optimization (RTO). The
study was conducted to maximize system efficiency with considering
fuel utilization, voltage and air ratio as the inputs. It used constraints-
adaptation RTO schemes to meet the load-following at the optimum
cell efficiency. At its operating condition, the set of limit for fuel
utilization, air excess ratio and rate of input changes were applied to
avoid the fuel starvation, step gradient in thermal changes and the
damage in the stack, respectively.

3.3.2. Specification ranges
The range of characteristic relates to the cell geometry, material and

electrical parameters. Geometrical parameters consist of electrode and
rib thicknesses, the length of cell and channel. Material parameters
consider the composite of the electrode, anode and cathode, while
electrical parameters take into account the current density, voltage
output power and heat. The study from Wen [175] optimized single
planar cell while considering the cell volume as a constraint and
interconnect thicknesses as a constant. The thicknesses of anode,
cathode and electrolyte layer were changed into the optimum values
to maximize the output power.

In another case study, social and government rules are taken as the
legal constraint to optimize SOFC based power generation in a CHP/
CCHP system. Based on the study by Chen [81], the legal restriction
based on the government policy to sell back the power from the private
power generation to the grid affects the economical aspect of imple-
menting co/trigeneration system. Since the case study involves a hotel
building in Hong Kong, it did not implement the operating strategy of
selling back the electric to the grid due to the government rule. At the
same time, load requirement is one of the most important constraints
when designing the capacity of co/trigeneration. The payback period
becomes longer if failing to amend the total size of the prime mover and
heat devices since buildings such as hotel, office and residential houses
have a fluctuating demand for electricity, heat and cooling.

3.4. Optimization methods

From this literature review, SOFC optimization has been conducted
using several types of methods. These methods can be divided into
three categories i.e. deterministic, stochastic and meta-heuristic meth-
ods.

3.4.1. Deterministic methods
Deterministic method refers to the methods that utilize calculus-

based iteration to optimize the parameters with mathematical calcula-
tions. Deterministic optimization has been conducted using simplex
algorithm, numerical computation and linear programming to obtain
the optimum variables for simple single SOFC parameters. Oh [176]
employed numerical simulation to optimize and control a 5 kW class of
tubular SOFC stack. It applied the proposed method for optimizing the
fuel flow as well as controlling the current density, optimum fuel flow
and generator power to meet the load change. At the microstructure
level, numerical simulation has also been done by Wen [175] by using
geometry parameters of the cell as the benchmark study to obtain
maximum nominal current and electrical power. Weber [41] integrated
sizing optimization and operating strategy optimization using an
evolutionary algorithm and linear programming. The AMPL program-
ming language was used to implement linear programming in the daily
operation of the system which uses independent decision variables
such as the amount of electricity, HEX size, storage size and absorption
chiller size.

Several deterministic approaches using computer programs and
dynamic methods are employed to optimize the design and operating
condition of SOFC. It includes Non-Linear Programming (NLP),
Sequential Quadratic Programming (SQP), and Mixed Integer Linear
Programming (MILP). Spivey [52] implemented constrained non-
linear programming to optimize the number of cells in a stack SOFC
and its operating parameters for control application. Goyal [177]
proposed non-linear programming for designing SOFC-PEM power
generation by taking into account the fuel utilization of SOFC, PEM
pressure and equivalence ratio for SOFC. The combination between
SOFC and PEMFC raises the current density by about 12% compared to
the separate application. In other studies, Wakui [69,131,132,178]
proposed mixed integer linear programming for optimizing the size and
operating strategy of an integrated SOFC stack system. By taking
advantages of MILP, large variables can be optimized consisting of
integer values for operating strategy and non-integer values for SOFC
size, energy flow and storage size.

3.4.2. Stochastic methods
On the other hand, stochastic approaches are utilized for complex

problems which have uncertain objectives, decision variables, and
constraints. These approaches generate exact and approximate best
solutions for each of the individual goals. However, it can get stuck in
local optima when applied to complex systems depending on the

Table 2 (continued)
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constraints. It also faces a computational time issue due to solving
complex problems for the exact solution. Several stochastic methods
have been proposed in the literature to optimize SOFC which are the
Lagrange method, Pareto set, Real Time Optimization (RTO) and
Newton's iteration.

Cheddie [119] conducted Thermo-economic optimization using a
Lagrange multiplier method. Sizing and operating condition were used
as the optimized variables to find the minimum lifecycle cost per
generated energy of the plant. Moreover, multi-objective optimizer
(MOO) based on Pareto frontier was proposed by Curletti [134]. The
study maximized the net electrical efficiency as well as the net present
value at the end of life for the integrated CCHP system. It performed
the sensitivity analysis for area specific resistant (ASR), global electrical
efficiency and net present value of the system. Baghernejad [133] also
conducted a Pareto frontier for exergonomic optimization in CCHP
systems. The research took into account characteristic and design of
CCHP components consisting of SOFC output power, percentage of
SOFC share, electrical to heat ratio and electrical to cooling ratio. It
made an optimization with conflicting objectives which involves
maximizing efficiency with minimizing unit cost and CO2 emission.
Francois [179] proposed real-time optimization via modifier adapta-
tion to optimize the electrical efficiency of SOFC power generation. The
method has the advantage to deal with uncertainties and disturbances
during the operation. Bunin conducted similar study [103,174] via an
iterative algorithm for optimizing the steady-state voltage of SOFC cell
and plant to maximize the system efficiency.

3.4.3. Meta-heuristic methods
If stochastic approach runs with randomize approximate solutions,

the meta-heuristic improves the search method to get more accurate
solutions with faster computational time. It is called as intelligent
optimization methods running with controllable and evaluated random
solutions. Its evaluation uses a nature-inspired algorithm such as
selection, mutation and crossover in Genetic Algorithm (GA), spread
and movement in swarm-based optimization and regeneration in
Evolutionary Algorithm (EA). The best solution or group of solutions
is reached to avoid being stuck in local optima. It also faces the
computational time issue due to having a simple computing process
rather than the stochastic method. In the last five years, these methods
have been an attractive prospect to be implemented in the SOFC power
system. It includes several methods in development, namely Simulate
Annealing (SA), Particle Swarm Optimization (PSO), Evolutionary
Algorithm (EA) and Genetic Algorithm (GA). For SOFC applications,
they have been intensively studied expanding the last method and has
been improved into several modified methods such as the Non-
dominated Sorting GA (NSGA-II) and Improved GA (IGA). Table 3
provides the summary of methods used for optimizing SOFC and the
technical comparison between these methods.

