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ABSTRACT
This paper presents an analysis of improving the efficiency of a hybrid solid oxide fuel cell (SOFC) and 
a micro gas turbine (mGT) system. The main reason for using SOFC technology is the generation of its 
less harmful products with higher performance compared to the traditional power generation systems. 
In addition, the combination of the gas turbine can improve the SOFC system’s reliability. Due to the 
importance of SOFC systems degradation in the industry, using the optimized hybrid system to reduce 
SOFC degradation is a proper process. This study presents a new developed bio-inspired optimization 
technique based on the rhino herd algorithm. After validation of the method with some different bio-
inspired methods, it is employed to optimal size selection of the gas turbine for the fuel cell system 
reliability. Simulation results show that using a larger size of the turbine gives a higher level of power to 
the SOFC. It also decreases the efficiency of the initial turbine and increases the initial capital investment.
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1. INTRODUCTION
Due to the increasing trend of energy 

consumption in the world, the use of new energy-
efficient methods and systems and lower emissions 
is a priority. Nowadays, with the development 
of different energy generation systems, different 
methods such as solar energy, wind energy, fuel 
cells, microturbines, and diesel generators have 
been considered, each of which has special profits 
and shortcomings. Among these systems, fuel cells 
(FCs), because of having reliable, cost-effective and 
always-available characteristics are known as an 
important candidate for energy generating. Fuel 
cells are a chemical energy-to-energy converter 
that is nowadays considered as a new technology 
in energy production. Fuel cells are compact, clean, 
high-efficiency, quiet, vibration-free systems for 

power generation from micro to megawatts. In a fuel 
cell, it does not burn fuel but in an electrochemical 
reaction, the direct current of electricity (DC) 
is generated by the exchange of ions between the 
cathode and the anode through the electrolyte.

Some popular types of fuel cells are like alkaline 
(AFC) [1], phosphoric acid (PAFC) [2], proton 
exchange membrane (PEMFC) [3, 4], direct 
methanol (DMFC) [5], molten carbonate (MCFC) 
[6], and solid oxide (SOFC) [7].

Among the aforementioned fuel cells, 
SOFC development has begun before any other 
pipelines and has begun since 1950, making 
SOFC technology more mature. SOFC has unique 
advantages over other cell types, making it very 
suitable for simultaneous production applications 
at various scales. A SOFC is a completely solid 
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device that employs an oxygen ion conductive 
ceramic material as an electrolyte. Since only 
two types of gas and solid phases are needed, it is 
conceptually simpler than other FCs [8]. SOFCs 
operate in the range of 700 ° C to 1000 ° C which 
means we can achieve high reaction speeds without 
using expensive catalysts.

The heat produced in this type of FC due to 
its high temperature is of good quality and can be 
used in hybrid systems. One of the most common 
applications of SOFCs in cogeneration systems is 
the combination of these types with different types 
of gas microturbines [9]. Microturbines are small 
electricity generators that burn gas or liquid fuel 
and rotate a generator at high speed. In the early 
1980s, the efficiency and reliability of microturbines 
reached a level that was considered suitable for use 
in large industrial CHP systems [10]. New MGT-
SOFCs has been considered to increase efficiency, 
power generation control, heat recovery and also 
the ability to generate power at different capacities 
[11]. Hybrid systems are much more efficient than 
single gas microturbine or fuel cells and the results 
of recent research show that using such systems can 
achieve around 65% efficiency [12].

A study of past research on hybrid systems 
shows that theoretical studies of this type of hybrid 
system were first carried out in 1970 by Siemens 
Westinghouse [13]. The earliest research in this area 
can be found in the studies of Harvey, Richterlie, and 
Sudevoff [14, 15]. Following the investigation, the 
US company Siemens Westinghouse launched the 
first 100-kilowatt FC power plant in Westerstrand, 
the Netherlands in 1998 [16]. In January 2000, the 
same company, with the support of the United 
States government at the National Fuel Cell 
Research Center at Kale University. Combined a 
SOFC operated at 3 atmospheric pressure with a 50 

kW gas microturbine. The system had a nominal 
power of 220 kW, of which 170 kW came from a fuel 
cell and 50 kW from a gas turbine. The efficiency 
of this system was estimated at 57% [16]. There are 
different works that have been performed in this 
case. For example, Barelli et al. [17] proposed the 
developed flexibility of the hybrid system achieved 
based on a proper control scenario to handle both 
SOFC and GT for the load demand of a Micro-
Grid. The model has then adjusted the temperature 
of the SOFC at the desired value by controlling 
the air utilization factor. Hajabdollahi et al. [18] 
presented a method based on multi-objective 
optimization of the configuration in a  hybrid 
SOFC based GT system. The model was based on 
thermal and economical considerations. The study 
considered 4e analysis (exergy, energy, economic 
and environmental). NSGA-II was finally used for 
solving the multi-objective problem. 

Hohloch et al. [19] studied the efficiency of a 
hybrid SOFC-micro gas turbine (SOFC/mGT) 
system based on a test rig. The system simulation 
was performed based on Turbec T100 mGT 
and a SOFC. Some limitations were applied and 
the impact of the emergency operation on the 
subsystems was analyzed. Experimental results 
showed the efficiency of the studied system. The 
main objective of this study is to analyze the 
impact of the size variation of a micro gas turbine 
on the system reliability by considering the SOFC 
degradation. A new optimization algorithm, called 
improved rhino herd algorithm is utilized for this 
purpose. The optimization is based on maximizing 
the internal rate of return as the cost function. 
The results showed that selecting a higher size of 
the turbine gives a bigger decreasing for the SOFC 
system. It also decreases the efficiency of the initial 
turbine and increases the initial capital investment. 

2. THE SYSTEM OVERVIEW
In this study, the performance of a SOFC 

combined with a typical micro gas turbine is 
investigated. Initial models for each component 
are developed using the first and second laws of 
thermodynamics, then the final efficiency of the 
system is evaluated based on some models and 
further application of thermodynamic rules for 
the analysis. The model of SOFC in this research 
contains a  yttria stabilized zirconia−  (YSZ) elect-
rolyte, Ni  doped YSZ  (Ni-YSZ) anode, and a 

  YSZ lanthanum strontiummagnetite−  (LSM) cathode 
[20]. Fig. (1) shows a schematic of the studied hybrid 

 
Fig.1. The structure of the SOFC 
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system. As can be observed, compressors compact 
the utilized air and natural gas in the system. Then 
heated and fed into the cell as they pass through 
two air and fuel recoverers. Natural gas is refined 
after entering the fuel cell in the anode section and 
pure hydrogen is generated from it. Hydrogen from 
natural gas reacts with oxygen in the air that is 
passed through another recycler into the FC. Due 
to the boiling point of the electrochemical reaction 
in the fuel cell, some of the heat generated by this 
reaction is employed for making the natural gas, 
some of it is introduced into the environment and 
the remaining amount is heated by the gases inside 
and out of the FC stack. 

The reaction between oxygen and hydrogen 
through the cell provides considerable electricity 
that improves the hybrid system efficiency. 
Subsequently, the gases from the FC stack that were 
not used in the refining reaction enter the post-
combustion chamber and react with each other. The 
outputs then enter the microturbine from the post-
combustion chamber and produce mechanical work 
by expansion. Hot gases enter the three retrievers 
following their exit from the microturbine. The first 
two recoveries have been utilized for propelling 
the fuel and the air into the cell and the third one 
has been utilized to form thermal energy. For the 
system analysis, the following assumptions have 
been taken into account:

- The external gas leakage is ignored.
- The voltage is assumed below the fixed fuel cell 

masses.

 - The behavior of all gases in the cycle is assumed 
to be ideal.

- Fluid flow is considered in all components of 
the stable cycle.

 - The changes in potential and kinetic energies 
have been ignored.

 - Internal refining is utilized to convert the fuel 
inside the fuel cell into the hydrogen.

- The distributions of chemical components, 
pressure, and temperature within the cell are 
ignored.
 The temperature of the cathode and the 

anode exhaust gases is assumed to be equal to the 
operating temperature of the cell.
Fig. (2) shows the configuration of the simulated 
hybrid SOFC/mGT system.
 
3. THE MODEL OF SOFC

The utilized model in this study was before 
developed before integrating with the gas turbine 
hybrid system in [21]. For modeling the thermal 
and the electrochemical equations, a coupled 
approach of finite difference and finite volume have 
been utilized, respectively. In these conditions, the 
principal model for the output voltage of a single 
FC stack is mentioned as follows [22-24]:
difference and finite volume have been utilized, respectively. In these conditions, the principal model for 

the output voltage of a single FC stack is mentioned as follows [22-24]: 

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 − 𝜂𝜂𝜂𝜂Ω − 𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (1) 

where, 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 represents the activation polarization loss, 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 determines the open circuit potential condition 

per cell, 𝐸𝐸𝐸𝐸Ω determines the Ohmic voltage drop for the cells, and 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 represents the over-potential 

saturation in the cells [25, 26]. The Nernst potential is formulated as follows [27]: 

𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
1

𝑧𝑧𝑧𝑧 × 𝐹𝐹𝐹𝐹
�−Δ𝐺𝐺𝐺𝐺𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂

0 + 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 × 𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧 �
𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2�𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂2
𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂

�� 
(2) 

where, 𝑧𝑧𝑧𝑧 describes the number of electrons transfer per reaction, F represents Faraday's constant [ C
mol

], Rg 

is ideal gas constant [ J
mol℃

], G describes the Gibbs free energy [kJ], and TFC is the fuel cell temperature 

[℃], and 

𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂2 = 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎 × 𝑠𝑠𝑠𝑠
−�1.635𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴
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− �𝑅𝑅𝑅𝑅ℎ𝑎𝑎𝑎𝑎 × 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂�

2

 

(3) 

𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2 = 0.5 × 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎 × 𝑠𝑠𝑠𝑠
−�1.635𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴
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�
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2 
(4) 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠10�𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂� = 0.03 × (𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 − 273.15)− 9.18 × 10−5𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎2 + 1.4 × 10−7𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎3 − 2.18 
(5) 

The optimal value for the over-potential saturation (𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) in the cells based on [8] is as follows: 

𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
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𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏.𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
� + 0.5 ln�

𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂2,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂2,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
��

 

(6) 

where, 𝑥𝑥𝑥𝑥 describes the mole fraction and TPB is the triple-phase boundary 

The optimal mathematical model for the activation over-potential is as follows [3]: 

𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 =
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝛼𝛼𝛼𝛼 × 𝑧𝑧𝑧𝑧 × 𝐹𝐹𝐹𝐹

arcsin�
𝑦𝑦𝑦𝑦

2 × 𝑦𝑦𝑦𝑦0
� 

(7) 

where, α describes the charge transfer coefficient, 𝑧𝑧𝑧𝑧 describes the quantity of the electrons transferred per 

reaction, and i and i0 describe the current density and exchange current density � A
cm2�, respectively 

where [28], 

𝑦𝑦𝑦𝑦0,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 = 55 × 107 ×
𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻2
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

×
𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

× 𝑠𝑠𝑠𝑠
�− 50000
𝑁𝑁𝑁𝑁𝑔𝑔𝑔𝑔×𝑁𝑁𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

�

 
(8) 

𝑦𝑦𝑦𝑦0,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 = 70 × 107 × �
𝑝𝑝𝑝𝑝𝑂𝑂𝑂𝑂2
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

�
1
4

× 𝑠𝑠𝑠𝑠
�−100000𝑁𝑁𝑁𝑁𝑔𝑔𝑔𝑔×𝑁𝑁𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

�

 

(9) 

And the Ohmic voltage drop of the cells is obtained by the following: 

𝜂𝜂𝜂𝜂Ω = 𝑦𝑦𝑦𝑦 × 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁 (10) 

where, 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁describes the total cell resistance and is evaluated by the following equation [28]: 

    (1)
 

where, actη  represents the activation polarization 
loss, ocE  determines the open circuit potential 
condition per cell, Ù E  determines the Ohmic 
voltage drop for the cells, and 

opsE  represents the 

Fig. 2. The configuration of the simulated hybrid SOFC/mGT system
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over-potential saturation in the cells [25, 26]. The 
Nernst potential is formulated as follows [27]:

difference and finite volume have been utilized, respectively. In these conditions, the principal model for 

the output voltage of a single FC stack is mentioned as follows [22-24]: 

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 − 𝜂𝜂𝜂𝜂Ω − 𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (1) 

where, 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 represents the activation polarization loss, 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 determines the open circuit potential condition 

per cell, 𝐸𝐸𝐸𝐸Ω determines the Ohmic voltage drop for the cells, and 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 represents the over-potential 

saturation in the cells [25, 26]. The Nernst potential is formulated as follows [27]: 

𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
1

𝑧𝑧𝑧𝑧 × 𝐹𝐹𝐹𝐹
�−Δ𝐺𝐺𝐺𝐺𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂

0 + 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 × 𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧 �
𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2�𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂2
𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂

�� 
(2) 

where, 𝑧𝑧𝑧𝑧 describes the number of electrons transfer per reaction, F represents Faraday's constant [ C
mol

], Rg 

is ideal gas constant [ J
mol℃

], G describes the Gibbs free energy [kJ], and TFC is the fuel cell temperature 

[℃], and 

𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂2 = 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎 × 𝑠𝑠𝑠𝑠
−�1.635𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴

𝑁𝑁𝑁𝑁1.334𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
�
− �𝑅𝑅𝑅𝑅ℎ𝑎𝑎𝑎𝑎 × 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂�

2

 

(3) 

𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2 = 0.5 × 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎 × 𝑠𝑠𝑠𝑠
−�1.635𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴

𝑁𝑁𝑁𝑁1.334𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
�
− �𝑅𝑅𝑅𝑅ℎ𝑎𝑎𝑎𝑎 × 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂�

2 
(4) 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠10�𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂� = 0.03 × (𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 − 273.15)− 9.18 × 10−5𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎2 + 1.4 × 10−7𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎3 − 2.18 
(5) 

The optimal value for the over-potential saturation (𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) in the cells based on [8] is as follows: 

𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
0.5𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

𝐹𝐹𝐹𝐹 �ln�
𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. 𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏.𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
� + 0.5 ln�

𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂2,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂2,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
��

 

(6) 

where, 𝑥𝑥𝑥𝑥 describes the mole fraction and TPB is the triple-phase boundary 

The optimal mathematical model for the activation over-potential is as follows [3]: 

𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 =
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝛼𝛼𝛼𝛼 × 𝑧𝑧𝑧𝑧 × 𝐹𝐹𝐹𝐹

arcsin�
𝑦𝑦𝑦𝑦

2 × 𝑦𝑦𝑦𝑦0
� 

(7) 

where, α describes the charge transfer coefficient, 𝑧𝑧𝑧𝑧 describes the quantity of the electrons transferred per 

reaction, and i and i0 describe the current density and exchange current density � A
cm2�, respectively 

where [28], 

𝑦𝑦𝑦𝑦0,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 = 55 × 107 ×
𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻2
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

×
𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

× 𝑠𝑠𝑠𝑠
�− 50000
𝑁𝑁𝑁𝑁𝑔𝑔𝑔𝑔×𝑁𝑁𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

�

 
(8) 

𝑦𝑦𝑦𝑦0,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 = 70 × 107 × �
𝑝𝑝𝑝𝑝𝑂𝑂𝑂𝑂2
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

�
1
4

× 𝑠𝑠𝑠𝑠
�−100000𝑁𝑁𝑁𝑁𝑔𝑔𝑔𝑔×𝑁𝑁𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

�

 

(9) 

And the Ohmic voltage drop of the cells is obtained by the following: 

𝜂𝜂𝜂𝜂Ω = 𝑦𝑦𝑦𝑦 × 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁 (10) 

where, 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁describes the total cell resistance and is evaluated by the following equation [28]: 

 (2)

difference and finite volume have been utilized, respectively. In these conditions, the principal model for 

the output voltage of a single FC stack is mentioned as follows [22-24]: 

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 − 𝜂𝜂𝜂𝜂Ω − 𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (1) 

where, 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 represents the activation polarization loss, 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 determines the open circuit potential condition 

per cell, 𝐸𝐸𝐸𝐸Ω determines the Ohmic voltage drop for the cells, and 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 represents the over-potential 

saturation in the cells [25, 26]. The Nernst potential is formulated as follows [27]: 

𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
1

𝑧𝑧𝑧𝑧 × 𝐹𝐹𝐹𝐹
�−Δ𝐺𝐺𝐺𝐺𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂

0 + 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 × 𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧 �
𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2�𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂2
𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂

�� 
(2) 

where, 𝑧𝑧𝑧𝑧 describes the number of electrons transfer per reaction, F represents Faraday's constant [ C
mol

], Rg 

is ideal gas constant [ J
mol℃

], G describes the Gibbs free energy [kJ], and TFC is the fuel cell temperature 

[℃], and 

𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂2 = 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎 × 𝑠𝑠𝑠𝑠
−�1.635𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴

𝑁𝑁𝑁𝑁1.334𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
�
− �𝑅𝑅𝑅𝑅ℎ𝑎𝑎𝑎𝑎 × 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂�

2

 

(3) 

𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2 = 0.5 × 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎 × 𝑠𝑠𝑠𝑠
−�1.635𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹/𝐴𝐴𝐴𝐴

𝑁𝑁𝑁𝑁1.334𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
�
− �𝑅𝑅𝑅𝑅ℎ𝑎𝑎𝑎𝑎 × 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂�

2 
(4) 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠10�𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂� = 0.03 × (𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 − 273.15)− 9.18 × 10−5𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎2 + 1.4 × 10−7𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎3 − 2.18 
(5) 

The optimal value for the over-potential saturation (𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) in the cells based on [8] is as follows: 

𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
0.5𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

𝐹𝐹𝐹𝐹 �ln�
𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. 𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏.𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻2,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
� + 0.5 ln�

𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂2,𝑏𝑏𝑏𝑏𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑥𝑥𝑥𝑥𝑂𝑂𝑂𝑂2,𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
��

 

(6) 

where, 𝑥𝑥𝑥𝑥 describes the mole fraction and TPB is the triple-phase boundary 

The optimal mathematical model for the activation over-potential is as follows [3]: 

𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 =
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 × 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝛼𝛼𝛼𝛼 × 𝑧𝑧𝑧𝑧 × 𝐹𝐹𝐹𝐹

arcsin�
𝑦𝑦𝑦𝑦

2 × 𝑦𝑦𝑦𝑦0
� 

(7) 

where, α describes the charge transfer coefficient, 𝑧𝑧𝑧𝑧 describes the quantity of the electrons transferred per 

reaction, and i and i0 describe the current density and exchange current density � A
cm2�, respectively 

where [28], 

𝑦𝑦𝑦𝑦0,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 = 55 × 107 ×
𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻2
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

×
𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

× 𝑠𝑠𝑠𝑠
�− 50000
𝑁𝑁𝑁𝑁𝑔𝑔𝑔𝑔×𝑁𝑁𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

�

 
(8) 

𝑦𝑦𝑦𝑦0,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 = 70 × 107 × �
𝑝𝑝𝑝𝑝𝑂𝑂𝑂𝑂2
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏

�
1
4

× 𝑠𝑠𝑠𝑠
�−100000𝑁𝑁𝑁𝑁𝑔𝑔𝑔𝑔×𝑁𝑁𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

�

 

(9) 

And the Ohmic voltage drop of the cells is obtained by the following: 

𝜂𝜂𝜂𝜂Ω = 𝑦𝑦𝑦𝑦 × 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁 (10) 

where, 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁describes the total cell resistance and is evaluated by the following equation [28]: 

where, n  describes the number of electrons 
transfer per reaction,  represents Faraday’s 
constant [C/mol], 

gR  is ideal gas constant [J/
moloC] , G  describes the Gibbs free energy [ ]kJ , 
and FCT  is the fuel cell temperature [oC], and
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The optimal value for the over-potential saturation 
( overη ) in the cells based on [8] is as follows:
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where, x  describes the mole fraction and TPB is 
the triple-phase boundary
The optimal mathematical model for the activation 
over-potential is as follows [3]:
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where, á  describes the charge transfer coefficient, 
n  describes the quantity of the electrons 
transferred per reaction, and i  and 0i  describe the 
current density and exchange current density 2
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And the Ohmic voltage drop of the cells is 
obtained by the following:

difference and finite volume have been utilized, respectively. In these conditions, the principal model for 

the output voltage of a single FC stack is mentioned as follows [22-24]: 