Moller [115] implemented genetic algorithm with tournament
selection to optimize several operating parameters in the integrated
SOFC-GT system. The study showed that stack temperature is the most
significant parameter to increase power efficiency compared with other
parameters. Shi [150] conducted microstructure optimization by using
GA to obtain an optimum distribution of porosity and electrode pore
size. It performed an optimization in several cases to maximize output
power of cell based on the ratio between H2O and H2 concentration.
The improved GA (IGA) was proposed by Yang [184] by modifying
several steps on GA optimization including modification of decision
value, objective function, crossover and adaptive mutation. The pro-
posed method gave an improvement in reduction of error between
sample voltage and optimum voltage. The research from Entchev [14]
proposed simulated annealing combined with fuzzy logic control. It had
an objective to find the optimum temperature of water and adjust the
current water temperature according to the outdoor temperature and
occupant's behavior. Lopez [45] optimized the location of supply area
and its net present value by using particle swarm optimization (PSO). It

compared PSO with GA method for finding the best method for
optimizing an integrated SOFC-GT system and for maximizing the
profitability index. The easy implemented of PSO with a few para-
meters to be adjusted make PSO superior to GA in this case study.

3.5. Optimization tools

Optimizing the parameter to maximize or minimize the objective
function cannot be handled only by modeling. Some validations should
be carried out to verify that the system is successfully optimized. This
validation can be conducted by simulation, online implementation or
both. In the literature, most of the validation has been done using
simulated software, but several sources of literature show that real
implementation has also been performed to validate these solutions.

3.5.1. Simulation system
In simulation, the MATLAB software seems to be the most common

tool used to optimize SOFC in a single cell, stack, even for hybrid power
application. It has been known to be a friendly user software which can
be utilized independently or easily be integrated with other modeling
simulated software such as COMSOLE [87,150,187], DAEPACK [105],
FLUENT [141,142], EES [76], UESR2 using Fortran [54], BELSIM-
VAL [124,173], and EASY [44], ANSYS [111] and LENI [43]. Several
types of optimization software are also available such as the optimizers
that are GA optimizer [115], EA optimizer [12], NLP optimizer [2,169],
SQP solver [122], GPROMS [181], GAMS [67,132], CVODE [70] and
CPLEX [171,178].

Micro-structure designing was conducted by Shi [87,150] using
COMSOLE Multiphysics 3.5a to maximize cell average current density
under certain cell voltage. The study from Chachuat [105] employed
DAEPACK software to conduct numerical simulation for design and
operation of SOFC based power generation system. SQP solver was
used as optimizer for maximizing power density of the system by
changing the design and operation point of its power generation.
Odukoya [122] applied SQP solver in MATLAB to minimize the error
plant when performing energy balance of modeled system and max-
imize the net output, thermal efficiency and cogeneration efficiency. By
using GAMS 23.4, Arcuri [171] modeled the small size of trigeneration
system and performed optimization for its design, equipment char-
acteristic and its operating condition using CPLEX 10.2. Simulation
based optimization has also been conducted by Pla [111] using ANSYS
for computational fluid dynamic (CFD) analysis and using FLUENT as
the optimization solver. The objective of the study is to design a micro-
power generator using micro-tubular fuel cells.

3.5.2. Online system
At the same time, real experiments using the SOFC fuel cell seems

to be quite valuable to be implemented to enhance the actual power
output. Zhang [50] studied an actual experiment for SOFC-GT
electricity generation to evaluate its optimum performance. The real
test was also carried out by Song [53] and Bunin [103] to optimize the
dimension of a single cell and operating conditions using Real Time
Optimization (RTO). Faes [145] studied microstructure optimization
using Design of Experiment (DOE) and Response Surface Methodology
(RSM) methods on the real experimental system.

4. The future trends for research on SOFC optimization

Since more than a decade, optimization has become an attractive
approach to enhance the performance of the SOFC-based power
generators. In the early years of development, deterministic and
straightforward search algorithms have dominated the optimization
approaches. In previous studies, the parametric study using gradient-
based algorithms such NLP, MILP, and newton's approaches were
mostly applied in a single-objective optimization problem. However, in
line with the increased complexity in SOFC modeling and application,
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the gradient-based algorithms have been replaced with more advanced
methods to save computational time and efficiency. The development
of population-based algorithms such evolutionary algorithm, genetic
algorithm, and swarm-based algorithm are dramatically increasing to
deal with the complexity of the system. These methods, however,
started to face challenges in handling the multi-objective and multi-
constraint problems [87,115,117,125,137,138,157,184,188,189].

In line with that, several works in the literature have shown the
attractive approach to deal with multi-level issues in SOFC such as for
the microstructure, stack, and hybrid systems [41,190,191]. In line
with this, multi-level optimization has been conducted using stochastic
and meta-heuristic methods. Optimization has been performed for
sizing the SOFC power and also optimizing the operational condition
using these hybrid evolutionary algorithm-linear programming
[123,124,166]. In other cases [101,143,192], micro-structural and
stack-level optimization were investigated in tubular stack SOFC for
parametric study. Using similar methods, geometry and operating
conditions were employed as parameters to be optimized in the
microstructure and stack-level of the SOFC model [102,142]. The
study from [41,116] also performed the optimization for stack and
hybrid-level using a multi-objective genetic algorithm. Hence it is
expected for future research that the multi-level optimization will be
simultaneously developed for microstructure, stack, and hybrid sys-
tems.

For the hybrid methods, several studies
[14,42,63,106,113,125,136,170,176,193] have presented combined
optimization along with several approaches for the prediction, control
and management. In fact, the combined approach has been an
interesting topic since 2001 and has grown in the past five years.
Most of the studies in combined approach are related to the hybrid
between optimization and control as well as optimization with manage-
ment applied for operating the SOFC. Also, several works in the
literature have shown these hybrid approaches between optimization
and prediction in SOFC microstructure and stack models [51,103,107].
An interesting topic regarding the hybrid approaches has been
performed by optimizing the control and prediction parameters
[55,182,194]. It did not limit to the combination, but involve tuning
and optimizing the parameter to enhance the accuracy of prediction

and control. Hence, for the future research direction, optimization is
expected to be applied in wider applications of SOFC in microstructure,
single cell and also integrated systems. It is not limited to be performed
to generate optimum parameters of SOFC model, yet should be
employed as a tuning and optimizing tools for increasing in its
prediction, control and management performance.

5. Summary

Optimization of SOFC is an interesting topic that has been
increasingly studied recently. Based on this literature work, this study
has shown that research surveys on SOFC optimization is increasing
from year to year. The escalation of research interest is pointed out
concerning the implemented system, optimization strategy and re-
search trend of SOFC application.