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 − 𝜂𝜂𝜂𝜂Ω − 𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (1) 

where, 𝜂𝜂𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 represents the activation polarization loss, 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 determines the open circuit potential condition 

per cell, 𝐸𝐸𝐸𝐸Ω determines the Ohmic voltage drop for the cells, and 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 represents the over-potential 

saturation in the cells [25, 26]. The Nernst potential is formulated as follows [27]: 

𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
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(2) 

where, 𝑧𝑧𝑧𝑧 describes the number of electrons transfer per reaction, F represents Faraday's constant [ C
mol

], Rg 

is ideal gas constant [ J
mol℃

], G describes the Gibbs free energy [kJ], and TFC is the fuel cell temperature 

[℃], and 
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(6) 

where, 𝑥𝑥𝑥𝑥 describes the mole fraction and TPB is the triple-phase boundary 

The optimal mathematical model for the activation over-potential is as follows [3]: 
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where, α describes the charge transfer coefficient, 𝑧𝑧𝑧𝑧 describes the quantity of the electrons transferred per 

reaction, and i and i0 describe the current density and exchange current density � A
cm2�, respectively 

where [28], 
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And the Ohmic voltage drop of the cells is obtained by the following: 

𝜂𝜂𝜂𝜂Ω = 𝑦𝑦𝑦𝑦 × 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁 (10) 

where, 𝑅𝑅𝑅𝑅𝑁𝑁𝑁𝑁describes the total cell resistance and is evaluated by the following equation [28]: 
   (10)

where, TR describes the total cell resistance and 
is evaluated by the following equation [28]:
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Such that degradation helps to improve the Ohmic 
resistance, i.e [29].
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Such that degradation helps to improve the Ohmic resistance, i.e [29]. 
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where, �̈�𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 describes a constant value equal to16 × 10−7 Ω𝑎𝑎𝑎𝑎2, and the resistivity 𝜌𝜌𝜌𝜌 is a function of the 

temperature.  

In this study, the impact of interconnects on bulk material Ohmic losses in order to high electronic 

conductivity has been neglected.  

The impact of degradation (by the coefficient rd) is declared as follows [30]: 

rd =
0.6 × FU + 0.74

1 + e�
TFC−1080

23 �
�e2.64i − 1� (13) 

where, FU determines fuel utilization. 

And 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 describes the degradation irreversible impact at each sample time as follows [28]:  

𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = ��𝑅𝑅𝑅𝑅Ω + �̈�𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜�
time

×
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1000
 (14) 

The method of thermal power evaluation from the FC stack can be observed in Fig. (1). As can be seen, it 

is achieved by the difference in specific enthalpy changes of the gas stream, i.e.  

Q̇ = ṁo × hO − ṁI × hI (15) 

where, h represents the enthalpy [kj/kg], 𝑎𝑎𝑎𝑎 describes the mass flow rate [kg/s], and O and I describe the 

output and the input, respectively. 

And the electric power in the turbine model is achieved as follows: 

P = �̇�𝑄𝑄𝑄 × ηGT (16) 

where, ηGT describes the gas turbine efficiency. 

The model of the recuperated gas turbine cycle is considered as a black box. Fig. (3) shows the efficiency 

ηGT versus power. Since meta-heuristic algorithms may select different sizes for mGT in the iteration, a 

curve based on the nominal performance and the mGT size has been applied. Based on [31] different 

points for different gas turbines are analyzed which are illustrated in Table 1.  

 

Table 1. Characteristics of different turbines. 

Turbine model Power [kW] Efficiency [%] 

-  Power Works™ [31] 69 26.9 

MT 100 [31] ABB 99 29 

C200 [31] Capstone 199 32 

C600S [32] Capstone 599 32 
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Such that degradation helps to improve the Ohmic resistance, i.e [29]. 
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temperature.  

In this study, the impact of interconnects on bulk material Ohmic losses in order to high electronic 

conductivity has been neglected.  
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where, FU determines fuel utilization. 
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The method of thermal power evaluation from the FC stack can be observed in Fig. (1). As can be seen, it 

is achieved by the difference in specific enthalpy changes of the gas stream, i.e.  

Q̇ = ṁo × hO − ṁI × hI (15) 

where, h represents the enthalpy [kj/kg], 𝑎𝑎𝑎𝑎 describes the mass flow rate [kg/s], and O and I describe the 

output and the input, respectively. 

And the electric power in the turbine model is achieved as follows: 

P = �̇�𝑄𝑄𝑄 × ηGT (16) 

where, ηGT describes the gas turbine efficiency. 

The model of the recuperated gas turbine cycle is considered as a black box. Fig. (3) shows the efficiency 

ηGT versus power. Since meta-heuristic algorithms may select different sizes for mGT in the iteration, a 

curve based on the nominal performance and the mGT size has been applied. Based on [31] different 

points for different gas turbines are analyzed which are illustrated in Table 1.  
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The method of thermal power evaluation from the FC stack can be observed in Fig. (1). As can be seen, it 

is achieved by the difference in specific enthalpy changes of the gas stream, i.e.  
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output and the input, respectively. 

And the electric power in the turbine model is achieved as follows: 
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where, ηGT describes the gas turbine efficiency. 

The model of the recuperated gas turbine cycle is considered as a black box. Fig. (3) shows the efficiency 

ηGT versus power. Since meta-heuristic algorithms may select different sizes for mGT in the iteration, a 

curve based on the nominal performance and the mGT size has been applied. Based on [31] different 
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where, FU determines fuel utilization. 
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The method of thermal power evaluation from the FC stack can be observed in Fig. (1). As can be seen, it 

is achieved by the difference in specific enthalpy changes of the gas stream, i.e.  

Q̇ = ṁo × hO − ṁI × hI (15) 

where, h represents the enthalpy [kj/kg], 𝑎𝑎𝑎𝑎 describes the mass flow rate [kg/s], and O and I describe the 

output and the input, respectively. 

And the electric power in the turbine model is achieved as follows: 

P = �̇�𝑄𝑄𝑄 × ηGT (16) 

where, ηGT describes the gas turbine efficiency. 

The model of the recuperated gas turbine cycle is considered as a black box. Fig. (3) shows the efficiency 

ηGT versus power. Since meta-heuristic algorithms may select different sizes for mGT in the iteration, a 

curve based on the nominal performance and the mGT size has been applied. Based on [31] different 

points for different gas turbines are analyzed which are illustrated in Table 1.  
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where, FU determines fuel utilization. 
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The method of thermal power evaluation from the FC stack can be observed in Fig. (1). As can be seen, it 

is achieved by the difference in specific enthalpy changes of the gas stream, i.e.  
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where, h represents the enthalpy [kj/kg], 𝑎𝑎𝑎𝑎 describes the mass flow rate [kg/s], and O and I describe the 

output and the input, respectively. 

And the electric power in the turbine model is achieved as follows: 

P = �̇�𝑄𝑄𝑄 × ηGT (16) 

where, ηGT describes the gas turbine efficiency. 

The model of the recuperated gas turbine cycle is considered as a black box. Fig. (3) shows the efficiency 

ηGT versus power. Since meta-heuristic algorithms may select different sizes for mGT in the iteration, a 

curve based on the nominal performance and the mGT size has been applied. Based on [31] different 

points for different gas turbines are analyzed which are illustrated in Table 1.  
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Such that degradation helps to improve the Ohmic resistance, i.e [29]. 

𝑅𝑅𝑅𝑅Ω = 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑦𝑦𝑦𝑦ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 + 𝜌𝜌𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑦𝑦𝑦𝑦ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝜌𝜌𝜌𝜌𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑦𝑦𝑦𝑦ℎ𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 + �̈�𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 (12) 

where, �̈�𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 describes a constant value equal to16 × 10−7 Ω𝑎𝑎𝑎𝑎2, and the resistivity 𝜌𝜌𝜌𝜌 is a function of the 

temperature.  

In this study, the impact of interconnects on bulk material Ohmic losses in order to high electronic 

conductivity has been neglected.  

The impact of degradation (by the coefficient rd) is declared as follows [30]: 

rd =
0.6 × FU + 0.74

1 + e�
TFC−1080

23 �
�e2.64i − 1� (13) 

where, FU determines fuel utilization. 

And 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 describes the degradation irreversible impact at each sample time as follows [28]:  

𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = ��𝑅𝑅𝑅𝑅Ω + �̈�𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜�
time

×
rd

1000
 (14) 

The method of thermal power evaluation from the FC stack can be observed in Fig. (1). As can be seen, it 

is achieved by the difference in specific enthalpy changes of the gas stream, i.e.  

Q̇ = ṁo × hO − ṁI × hI (15) 

where, h represents the enthalpy [kj/kg], 𝑎𝑎𝑎𝑎 describes the mass flow rate [kg/s], and O and I describe the 

output and the input, respectively. 

And the electric power in the turbine model is achieved as follows: 

P = �̇�𝑄𝑄𝑄 × ηGT (16) 

where, ηGT describes the gas turbine efficiency. 

The model of the recuperated gas turbine cycle is considered as a black box. Fig. (3) shows the efficiency 

ηGT versus power. Since meta-heuristic algorithms may select different sizes for mGT in the iteration, a 

curve based on the nominal performance and the mGT size has been applied. Based on [31] different 

points for different gas turbines are analyzed which are illustrated in Table 1.  

 

Table 1. Characteristics of different turbines. 

Turbine model Power [kW] Efficiency [%] 

-  Power Works™ [31] 69 26.9 

MT 100 [31] ABB 99 29 

C200 [31] Capstone 199 32 

C600S [32] Capstone 599 32 

 describes the gas turbine efficiency.
The model of the recuperated gas turbine 

cycle is considered as a black box. Fig. (3) shows 
the efficiency GTç  versus power. Since meta-
heuristic algorithms may select different sizes for 
mGT in the iteration, a curve based on the nominal 
performance and the mGT size has been applied. 
Based on [31] different points for different gas 
turbines are analyzed which are illustrated in Table 
1. 
In the present study, the value of the total system 
power and FC stack voltage are assumed constant. 
In addition, load incensement to the turbine as the 
cell power is degrading.

The turbine input temperature (TIT) and 
consequently the output power of the turbine 
have been increased based on the anode fuel flow 
incensement. A PID controller has been also used to 
keep a constant voltage and decrease degradation. 
By decreasing the current, cathode airflow has 
been adjusted by changing a bypass valve to keep 

constant T∆  through the cell. Table 2 illustrates the 
required nominal parameters.

This study uses the life cycle of the first solid 
oxide fuel cell for economic analysis of the internal 
rate of return (IRR), i.e. the stacks replacement 
has been neglected. Therefore, the End of Life 
(EOL) condition is first determined, and then the 
economic parameters are evaluated during this 
period. The term EOL is considered a considered 
condition that is reached by the turbine power 
which means that after that point, the overall 
system power doesn’t assume constant. 

The optimization purpose here is to search for 
the best size of the micro gas turbine to maximize 
the internal rate of return at the fuel cell stack 
end of life. Here, a fixed percentage for annual 
maintenance cost, electrical power generation, the 
capital cost of the hybrid systems, and the variable 
costs considered fuel consumption have been fixed 
costs for the economic analysis. The formulation 
for the IRR is given below [33]:

Table 1. Characteristics of different turbines. 
 

Turbine model Power [kW] Efficiency [%] 
-  Power Works™ [31] 69 26.9 

MT 100 [31] ABB 99 29 
C200 [31] Capstone 199 32 
C600S [32] Capstone 599 32 
C800S [32] Capstone 790 32 

C1000S [32] Capstone 990 32 
- AlliedSignal [31] 74 28.4 

TA 45 [31] EES 44 29 
TA 80 [31] EES 79 29 

TA 200 [31] EES 199 29 
C30 [31] Capstone 29 25 
C65 [31] Capstone 64 28 

 
  

Table 1. Characteristics of different turbines.

 
Fig.3. The efficiency of the gas turbine 
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Fig. 3. The efficiency of the gas turbine
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( )

EOL
j

j
j 1

CFN
TCI 0

1 IRR=

− =
+

∑    (17)

where,
j CFN describes the annual cash flow and 

is achieved by the following equation:

j el el, j main, j f f , jCFN E P C C P= × − − ×    (18)

where, the subscript el and f determine the 
electrical and the fuel terms. By considering 
the USA market, the assumptions for economic 
parameters to solve the optimization problem have 
been presented as follows [33]:

 Revenue of $ / kWh  0.15 for generated 
electricity based on a feed-in tariff to satisfy the 
early penetration of solid oxide fuel cells in the 
market.

 The initial analysis includes $ / kW  950 costs for 
the fuel cell stack with 395 kW stack and 1% of the 
stack cost for auxiliaries [34].

 Considering 3% of the overall investment cost 
for the yearly maintenance cost.

 Apply a 1% internal ratio for actualizing the 
cash flows.

Due to the variable value of the mGT size at each 
step of the optimization process, a dynamic cost for 
the micro gas turbine should be considered. To do 
so, based on the data from [32], the cost function 
for the mGT is:

( )y 160 ln 2090x= − × +
   (19)

2 0.99R =

4. IMPROVED RHINO HERD (RH) ALGOR-
ITHM

In recent years the numbers of different 
complicated optimization algorithms have been 
increasing [35-39]. With the improvements in the 
systems identification and increasing the complexity 
of the models by adding nonlinear and other cases, 
solving these problems with classic methods has 
been getting so hard or even impossible [40-43]. To 

solve this problem, recently, a group of the random-
based methods, called meta-heuristics have been 
introduced [44-46]. These algorithms are inspired 
by different processes in nature. There are lots of 
meta-heuristics in the literature, like World Cup 
Optimization [47], Whale Optimization Algorithm 
(WOA) [48], Variance Reduction of Gaussian 
Distribution (VRGD) [36], Emperor penguin 
optimizer (EPO) [49], Quantum Invasive Weed 
Optimization (QIWO) algorithm [44], and Rhino 
Herd (RH) Algorithm [50].