In its development, there are several aspects of strategy in
optimizing SOFC model in single, stack and hybrid application. This
study has investigated the strategy into five aspects, which are the
decision variables, objective analysis, methods, constraints, and tools.
These procedures are explained in detail based on the related works of
literature.

At the end of this paper, it also presented the trend of future
research direction in SOFC optimization. Based on the literature,
interesting research topic has been growing in the area of the
population-based algorithm in optimizing the complex model of
SOFC. Multi-level optimization has been dramatically increasing to
develop hybrid algorithm to face the multi-issues of SOFC. Moreover,
some attractive research topics in hybrid-algorithm have also pointed
the future for combining approach between optimization, control,
management, and prediction. The optimizer is expected to be employed
in improving the accuracy of prediction and control area and increasing
management performance, especially for SOFC application.
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Appendix A

Decision
variables

Parameters Objective Method and its
implementation

SOFC
application

Author (s)

Processing
condition

Duration of reaction zone Ohmic drop and diffusion over
potential

Real experiment using online
system

Micro-
structure

Kleitz and
Petitbon [89]

Characteristic;
geometry

Length, thickness, polarization
and ohmic effect

Electrode conductivity Monte-Carlo analytical model Single cell Costamagna
et al. [94]

Characteristic;
operating
condition

Cell voltage, fuel utilization,
reforming, air temperature
increase in stack

Annual total cost of system,
efficiency of system

Deterministic using MATLAB Integrated
system
(CHP)

Riensche et al.
[66]

Characteristic Net electric power, exergy
cont., elect. energy eff., elect.
exergy eff., total energy eff.,
total exergy eff.

Maximize total exergetic
efficiency

SIMPLEX Algorithm Integrated
system
(Stack)

Monanteras
and
Frangopaulos
[109]

Sizing;
manage-
ment

FC Peak power, Motor peak
power, battery num., battery
cap., min power set, max power
set, charge power set, min off
time set

Fuel cost consumption Genetic Algorithm (GA) using
Advisor 3.1 combined with
MATLAB

Integrated
system
(Hybrid)

Wipke et al.
[136]

Operating
condition

SOFC fuel utilization, PEM
pressure, equivalence ratio
SOFC

Capital cost, cost of electricity,
CO2 emissions, current density
SOFC, current density PEM,

Non-linear programming
(NLP) using MATLAB

Integrated
system
(Hybrid)

Goyal and
Diwekar [177]
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overall efficiency, power rating
Operating

condition;
control

SOFC Fuel flow, pinch heat
recovery, working temperature,
working pressure, heat pump,
desorption WT, desorption
load

Total annual cost of power,
heating, and cooling
generation, annual CO2
emission

Pareto optimal (Global
optimization) using EA
optimizer

Integrated
system
(SOFC-GT)

Burer et al.
[12]

Operating
condition;
control

Water temperature Overall efficiency Stochastic opt & fuzzy
control using modular
structure

Integrated
system
(CHP)

Entchev [14]

Operating
condition

Moisture content, pressure
ratio, excess air, LPC pressure
ratio

Total power and electric
efficiency

Deterministic using Advance
Power System Analysis Tools
(APSAT) and Design of
Experiment (DOEx)

Integrated
system
(SOFC-
ICGT)

Yi et al. [114]

Operating
condition

Fuel utilization, equivalence
ratio, pressure of the PEM, fuel
flow, air flow

Capital cost, cost of electricity,
CO2 emissions, current
density, SOFC, current density
PEM, overall efficiency

Non-dominated (Pareto set),
MINSOOP algorithm using
NLP optimizer

Integrated
system
(Hybrid)

Subramanyan
et al. [2]

Operating
condition

Air flow, fuel flows, cell voltage
in the stacks, air temperature
at the stack inlet, reformer duty
and pressure ratio

Power efficiency Genetic Algorithm (GA) using
GA optimizer

Integrated
system
(SOFC-GT)

Möller et al.
[115]

Geometry;
operating
condition

The cell total area and
geometry (length, aspect ratio),
inlet position, gas diffusion
layer and interconnect
thickness, operating variables
such as the fuel and air flow
rates

power output per unit volume
in W/cm3 and temperature of
the solid

Parameter study using
gPROMS and solver

Integrated
system
(Stack)

Larrain et al.
[181]

Synthesis/
Design;
sizing

Steam methane reformer size,
heat exchanger size

Life cycle cost Dynamic Iterative Local
Global (DILGO) using
gPROMS

Integrated
system
(APU)

Rancruel [112]

Operating
condition;
sizing

Temperature, cell voltage,
ammonia inlet flow rate, air
inlet flow rate, butane inlet flow
rate, volumes of the reactor,
fuel cell and burner

Fuel energy density Sequential Quadrating
Programming (SQP) using
DAEPACK and SQP solver

Integrated
system
(Micro-PG)

Chachuat,
Mitsos and
Burton [105]

Material;
geometry

The LSM/YSZ mass ratio, grain
size of LSM powder, thickness
of the cathode, influence of
calcination of YSZ powder

Output power Parameter study using online
experiment

Micro-
structure

Haanappel
et al. [97]

Characteristic;
operating
condition

Aspect ratio, interconnect
thickness, cell area, air ratio,
environment temp., air inlet
temperature difference, fuel
flow

Temperature difference in the
cell, power density

Evolutionary Algorithm &
NLP using simulated software

Integrated
system
(Stack)

Larrain [166]

Load type;
sizing

Climate, building types, energy
eff. level of building, domestic
hot water demand, elect.
demand, micro-cog. unit, add.
heat gen., hot water storage
size, control option, opt.
option, fuel, elect. mix

Non-renewable primary energy
(NRPE) and CO2 emissions

Numeric simulation using
Transys

Integrated
system
(Stack)

Dorrer et al.
[167]

Operating
strategy;
sizing

The sizes and configuration of
the storage tanks, SOFC and
absorption-chillers

CO2 emissions and cost Evolutionary Algorithm (EA)
and linear programming (LP)
using Multi-objective
optimizer

Integrated
system
(Multi-
generation)

Weber et al.
[41]

Geometry;
operating
condition

19 parameters Overall plant cost Genetic Algorithm (GA) using
MATLAB

Integrated
system
(SOFC-GT)

Calise et al.
[116]

Geometry Channel height, thin-film
electrolyte, rib thickness,
height of channels, rib width or
cell volume

Output efficiency Numerical simulation using
online experiment

Micro-
structure;
single cell
SOFC

Ji et al. [98]

Characteristic;
geometry

Ribs height, Ribs resistance,
Ribs amount, Interconnect
resistance, chatode thickness

Output power Micro-structure analysis
using online experiment

Micro-
structure

Lu and
Schaefer [143]
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Operating
condition

air utilization and the inlet gas
temperature

temperature condition Numeric simulation Integrated
system
(Stack)

Inui et al. [42]

Design; sizing Synthesis and design variable
decision and single cell
operation parameter

Cost Genetic Algorithm (GA) using
MATLAB

Integrated
system
(SOFC-GT)

Calise et al.
[117]

Geometry;
operating
condition

Pores size, temperature,
hydrogen molar fraction, and
pressure

Output power and current
density

Thermodynamic analysis
using simulated software

Micro-
structure;
Single cell
SOFC

Leung and
Leung [101]

Operating
condition

Reformer temperature, air
utilization, oxygen to carbon
ratio, steam to carbon, air
excess, compressor pressure,
current density, input turbine
temperature

System cost and efficiency Pareto frontier using
BELSIM-VALI, EASY and
MATLAB

Integrated
system
(SOFC-GT)

Autissier et al.
[44]

Operating
condition

Fuel utilization, operating
temperature, steam-to-carbon
ratio, operating pressure, cost
of fuel

System efficiency, system cost Thermo-economic analysis SOFC
hybrid
power
generation

Arsalis [62]

Operating
condition

Reformer temperature, air
utilization, oxygen to carbon
ratio, steam to carbon, air
excess

Cost, efficiency Genetic Algorithm (GA) using
LENI

Integrated
system
(Stack)

Palazzi et al.
[43]

Geometry Electrode thickness (anode or
cathode), shoulder channel to
aspect ratio, total number of
reactant channel

Power density Technical analysis using
simulated software

Micro-
structure

Ordonez et al.
[195]

Sizing SOFC capacity and thermal
energy storage (TES)

Cost, efficiency, and emission
reduction

Technical, economic and
environmental analysis using
CODEGen

Integrated
system
(CHP)

Hawkes [196]

Characteristic;
design

Location and supply area of the
biomass plant, net present
value and generated electric
power

Profitability Index Particle swarm optimization
(PSO) (Compared with GA)
using MATLAB

Integrated
system
(SOFC-GT)

Lopez et al.
[45]

Operating
condition

Inlet fuel flow rate, the extent
of methane pre-reforming, fuel
utilization factor, cell voltage
and cathode gas recycling rate

Efficiency, cost of electricity Thermodynamic analysis
using Fortran

Integrated
system
(CHP)

Lee [170]

Operating
condition

Temperature and partial
pressure of hydrogen (PH2),
exchange current densities and
the limiting current densities

Net power of the system,
working efficiency, material
cost of cell and the fuel
utilization

Simulated Annealing (SA)
and Genetic Algorithm (GA)
using C++

Single cell Zhao et al.
[164]

Characteristic Heat transfer irreversibility Fuel cell volume, efficiency SIMPLE Algorithm using
Computational Fluid
Dynamic (CFD) using Fluent

Integrated
system
(Hybrid)

Sciacovelli and
Verda [47]

Operating
condition;
characteris-
tic;
geometry

Flow rate H2, Inlet
temperature and Inlet
pressure, porosity of the
electrodes, effective diffusivity
of the species, and the rate of
the electrochemical reactions,
thickness of the electrodes and
the electrolyte on the steady-
state polarization curve

Fuel cell power Thermodynamic analysis
using MATLAB

Single cell Bhattacharyya
and
Rengaswamy
[95]

Characteristic;
operating
condition

Mass Flow, Hydraulic
diameter, Interconnected
material conductivity

Output power Thermodynamic analysis
using COMSOL

Single cell Pulagam [46]

Cost design Cost parameters Cost GMRES to solve Newton's
iteration optimizer using
MATLAB

Integrated
system
(Stack)

Elliot et al.
[158]

Characteristic;
operating
condition

Temperature, GT Cycle
Temperature Ratio, Heat Loss,
Finite-rate Heat Transfer

Output power and efficiency Thermodynamic analysis Integrated
system
(SOFC-GT)

Zhao, Shah and
Brandon [197]

Operating
condition;

Fuel steam and Air flow rates at
given load current

Efficiency and control battery
current during load change

Numerical calculation using
MATLAB

Integrated
system

Chen and Sun
[113]
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control (APU)
Synthesis and

design
parameter

Heat transfer parameter
between fuel cell and heat
engine, heat transfer engine to
surrounding

Power output and power
efficiency

Graphical method using
MATLAB

Integrated
system
(SOFC-
HE)

Zhao and Chen
[128]

Characteristic;
geometry

Distributions of porosity and
particle size for electrode

Output power Genetic Algorithm using
COMSOL MULTIPHYSICS

Micro-
structure

Shi and Xue
[150]

Characteristic Heat transfer, viscous flow,
coupling between heat and
mass transfer, diffusive term,
and current transfer

Entropy generation Thermodynamic analysis
using Simplex optimizer

Single cell Sciacovelli [48]

Electrical
parameter

Steady state voltage cell and
plant

Efficiency Iterative algorithm using
Real-Time Optimizer (RTO)

Integrated
system
(Stack)

Bunin,
Francois and
Bovin [103]

Geometry Thickness(Anode, Cathode,
Electrolyte), wire radius

Power density Micro-structure analysis
using simulated software

Micro-
structure

Vogler et al.
[140]

Operating
condition;
characteris-
tic

Temperature, load resistance,
methane concentration,
catalyst weight

C2 production, Cox production,
Power, Cox emission

Elitist non-dominated sorting
genetic algorithm (NSGA-II)
using Visual Fortran 6.6

Single cell Quddus, Zhang
and Ray [49]

Characteristic Porosity, electrical
conductivity, and gas
permeability coefficient at
room temperature

Power density Thermodynamic analysis
using FLUENT v.6.3

Single cell Funahashi
et al. (2010)
[141]

Characteristic Heat and Pressure coefficient,
turbo machinery Efficiency

System efficiency Thermodynamic analysis via
online experiment

Integrated
system
(SOFC-GT)

Brear and
Dunkley [121]

Design/
synthesis

Combined SOFC in several
study cases

Energy and exergy efficiency Thermodynamic analysis
using simulated software

Integrated
system
(Micro-
CHP)

Moller [68]

Operating
condition;
control

Fuel flow Pnet and achieving load change Numerical calculation Integrated
system
(SOFC-GT)

Oh and Sun
[176]

Characteristic Capacitance, Activation
resistance, Electrolyte
resistance

Differences between
identification models and
experimental data

Genetic Algorithm (GA) using
MATLAB

Micro-
structure

Cao et al. [198]