Rhino Herd Algorithm is a new meta-heuristic 
that achieves good results against popular methods. 
The only shortcoming of this algorithm is its 
premature convergence. In this research, a new 
improved version of this algorithm is proposed 
for improving the Rhino Herd Algorithm. Rhinos 
are one of the major mammals that live on land 
and are in danger of extinction due to human use 
of the horns of these animals. There are 5 main 
species and 11 subclasses of rhinos; some have 
two horns while others have one. Since horned 
animals have been used in traditional medicine for 
their healing properties, the rhinos were almost in 
danger of extinct. Rhinos are herbivores, meaning 
they only eat plants. Each species eats a different 
vegetation type. This is because their snouts have 
different shapes to accommodate different types of 
food. Black rhinos, for example, eat trees or shrubs 
because their long lips allow them to pick up leaves 
and fruits. White rhinos have a wide muzzle that 
allows them to eat grass near the ground. Rescue 
statistics of rhinos estimates that by the beginning 
of the 20th century, there were 500,000 rhinos 
throughout Africa and Asia. The group says there 
are 29,000 rhinos in the wild today. The extinction 
and loss of their habitat have put all species of rhinos 
at risk of extinction. According to the International 
Union for Conservation of Red List species, they 
are threatened with extinction.

4.1. The mathematical model for herding behavior in 
rhinos

The main parts of the rhino herd algorithm are 
the population size updating model and the space 
use model. The mathematical model for the space 
use contains a multi-variable model, a synoptic 
model that is employed for estimating a rhino’s 
probability of occurrence participated with different 
HDVs, such as the occurrence of other animals, the 
spatial distribution of resources, and a home range. 
In the synoptic model, by neglecting the impact of 

 
Table 2. The required nominal parameters 
 

Parameter Value Unit 
Current 198 𝐴𝐴𝐴𝐴 
Voltage 0.8 𝑉𝑉𝑉𝑉 
Stack power 395 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 
Airflow 1.0 kg/s 
Turbine input temperature 940 ℃ 
Total power 480 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

 
  

Table 2. The required nominal parameters



Caiyuan Xiao and Guiju Zhang

Journal of Smart Systems and Stable Energy, 1(1): 15-29 Winter 2022 21

environmental covariates, a null model of space use 
( )0f x  is implemented to determine a rhino’s sing 

distribution. This formulation is given below:

𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥) =
2

𝑧𝑧𝑧𝑧2𝜋𝜋𝜋𝜋𝑦𝑦𝑦𝑦2Γ(𝑧𝑧𝑧𝑧)
exp �−�

‖𝑥𝑥𝑥𝑥 − 𝜇𝜇𝜇𝜇‖
𝑦𝑦𝑦𝑦 �

2
𝑎𝑎𝑎𝑎
� 

(20) 

where, 𝜇𝜇𝜇𝜇 describes the distribution center, Γ represents the gamma function, ||𝑥𝑥𝑥𝑥 − 𝜇𝜇𝜇𝜇|| determines the 

distance between 𝑥𝑥𝑥𝑥 and 𝜇𝜇𝜇𝜇, and 𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧 > 0 are the scale and the shape parameters, respectively. Afterward, a 

parameter (𝐻𝐻𝐻𝐻(𝑥𝑥𝑥𝑥) ) as a function for determining the environmental covariate has been added to the null 

model 𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥). In the model, 𝑠𝑠𝑠𝑠(𝑥𝑥𝑥𝑥) describes the rhino searching probability density at position 𝑥𝑥𝑥𝑥 during the 

period simulation. For each position, 𝑘𝑘𝑘𝑘 environmental variables (HDVs) have been employed as 

covariates for modeling the distribution if a rhino’s utilization. Therefore, the synoptic model can be 

formulated as follows: 

𝑠𝑠𝑠𝑠(𝑥𝑥𝑥𝑥) =
𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥) + 𝛽𝛽𝛽𝛽 ×𝐻𝐻𝐻𝐻(𝑥𝑥𝑥𝑥) × 𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥)

∫[𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥) + 𝛽𝛽𝛽𝛽 × 𝐻𝐻𝐻𝐻(𝑥𝑥𝑥𝑥) × 𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥)]𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥
 

(21) 

where, 𝛽𝛽𝛽𝛽 represents a parameter for handling the effect magnitude. Therefore, by introducing 𝑘𝑘𝑘𝑘 

covariates, the space use model is determined as below: 

𝑠𝑠𝑠𝑠(𝑥𝑥𝑥𝑥) =
𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥)∏ �1 + 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖 × 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥)�𝑏𝑏𝑏𝑏

𝑖𝑖𝑖𝑖=1

∫�𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥)∏ �1 + 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖 ×𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥)�𝑏𝑏𝑏𝑏
𝑖𝑖𝑖𝑖=1 �𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥

 
(22) 

Since the solution for the denominator of the above equation is so complicated, its equivalent  based 

on [51] has been utilized, i.e. 

𝑠𝑠𝑠𝑠(𝑥𝑥𝑥𝑥) =
𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥)∏ �1 + 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖 × 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥)�𝑏𝑏𝑏𝑏

𝑖𝑖𝑖𝑖=1

𝐴𝐴𝐴𝐴∑�𝑓𝑓𝑓𝑓0(𝑥𝑥𝑥𝑥)∏ �1 + 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖 × 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥)�𝑏𝑏𝑏𝑏
𝑖𝑖𝑖𝑖=1 �

 
(23) 

where, A describes the area of grid cells. 

Therefore, an updated synoptic model for determining the search direction of the next iteration in the 

algorithm for the 𝑗𝑗𝑗𝑗𝑜𝑜𝑜𝑜ℎ  HDV of the rhino number 𝑦𝑦𝑦𝑦 is as follows: 

𝑠𝑠𝑠𝑠�𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗� =
𝑓𝑓𝑓𝑓0(𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖) �1 + 𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖 × 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖�𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗��

𝐴𝐴𝐴𝐴∑ �𝑓𝑓𝑓𝑓0�𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖,𝑏𝑏𝑏𝑏� �1 + 𝛽𝛽𝛽𝛽𝑏𝑏𝑏𝑏 × 𝐻𝐻𝐻𝐻𝑏𝑏𝑏𝑏�𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖,𝑏𝑏𝑏𝑏���𝑎𝑎𝑎𝑎
𝑏𝑏𝑏𝑏=1

 
(24) 