Design;
manage-
ment

Data communication layer,
Data processing layer, and data
management

Saving memory resources,
ensures continuity and
integrity of database

Design of experiment (DOE)
via online experiment

Integrated
system
(Stack)

Yang et al.
[199]

Design/
synthesis;
Operating
strategy

On–off and load statuses of the
operation of the system
components, energy flow rates,
and stored heat

primary energy consumption
subject to the satisfaction of
energy demand requirements

Mixed-integer linear
programming (MILP) using
simulated software

Integrated
system
(CHP)

Wakui et al.
[130]

Operating
condition

Anode/cathode flow input and
temperature

Exergy efficiency Thermodynamic analysis
using AspenPlus

Integrated
system
(CHP)

Perdikaris
et al. [73]

Operating
condition

Irreversible losses in current
density, power output density,
temperature ratio, coefficient of
temperature

Power efficiency and power
output

Numerical calculation Integrated
system
(SOFC-GT)

Zhang et al.
[50]

Design Synthesis and design
parameter

Output power and efficiency Thermodynamic analysis
using MATLAB

Integrated
system
(SOFC-GT)

Zhao et al.
[118]

Operating
condition

Inlet temperature, steam
reforming temperature, steam
to carbon ratio, fuel cell air
excess, pressure ratio, fuel cell
fuel utilization

Choose design and maximize
efficiency

Pareto frontier using
BELSIM-VAL

Integrated
system
(SOFC-
Diesel)

Facchinetti
et al. [127]

Operating
condition

S/C ratio, AOG recirculation
ratio, CO2 adsorption
percentage, and SOFC
temperature

Open-circuit voltage, the
terminal voltage, the peak
power density, and the limiting
current density

Linear programming Integrated
system
(SOFC-
Diesel)

Lee et al. [126]

Operating
condition;
sizing

Active surface area, molar flow
rate of methane, molar flow
rate of oxygen, fraction of the

Size the SOFC, the lifecycle
per-unit energy cost of the
power plant.

Lagrange multiple method
using ADVISOR MATLAB

SOFC-GT
power
generation

Cheddie [119]
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SOFC anode outlet recycled
back to the inlet

Characteristic;
modeling

Open-circuit voltage, cell active
are, fuel crossover equivalent
current density, exchange
current, area specific
resistance, constant coefficient
in mass-transfer overvoltage,
constant coefficient in mass
transfer voltage

Mean Square Error (MSE) of
sample voltage and optimum
voltage

Genetic Algorithm and
improved GA (IGA) using
MATLAB

Integrated
system
(Stack)

Yang et al.
[184]

Characteristic;
operating
condition

Gas turbine pressure ratio,
SOFC fuel utilization factor,
SOFC anode recycle ratio,
SOFC cathode recycle ratio,
Heat exchange effectiveness,
maximum current density

System efficiency Non-linear optimization
using Box method

Integrated
system
(SOFC-GT)

Milewski [120]

Characteristic Distributions of porosities and
particle sizes for electrodes

Cell average current density Genetic Algorithm (GA) using
COMSOL MULTIPHYSICS
version 3.5a

Single cell Shi and Xue
[87]

Geometry;
operating
condition

The airflow, fuel flows, cell
voltage in the stacks, air
temperature at the stack inlet,
reformer duty and pressure
ratio

Power density Neural Network, Genetic
Algorithm (GA) using
MATLAB

Micro-
structure

Bozorgmehri
and Hamedi
[55]

Geometry;
operating
condition

Cell temperature, fuel and air
concentration, air and fuel
pressure, ribs width, channel
height

Output voltage Thermodynamic analysis
using FLUENT

Single
SOFC

Sembler and
Kumar [142]

Geometry;
material;
operating
condition

Pore Size, porosity, graded
electrode, temperature, gas
composition, pressure

Cell power density Thermodynamic analysis Micro-
structure;
Single cell

Jo et al. [102]

Characteristic;
geometry

Porosity, thickness, LSM
particle size, particle size ratio,
volume fraction of LSM
particles, temperature, bulk
oxygen partial pressure

Cathode total resistance, Gradient optimization
(graphic)

Micro-
structure

Farhad and
Hamdullahpur
[146]

Operating
condition

Pressure ratio, temperature
SOFC, and gas turbine inlet
temperature

Error of plant, network output,
combined cycle thermal
efficiency, and combined cycle
cogeneration efficiency

Quasi-Newton Algorithm
using SQP solver MATLAB

Integrated
system
(SOFC-GT)

Odukoya,
Carretero and
Reddy [122]

Sizing Wind turbine, PV array, and
CHP (SOFC and micro turbine)
size

Economic costs and
environmental costs, meet
electricity load and heat load of
customers

Genetic Algorithm (GA) using
MATLAB

Integrated
system
(Hybrid
RE)

Deng et al.
[137]

Geometry Thickness of anode layer,
electrolyte, and cathode layer

Output power Thermodynamic analysis Micro-
structure;
single cell

Wen [163]

Geometry of
cell

Thickness of the anode support
and the distance between the
electrical contacts at the
surface of the anode

Electric conductivity Design of experiment (DoE)
and response surface
methodology (RSM) via
online experiment

Single cell Faes et al.
[145]

Operating
condition

Heat exchanging, the burner,
the turbo machinery and the
flue gas leaving the plant

Exergy losses or destructions Thermodynamic analysis via
online experiment

Integrated
system
(SOFC-GT)

Møller [153]

Geometry Active reaction layer
thicknesses at both electrodes,
operating temperature and
electrode porosity

total potential losses, fuel cell
net power output

Numerical calculation using
Fortran

Micro-
structure

Wen et al.
[175]

Operating
condition;
sizing

Number of cells, size of cell,
system pressure, cell voltage,
temperature input, fuel
concentration

Fuel cell efficiency and cost Non-linear programming
(NLP) using MATLAB

Integrated
system
(Stack)

Spivey [200]

Characteristic;
operating
condition

Two operating point cases
including FU, Air excess ratio,
and voltage

Non-renewable primary energy
(NRPE) and carbon dioxide
equivalent (CO2-eq)

Thermodynamic analysis Integrated
system
(CCHP)

Kazempoor
et al. [161]
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Characteristic Heat-to-power ratio Running time of SOFC,
economic and environmental
perspective

Thermo-economic and
environmental analysis using
HOT2000

Integrated
system
(CHP)

Liso et al. [74]

Characteristic;
operating
condition

Hydrogen flux, current, air
ratio, fuel utilization, cell
voltage

System efficiency Non-linear programming
(NLP)

Integrated
system
(Stack)

Bunin et al.
[174]

Geometry Weight fraction, Void fraction,
Particle size ratio, particle size,
density

TPB length Micro-structure analysis
using Home-built
Mathematica 7

Single
SOFC

Ge et al. [86]

Design;
operating
condition

Flash temp., reheat temp., HP
power recycle, power recycle,
steam reforming temp., steam
ref. press., methane purity, S/C
ratio, max temp., FU, cathode
GT press. ratio, anode GT
press. ratio, GT temp.,
compressor temp.

Energy and exergy efficiency mixed integer linear
programming (MILP) and EA

Integrated
system
(SOFC-GT)

Facchinetti
et al. [123]

Characteristic;
sizing

Optimum cell number and
steady state MV parameter

Life time and annual operating
cost

MPC control and constrained
optimization using APOPT
Solver and MATLAB
Simulink

Integrated
system
(Stack)

Spivey et al.
[52]

Characteristic;
operating
condition

Air compressor pressure ratio,
air compressor isentropic eff.,
gas turbine isentropic eff., the
power turbine isentropic eff.,
current density, FU, AU, S/C
ratio

Exergy efficiency and total cost Genetic Algorithm (GA) using
simulated software and
online experiment

Integrated
system
(SOFC-GT)

Shirazi et al.
[138]

Characteristic;
geometry

Interconnect aspect ratio,
electrode /electrolyte ratio,
slenderness ratio,
dimensionless gas channel
width

Exergetic efficiency and gross
entropy generation

Numeric simulation (Max-
Min) using MATLAB

Micro-
structure

Ford [155]

Sizing Energy flow rate of the input,
and outputs; heat stored

PES, electric load factor,
electric supply proportion, Hot
water utilization efficiency, and
hot water supply proportion

Mixed integer Non-linear
programming (MINLP)

Integrated
system
(CHP)

Wakui and
Yokohama [69]

Operating
condition;
control

Temperature and fuel Stack temperature & fuel
utilization

Stochastic method using
MATLAB Simulink and C-
MEXS

Integrated
system
(SOFC-ST)

Ugartemendia
et al. [63]

Characteristic;
operating
condition

Current density and
temperature

Output power and efficiency of
power

Curve / graphical method Integrated
system
(SOFC-ST)

Chen et al. [64]

Geometry Shapes of cathode Resistance at the base of the
cell (boundary 0)

Topology optimization using
online experiment

Single cell Song et al. [53]

Design;
operating
condition

Weather conditions and
associated energy demands

CO2 emissions Mixed integer nonlinear
programming (MINLP) using
GAMS

Integrated
system
(CHP)

Adam et al.
[67]

Operating
condition

Temperature, the cathode and
anode pressures and the mass
fraction of the hydrogen and
oxygen

Output power, Pressure
exerted in cathode and anode

Genetic Algorithm (GA) using
MATLAB and Java-based
multi-objective GA package

Single cell Hobold and
Agarwal [182]

Characteristic;
operating
condition

Current density, pressure, and
temperature

Output power, cost, efficiency
of power

Genetic Algorithm using
MATLAB

Integrated
system
(Stack)

Roshandel and
Forough [104]

Geometry of
cell

Active reaction layer
thicknesses at both electrodes,
operating temperature and
electrode porosity

Nominal current and electrical
power

Numerical calculation using
Fortran

Micro-
structure

Wen et al.
[148]

Operating
condition;
prediction

Air flow deviation, Mole flow
rate, H2 mole, CO2 mole, H2O
mole, H2 mole, flow rate in
cathode inlet

Improve an accuration on
predicted model

Prediction: BPNN
Optimization: Mathematical
algorithm using Fortran

Integrated
system
(Stack)

Wang et al.
[201]

Operating
condition;
control

Temperature inlet, outlet,
burner

System efficiency Traverse method using
MATLAB

Integrated
system
(Stack)

Cao et al. [108]

Operating Inlet and outlet manifold fuel Output power Thermodynamic analysis via Integrated Chen et al.
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condition flow online experiment system
(Stack)

[202]

Design;
operating
condition

Operating pressure, stack
temp, fuel inlet temp, air inlet
temp, fuel pre heated temp, air
pre heated temp, s/c, fu, au

Energy efficiency and emission Non-linear programming
(NLP) using STAR

Integrated
system
(Stack)

Wang [194]

Operating
condition

Fuel flow, air flow,
temperature, fuel utilization

Efficiency of stack system Thermodynamic analysis via
online experiment

Integrated
system
(CHP)

Xu et al. [75]

Characteristic;
geometry

Distributions of porosities and
particle sizes for electrodes

Electrical efficiency Thermodynamic analysis Micro-
structure

Bertei et al.
[144]

Geometric,
operating
condition

19 geometric variables and 10
operational variables

Life cycle cost and the net
electrical efficiency

Genetic Algorithm (GA) using
MATLAB

Integrated
system
(SOFC-
PEMFC)

Tan et al. [157]

Operating
condition

Hydrogen flow rate, oxygen
flow rate, nitrogen flow rate
and cell temperature

Power density Thermodynamic analysis
using Design Expert 7.0
software

Single cell Tikiz and
Taymaz [13]

Operating
condition

Fuel flow, air flow, circulating
water flow in Rankine cycle,
coolant flow in Rankine cycle

Efficiency, environmental
impact

GA using UESR2 using
FORTRAN language,
MATLAB, and VB

Integrated
system
(Stack)

Kosaksri et al.
[54]

Geometry Ribs cathode and anode width Current density Thermodynamic analysis
using COMSOL
MULTIPHSICS

Integrated
system
(Stack)

Kong et al.
[187]

Sizing Fuel processing, fuel cell, and
gas turbine.

Thermodynamic performance
and exergy losses

Simplex optimization using
BELSIM-VAL

Integrated
system
(SOFC-GT)

Facchinetti
et al. [124]

Characteristic;
operating
condition

Air compr. press. ratio, Eff. air
compr., Eff. gen. Eff. of power
tb, Current density, AU, FU, S/
C ratio, temp. pinch point,
numb. des. stages, inlet motive
steam temp., brine temp., top
brine temp.