   (20)

where,  µ  describes the distribution center, Ã 
represents the gamma function, x µ−  determines 
the distance between x  and µ , and , 0a c >  are 
the scale and the shape parameters, respectively. 
Afterward, a parameter ( ( )H x ) as a function for 
determining the environmental covariate has been 
added to the null model ( )0f x . In the model, ( )s x  
describes the rhino searching probability density 
at position x  during the period simulation. For 
each position, k  environmental variables (HDVs) 
have been employed as covariates for modeling the 
distribution if a rhino’s utilization. Therefore, the 
synoptic model can be formulated as follows:

( ) ( ) ( ) ( )
( ) ( ) ( )

0 0

0 0

f x H x f x
s x

f x H x f x dx
β
β
+ × ×

=
 ∫ + × × 

   (21)

where, β  represents a parameter for handling 
the effect magnitude. Therefore, by introducing k  
covariates, the space use model is determined as 
below:

( )
( ) ( )( )
( ) ( )( )

0 1

0 1

1

1

k
i ii

k
i ii

f x H x
s x

f x H x dx

β

β
=

=

+ ×
=

 ∫ + × 

∏
∏

   (22)

Since the solution for the denominator of the 
above equation is so complicated, its equivalent  
based on [51] has been utilized, i.e.

( )
( ) ( )( )
( ) ( )( )

0 1

0 1

1

1

k
i ii

k
i ii

f x H x
s x

A f x H x

β

β
=

=

+ ×
=

 ∑ + × 

∏
∏

  (23)

where, A describes the area of grid cells.
Therefore, an updated synoptic model for 

determining the search direction of the next 
iteration in the algorithm for the  thj  HDV of the 
rhino number i  is as follows:

( )
( ) ( )( )
( ) ( )( )

0 ,
,

0 , ,1

1

1

i i i i j
i j m

i k k k i kk

f X H X
s X

A f X H X

α

β
=

+ ×
=

 + × ∑
   (24)

where, m  represents the size of the population, 
iα  and kβ  describe the handling parameter to 

control the effect magnitude from ( )H X , ( )iH X  and 
( )kH X  determine the related variables that have 

an impact on the rhino i . In this algorithm, for 

simplification, ( ), , i i j i jH X H= and ( ), , i i k i kH X H= .
The update equation for the thi  rhino is as 

follows:

( )
( ), 

,   0.5
,   0.5

i i i i
i new

i i i i

H H S H H rand
H

H H S H H rand
 + × ⊗ >=  − × ⊗ ≤

     (25)

where, , i newH  describes the updated position of 
the rhino, rand  represents a random number, and 
the symbol ⊗  describes the pairwise product. 

A random term is then added to increase the 
population diversity as follows:

( )
( ), 

,   0.5
,   0.5

i i i
i new

i i i

H rand S H H rand
H

H rand S H H rand
 + × ⊗ >=  − × ⊗ ≤

   (26)

And for the  thj  HDV in µ  for the Null model 
( )0f X , the formulation is as follows:

,
1

1 m

j i j
i

H
n

µ
=

= ×∑     (27)

The second important parameter in the 
algorithm is the population size updating model. 
The relation between the number of real population 
from the original data, ( )p t  and the number of 
predicted rhino, ( )n t  are achieved by the following 
equation:

( ) ( ) ( )p t n t tε= +       (28)

where, ( )tε  describes an error term between 
( )n t  and ( )p t .

Therefore, the population of the herd rhino for 
the algorithm is modeled as follows. 

1t t tn n r n+ = + ×     (29)

where, r  determines a constant for describing 
the specific growth rate, and tn  and 1tn +  describe 
the population size at generation t  and 1t + , 
respectively.

4.2. Improved rhinos herding algorithm
One shortcoming of the rhinos herding algorithm 
is its premature convergence that is derived from 
the randomly generated values in each iteration. 
The present study uses a chaos mechanism, called 
singer mapping [52, 53] to solve this shortcoming. 
This mechanism maps the unknown parameters α  
and β  to a regular formulation:

One shortcoming of the rhinos herding algorithm is its premature convergence that is derived from 

the randomly generated values in each iteration. The present study uses a chaos mechanism, called singer 

mapping [52, 53] to solve this shortcoming. This mechanism maps the unknown parameters 𝛼𝛼𝛼𝛼 and 𝛽𝛽𝛽𝛽 to a 

regular formulation: 

αi+1 = 1.07�7.9αi − 23.3αi2 + 28.7αi3 − 13.3αi4� (30) 
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Table 3. The utilized benchmarks for the algorithm analysis 
 

# Benchmark Function Constraint 

1 Rastrigin 𝑓𝑓𝑓𝑓1(𝑥𝑥𝑥𝑥) = 10𝐷𝐷𝐷𝐷 + ��𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖2 − 10𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝜋𝜋𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖)�
𝐷𝐷𝐷𝐷

𝑖𝑖𝑖𝑖=1

 [-512, 512] 

2 Rosenbrock 𝑓𝑓𝑓𝑓2(𝑥𝑥𝑥𝑥) = ��100�𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖2 − 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖+1� + (𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 − 1)2�
𝐷𝐷𝐷𝐷−1

𝑖𝑖𝑖𝑖=1

 
[-2.045, 
2.045] 
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𝐷𝐷𝐷𝐷
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+ 𝑒𝑒𝑒𝑒 
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4 Sphere 𝑓𝑓𝑓𝑓4(𝑥𝑥𝑥𝑥) = �𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖2
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4.3. Algorithm validation
For validation of the proposed method 

performance, four validation functions have been 
analyzed and the results are compared by some new 
algorithms such as shark smell optimization (SSO) 
algorithm [56], emperor penguin optimization 
(EPO) [49], world cup optimization algorithm 
(WCO) [47], and the original RH to show the system 
efficiency. The dimension of all the benchmarks are 
in the range 30 and 50 and the other information 
are given in Table 3.

The simulation results of the proposed method 
are declared in Table 4. The results illustrate both 
Mean Value (MV) and also Standard Deviation 
(SD).

As can be seen from Table 4, the proposed IRH 
could postpone all the compared methods for the 
four employed benchmarks in terms of accuracy 
and also precision.

5. SIMULATION RESULTS
The simulation has been implemented on 

a Laptop with configuration Intel® CoreTM i7-
4720 HQ@2.6 GHz and 16 GB Ram and the 
platform for the simulation is MatlabR2017b 
and has implemented in Matlab was used [45]. 
The main benefit of using IHB for the mGT size 
optimization is the excellence of this method 
in escaping from the local optimum. The main 
purpose is to maximize a cost function including 
the decision variable the mGT size and the IRR. 

Since the total system power is set 480 kW , 
the maximum power of the micro gas turbine is 
480 kW . 

In addition, since the stack power is 395 kW , 
the minimum size of the gas turbine to get the 
overall power is 95 kW  which shows the range of 
optimization process to find the optimum size of 
the gas turbine. Table 5 illustrates the obtained 
parameters for different sizes of mGTs. As can 
be seen, although that small sizes of mGT give 
lower capital cost, it decreases the fuel cell life 
which makes the plant results not economically 
convenient.