Exergetic efficiency, total cost
rate of the system

Genetic Algorithm (GA) using
MATLAB

Integrated
system
(SOFC-GT)

Najafi et al.
[139]

Geometry Geometry of cell and
thicknesses

Thermal stress Thermal analysis via online
experiment

Single cell Skalar et al.
[99]

Design;
operating
condition

Solar radiation, operating
temperature of RSOFC, H2
utilization of SOFC

H2 generation efficiency,
energy efficiency, net electrical
power, electrical to heating
ratio, unit cost energy

Numerical simulation using
MATLAB

Integrated
system
(CHP)

Akikur et al.
[77]

Design;
characteris-
tic

Cost of SOFC, absorption
chiller, auxiliary components,
government subsidy, price of
fuel, and electric and
maintenance cost

Payback period Simulation Integrated
system
(Multi-
generation)

Chen and Ni
[81]

Characteristic;
operating
condition

Equivalence ratio of fuel and
fuel utilization

Air excess ratio, output power
of the stack, SOFC stack
electric efficiency, system
electric efficiency, CHP
efficiency, CCHP efficiency, and
thermal to electric ratio

Simulation Integrated
system
(CCHP)

Wang et al.
[135]

Material Nickel Oxide (NiO) and
Gadolinium doped Ceria (GDC)
used as anode materials. And
graphite used as a pore former
in the anode substrate

Power density at intermediate
temperature

Material analysis via online
experiment

Micro-
structure

Ahmed and
Sathish [93]

Characteristic;
operating
condition

SOFC inlet temp., FU, current
density and S/C ratio

Exergy efficiency and the total
product unit cost

Pareto optimal using GA via
MATLAB

Integrated
system
(CCHP)

Sadeghi et al.
[15]

Operating
condition

Air flow distribution Temperature gradient sequential quadratic
programming (SQP) using
AspenPlus

Single cell Amiri et al.
[149]

Characteristic;
operating
condition

Operating temperature,
Operating pressure, membrane
thicknesses(PEMFC), current
density, stack thicknesses

Output power, energy
efficiency, exergy efficiency,
cost of production

MOO Genetic Algorithm
using MULOP (Multi-
objective optimizer)

Integrated
system
(Stack)

Mert et al.
[154]

F. Ramadhani et al. Renewable and Sustainable Energy Reviews 76 (2017) 460–484

477



(SOFC)
Graphic

optimization
Preheated air temperature,
Thicknesses of anode and fuel
cell length

Output power Graphic optimization Single cell Feng et al.
[100]

Operating
condition;
control

System current, FU, AU and
bypass opening ratio

Efficiency Traverse optimization
process including cubic
convolution interpolation
algorithm

Integrated
system
(Stack)

Zhang et al.
[203]

Operating
condition

Fuel utilization, stack
temperature, stack pressure

Net electrical efficiency; net
present value at the end of life

MOO Pareto front using
ASPEN plus and MATLAB

Integrated
system
(CCHP)

Curletti et al.
[134]

Operating
condition;
sizing

SOFC cell number, SOFC cell
diameter and length, HRSG
pressure, approach point,
pinch point, steam
temperature, solar chimney
height and diameter, collector
diameter, SOEC cell number,
SOEC cell diameter and length

Cost Genetic Algorithm (GA) using
MATLAB

Integrated
system
(SOFC-
SOEC)

Shariatzadeh
et al. [204]

Operating
condition

Air ratio, fuel utilization,
average current density, steam
to carbon ratio, and pre-
reforming rate of methane

Cell efficiency and output
power

Genetic Algorithm (GA) using
MATLAB

Single cell Borji et al.
[205]

Characteristic;
design

Output power of SOFC, SOFC
share, electrical to heating
energy ratio, electrical to
cooling energy ratio

Unit cost, CO2 emission,
exergy efficiency

Pareto optimal using
MATLAB

Integrated
system
(CCHP)

Baghernejad
et al. [133]

Characteristic;
operating
condition

Air to steam ratio, modified
equivalence ratio, average
current density, the fuel
utilization factor, air ratio and
SOFC inlet temperature

Cooled gas and CHP
efficiencies of the plant, total
electric power, electric and
CHP efficiencies of the hybrid
system

Non-dominated sorting GA
using FORTRAN 90

Integrated
system
(CHP)

Borji et al. [71]

Operating
strategy;
sizing

Using or not using battery, No
modulation, day-night
modulation, intervals
modulation, load following
strategies, Prime mover
capacity, inlet power, net
power, net heat from
cogeneration

Primary energy saving, cost Thermo-economic analysis
using MATLAB

Integrated
system
(Micro-
CHP)

Napoli et al.
[72]

Design;
operating
strategy

Design and operation variables
expressed with binary variables

Annual primary energy
consumption

MINLP with decomposition
approach using GAMS and
CPLEX

Integrated
system
(CHP)

Wakui and
yokohama
[132]

Design;
characteris-
tic;
operating
condition

Cog. elect. nom. power, Cog. th.
nom. power, nom. power supp.
by fuel-co, Cog. elect. power,
cog. th. power, fuel power,
boiler power, diss. th. power,
elect. power sold, elect. power
bought, elect. to heat ratio,
elect. to cool ratio, therm. out
cmp., cool out cmp, cool out.
abs., Cool bought, cog on/off

GOM (Gross Operative Margin) MINLP using GAMS and
CPLEX

Integrated
system
(CCHP)

Arcuri et al.
[171]

Geometry;
operating
condition;
sizing

20 geometric variables and 6
operating condition

Electricity efficiency, SOFC
current density and capital cost
of system

Pareto optimal using NLP
optimizer

Integrated
system
(SOFC-
PEMFC)

Tan et al. [169]

Geometry The interconnect structure, rib
size, pitch width and contact
resistance

Output current density Structure analysis via online
experiment

Micro-
structure

Gao et al. [165]

Processing
condition

NiO–YSZ anodes (∼20 m
thickness) separated by a
relatively thin YSZ electrolyte
(∼500 m) surface

Polarization resistance Laser melting treatments via
online experiment

Micro-
structure

Cubero et al.
[206]

Sizing Numb. PV panels, Max. numb.
PV panels, power of SOFC-GT,

Cost, pollutant emissions, and
reliability

Evolutionary Algorithm using
simulated software

Integrated
system

Sadeghi and
Ameri [15]
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and power of electrolyzer (SOFC-GT-
PV)

Operating
condition

Thermal conductivity,
thickness, mass flow rates of
fuels, power supplied to the
heaters, the heat released and
the target temperatures

Startup time and power output Thermal analysis using
ANSYS and FLUENT Solver

Integrated
system
(Micro-
stack)

Pla et al. [111]

Geometry;
operating
condition

Controlling the thickness of the
cathode layer and sintering
temperatures

Ohmic and electrode-reaction
resistances, output open
voltage

Thermodynamic analysis
using simulated software

Micro-
structure

Li et al. [162]

Operating
condition

Reformer temperature, ethanol
price

Cost of exergy Deterministic Integrated
system
(Stack)

Ledon et al.
[172]

Characteristic;
operating
condition

Cell potential and Fuel
utilization

Electrical efficiency RTO via modifier adaptation
(RTO-MA)

Integrated
system
(Stack)

Francois et al.
[179]

Operating
condition

Hot storage temperature (35,
45, and without SOFC)

Heat efficiency Thermal analysis using
SimulationX and CVODE-
solver

Integrated
system
(CHP)

windeknecht
and
tzscheutschler
[70]

Operating
condition

Fuel flow rate, hydrogen
content of cog., fuel utilization
factor, operating pressure

SOFC efficiency, total power
efficiency, overall system
efficiency, power, heating and
cooling

Thermodynamic analysis
using AspenPlus

Integrated
system
(CCHP)

Zhao [207]

Design;
operating
strategy

Electrical power generator,
electrical power and cooling
cogeneration, electrical power
and heating cogeneration and
tri-generation

Exergy efficiency, exergy
destruction rate, and
greenhouse gas emissions

Environmental analysis Integrated
system
(CCHP)

Chitsaz et al.
[82]

Characteristic;
operating
condition

Current density of the SOFC,
the voltage output of the TIG,
and the ratio of the areas of the
SOFC and TIG

Power output density and
efficiency

Thermodynamic analysis Integrated
system
(SOFC-
TIG)

Wang et al.
[208]

Geometry;
characteris-
tic;
operating
condition

Operating properties, geometry
and material properties

Output power and efficiency of
power

Thermodynamic analysis via
Design of experiment (DOE)

Integrated
system
(SOFC-
MT)

Hering et al.
[209]

Design;
operating
strategy

SOFC, boiler, mechanical
chiller and absorption chiller
design and operation strategy

Cost and PEC control strategy Assessment Integrated
system
(CCHP)

Facci et al.
[210]

Characteristic;
operating
condition

Inlet temp., pressure, air
compr. pressure ratio,
isentropic eff., RE share, cool
and heat to elect ratio

Exergy efficiency and unit cost Pareto optimal using GA
using MATLAB

Integrated
system
(CCHP)

Baghernejad
et al. [211]

Characteristic;
operating
condition

Current density, fuel utilization
factor, pressure ratio, air
utilization factor

Exergy efficiency and SUCP Genetic Algorithm (GA) using
MATLAB

Integrated
system
(CHP)

Khani et al.
[76]

Material Sm0.5Sr0.5MnO3 (SSM55)-
Y2O3 stabilized ZrO2 (YSZ)
composite cathodes

Open circuit polarization
resistance and exchange
current density

Material analysis via online
experiment

Micro-
structure

Li et al. [212]

Characteristic;
operating
condition

Current, inlet air temperature
in air, inlet fuel temperature
fuel, inlet air flow rate and inlet
fuel flow rate

Efficiency and temperature
safety

Analyzed - optimization
combined with travers
optimization

Integrated
system
(Stack)

Cheng et al.
[213]

Characteristic;
operating
condition

Fuel cell temperature and
current density

System profit through its
lifetime

DBO (degradation based
optimization) based on GA

Integrated
system
(Stack)

Roshandel and
Parhizkar
[214]

Characteristic;
operating
condition

Air compr. press. ratio, current
density, AU, FU, S/C ratio and
the HRSG evaporation press.

Exergetic efficiency and total
cost rate of the plant

Pareto optimal and TOPSIS
(Technique for Order
Preference by Similarity to an
Ideal Solution) decision-
making method using
MATLAB

Integrated
system
(SOFC-
ORC-GT)

Aminyavaria
et al. [129]

Operating
condition;

Mass flow rate, compr. ratio,
exit temp., numb. of cells, FU,

Period of return and exergy
efficiency

GA using MATLAB Integrated
system

Reyhani et al.
[215]
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sizing recycle ratio, turbine isentropic
eff., compr. isentropic eff., out
pump press, pump, out steam
quality, compr. ratio in MED
ejector

(CHP)

Operating
condition

Molar ratio of carbon
monoxide to hydrogen, the
working temperature of the
SOFC

Output power and efficiency Numerical simulation using
MATLAB

Integrated
system
(CCHP)

Zhang et al.
[80]

Material;
operating
condition

Three types of powders and
sintered at different
temperatures, and thin EB-
PVD electrolyte film

Ionic conductivity Material analysis via online
experiment

Micro-
structure

Vasylyev et al.
[90]

Geometry;
material

Nonlinear particle-size- and
porosity-graded electrodes,
ionic electronic particle size
ratio

Temperature and output power Numerical Algorithm using
simulated software

Micro-
structure;
Single cell
SOFC

Abdullah and
Liu [91]

Operating
condition

Oxygen concentration in
cathode gas, gases’ temperature
difference at cell's, excess air
flow

Undesirable temperature
gradients and stack efficiency

Pareto set using MATLAB Integrated
system
(Stack)

Amiri et al.
[168]

Characteristic;
operating
condition

FC stack avr. cur. dens., Pre-
reformer out temp., air heater
tube temp., FU, AU, fuel pre-
reforming extent, S/C ratio,
press gas compr., press. air
compr., press. pump, boiler
tube temp., eject. exp. ratio

Power production, heat
production and exergy
destruction

Thermo-environment
analysis using gPROMS
Model Builder 3.4.0

Integrated
system
(CHP)

Hassanzadeh
et al. [79]

Geometry Representative volume element
(RVE) size and the number of
its voxels

Cell potential resistance Phase recovery algorithm
using simulated software

Micro-
structure

Hasanabadi
et al. [147]

Operating
condition

Uniformity of fuel flow rate Output power Thermodynamic analysis
using CFD simulation
software

Integrated
system
(Stack)

Rashid et al.
[216]

Operating
condition

FC current density, GT air flow
rate, GT inlet temp., comp.
press. ratio, FU, S/C ratio

Exergy efficiency and sum of
the unit costs of products

GA using EES and MATLAB Integrated
system
(SOFC-GT
in CHP)

Khani et al.
[76]

Operating
condition

S/C ratio, tmp. out, in tmp. FC,
FU, in tmp. GTC, P GTC
turbine, P GTC comp., P GTA
turbine, P GTA comp., P CO2
turbine

Levelized electricity cost and
annualized capital cost

Pareto optimal front using
BELSIM-VAL

Integrated
system
(SOFC-GT)

Sharma et al.
[173]

Design;
operating
strategy

Flow rates of the input and
output energies, i.e. E, Q, and
G, and the amounts of stored
heat. The binary variables, d,
express the operating status for
each component at each
sampling time.

Primary energy saving MINLP Integrated
system
(CHP)

Wakui et al.
[178]
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