In addition, a large size of mGT gives high 
capital cost along with an increase in fuel cell life. 
As can be seen from Table 5, by just increasing the 
mGT size from 350 kW  to 400 kW , an increasing 
about 12.77 years has been added to the fuel cell life 
due to the related solid oxide fuel cell degradation 
mitigation because based on the utilized control 
procedure, the rate of voltage degradation has been 
decreased over time as the current drawn from the 
FC stack has been reduced. Therefore, the impact 
of degradation and time is lower, but the lifetime 
extension is clearer when the stack power has been 
decreased more. Table 5 also represents that the best 
optimal solution is in the range [ ]350 , 450 kW kW . 

Figs. (5)-(8) show the results of the mGT 
efficiency and the power-sharing for four different 
mGT sizes. By applying the economic analysis, the 
cash flow of the fuel cell stack life is shown in Figs. 

 
Table 4. The simulation results of the proposed method 

 
Benchmark  IRH EPO GA [57] SSO [58] WCO [47] RH 

f1 
MV 0.00 2.28 70.61 74.24 2.19 2.15 
SD 0.00 3.53 1.66 8.96 4.35 3.96 

f2 
MV 3.51 13.10 35.41 200.1 13.16 12.53 
SD 2.97 4.72 27.15 59.00 4.62 4.25 

f3 
MV 0.00 6.23e-16 3.21e-2 7.96 4.93-3 7.8e-16 
SD 0.00 0.00 2.16e-2 1.23 9.8e-4 0.00 

f4 
MV 0.00 0.00 1.21e-4 7.85e-4 5.72e-9 0.00 
SD 0.00 0.00 3.21e-5 4.68e-4 3.64e-9 0.00 

 
  

Table 4. The simulation results of the proposed method

Table 5. The achieved parameters for different sizes of mGTs 
 

Micro Gas Turbine Model [kW] 190 250 300 350 400 450 
Micro Gas Turbine Design Efficiency [%] 0.40 0.41 0.42 0.43 0.44 0.45 
Capital cost [k$] 558 617.4 662.5 731.8 782.4 834.2 
Life of Fuel cell [Years] 0.47 1.51 2.89 6.85 19.62 40.59 
IRR [%] -0.82 -0.65 -0.18 0.07 0.14 0.11 

 
  

Table 5. The achieved parameters for different sizes of mGTs
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(5)-(8).  Especially, the behavior of both electricity 
selling revenues and the fuel consumption cost has 
been highlighted. 

Here, by increasing of the anode fuel flow 
and the mGT power-sharing with assuming the 
constant values during the entire life, the amount of 
the fuel consumption has been enhanced because 
of the system efficiency reduction. 

The optimization simulation analyzed the cash 
flow during the entire life of the plant for several 
sizes of micro gas turbines. For more clarification, 
consider the results achieved below:

- 190kW  mGT: 141 $k  and 264 $k  for fuel 
consumption and the electricity, respectively in 
year 1.

- 300kW  mGT: 380 $k  and 620 $k  for fuel 
consumption and the electricity, respectively in 

year 1, 422 $k  and 620 $k  in year 2, and 280 $k  and 
400 $k  in year 3

By analyzing the cash flow for the 450kW  
mGT for 40 years, the results show that in the last 
year, however, the two points related to the fuel 
and the electricity have a lower value than the 
previous year, the ratio between fuel consumption 
and sold electricity revenues follows the former 
performance. By applying the optimization 
algorithm on the system, the optimum value for an 
mGT is obtained 405 kW .
Fig. (9) shows the optimal value achieved to the 
internal rate of return by the presented algorithm 
(the red-filled circle).

The obtained optimal parameters are given in 
Table 6. As can be observed from the results, in the 

 
Fig.5. mGT efficiency and power-sharing for mGT size 200 
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Fig.6. mGT efficiency and power-sharing for mGT size 300 
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Fig. 5. mGT efficiency and power-sharing for mGT size 200

Fig. 6. mGT efficiency and power-sharing for mGT size 300



Caiyuan Xiao and Guiju Zhang

Journal of Smart Systems and Stable Energy, 1(1): 15-29 Winter 2022 25

 
Fig.7. mGT efficiency and power-sharing for mGT size 400 
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Fig.8. mGT efficiency and power-sharing for mGT size 450 
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Fig. 7. mGT efficiency and power-sharing for mGT size 400

Fig. 8. mGT efficiency and power-sharing for mGT size 450

 
Fig. 9. value achieved to the internal rate of return by the presented algorithm 
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studied system, the best economic condition is to 
share the power between mGT and SOFC with an 
almost fifty percent ratio. In this condition, however, 
the capital cost of the mGT is getting higher, the 
working period for the system has been increased 
and the capital cost has been compensated by 

selling the extra electrical energy to the grid. 
For more analysis of the system, consider Fig. 

(10). As can be seen, the current load has been 
decreased gradually by the voltage controller to 
achieve a double effect. Gradually decreasing 
the fuel consumption to amplify the Nernst 

Table 6. The optimal values achieved for the parameters of the system 
Parameter Value Unit 
The capital cost of the mGT  770.4 K$ 
The design efficiency of the mGT 0.34 % 
The size of the mGT 405 kW 
The life cycle of the fuel cell 24 Yrs 
internal rate of return 0.134 % 
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voltage, and decreasing the loss voltage because of 
degradation based on the fuel consumption and 
lower current density. For keeping the total power 
system in constant value, the load has been effluent 
to the turbine, by increasing the anode side fuel 
flow and accordingly thermal has been shifted to 
the gas turbine from the cell.

As can be seen in Fig. (11), the stack efficiency 
has been decreased in the time period in order to 
the degradation process. Therefore, by increasing 
the mGT efficiency, the effluent load to the turbine 
doesn’t allow a significant decreasing in the hybrid 
system performance.

6. CONCLUSION
In the current study, an optimal analysis was 

applied on a hybrid solid oxide fuel cell- micro 
gas turbine system to investigate the impact of 
the gas turbine size on the system reliability. 
The internal rate of return was selected as a cost 
function for the system analysis. The fuel cell 
degradation was also considered in the analysis. 
Simulation results illustrated that from the fuel 
cell degradation point of view, an equal power-
sharing between gas turbine and SOFC optimized 
the economic return of the plant that is different 
from the practical results. The optimization 
process was applied based on a newly developed 
version of the Rhino Herd (RH) Algorithm as a 
new bio-inspired optimization algorithm with the 
drawback of premature convergence. The proposed 
developed algorithm improved this shortcoming 
and the results were compared and validated by 
some different algorithms based on some different 
benchmarks. The algorithm was performed to 
the system to select the optimal value for the gas 
turbine size based on the economic conditions. 
Then, some different performance analyses were 
performed on the fuel cell efficiency in terms of the 
degradation contribution.
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