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ABSTRACT    

In this research, a new trigeneration system with the prime 
mover of solid oxide fuel cells and solar energy was simulated to 
supply the required energy of a sample building in Shahrood, 
Iran. For this purpose, at first, the required loads of the building 
have been calculated. Then, the trigeneration system was used to 
provide the required heating, cooling, and electrical loads for the 
building. The analysis was performed for each component of the 
system from energy aspects. Then the obtained equations were 
solved using EES software. The results showed that the total 
amount of electrical power produced by the system in spring and 
summer is about 1184.5 kW and in autumn and winter is 1121.7 
kW. The total electrical energy produced by the system during 
the year is about 9921112 kWh. Also, 1301.2 MWh of thermal 
energy was collected by 50 solar panels throughout the year. The 
electrical efficiency of the fuel cell is 46.77% and the whole 
system is 53.97%. Also, the thermal efficiency of the whole system 
is equal to 86.9%. The carbon dioxide emission coefficient is 
358.2, which is very low and desirable compared to fossil fuel 
systems. Due to the intensity of solar radiation in the city of 
Shahrood, the designed system can provide heat and cold loads 
for the building well and the efficiency of the trigeneration 
system is much higher than similar systems and the amount of 
pollution is much lower. 
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1. Introduction 

The energy crisis is one of the issues of 
concern in today's societies. Fossil fuels, which 
have so far provided much of the energy 
needed by humans, are a declining resource 
that will help develop human society in the 
future [1]. On the other hand, the systems 
which consume these fuels have low 

efficiency. Considering the issues of fossil fuel 
reduction, global warming and the low 
efficiency of current energy conversion 
technologies, the use of efficient and modern 
energy production systems is of paramount 
importance. Combined generation systems are 
one of the most important pieces of equipment 
for increasing energy efficiency [2]. 
Conventional and old fuel consumption 
systems, in addition to wasting fuel resources 
due to low thermal efficiency, are also sources 
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of environmental pollution. In addition, the 
extent of pollution from fossil fuels has made 
life on Earth difficult. Given the above, 
choosing the right, cheap and clean fuel as an 
alternative to fossil fuels is necessary. In 
addition to fuel replacement, the use of new 
energy conversion systems with high 
efficiency and low pollution is one of the 
important and significant solutions in this field 
[3]. The use of new energy and energy 
conversion systems with high efficiency and 
low pollution is necessary. Fuel cells are one of 
the energy conversion systems. Fuel cell due to 
their high efficiency and lack of environmental 
pollution is now a good solution to overcome 
the energy bottleneck and environmental 
pollution. The combined heating, cooling and 
power system is also one of the modern 
technologies and one of the new energy 
conversion systems and due to its high 
efficiency, it is considered by governments and 
research centers. Therefore, it is necessary to 
study these types of systems in order to 
optimize and commercialize them and add new 
technologies to them, which will be examined 
in this research [4,5]. 

These systems can use a variety of prime 
movers, including gas turbines [1], steam 
turbines [4-6], internal combustion engines [7-
9], Stirling engines [10-14], fuel cells [15-18], 
and renewable sources [19-21]. Recently, 
power plants based on fuel cells have received 
more attention due to their high heat efficiency, 
low operating costs and low emissions. 
Systems based on gas turbines [2, 3] and 
internal combustion engines [8] had good 
thermal performance, but the emission rate of 
greenhouse gases and nitrogen oxide 
compounds in them was very high. Because in 
these systems, combustion occurs at high 
temperatures and as a result, various 
compounds of nitrous oxide (NOx) are formed. 
These systems are economically justified when 
they have large-scale production. Also, in 
systems with steam turbine prime mover [4, 5], 
the overall performance of the system was 
lower due to the low thermal efficiency of the 
system. Furthermore, the start-up time of steam 
turbines and their initial investment costs are 
very high [6], so they are not very suitable for 
use in the combined generation system, 
especially on a small scale. Stirling engines 

have good thermal properties because different 
heat sources can be used in this system, but the 
most important drawback of these systems is 
the existence of multiple heat exchangers. The 
thermal efficiency of these systems is highly 
dependent on the thermal performance of the 
converters. Since access to high-performance 
heat exchangers requires initial costs as well as 
high maintenance costs, most of these systems 
are not economically viable.  

The aim of this study is to analyze the 
energy, exergy, and environmental 
performance of a new Trigeneration system 
using solar energy and solid oxide fuel cells 
and to show the potential of using this system 
for a typical residential building in Shahrood. 
The sub-objectives of the research are to 
calculate the effect of current density on 
voltage and fuel cell power density, electrical 
efficiency, and the number of solar cells; and 
to calculate the effect of radiation intensity on 
energy efficiency and total exergy efficiency. 

Nomenclature 

A Area 
C Thermal Capacity 
D Hydraulic diameter 
𝐸𝑂𝐶𝑉 Voltage open circuit energy 
𝑓 friction coefficient 
F Visibility coefficient 
J Current Density 
h Enthalpy 
L length of the pipe 
m Mass 
𝑄̇ Heat flux 
T Temperature 
U Overall heat transfer coefficient 
𝑉𝑐𝑒𝑙𝑙 Cell voltage 
𝑊̇l Power 

Abbreviations 

CHP combined heat and power 
CCHP combined cooling heat and power 
EES Engineering equation solver 
LHV Lower heating Value 
SOFC Solid oxide fuel cell 

Subtitles 

𝑐 Collector 
𝐼 ̇ Exergy  destruction rate 
𝑃 Pressure 
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r receiver 
𝑒𝑙𝑒 Electric 
𝐸𝑥̇l Exergy 
E Evaporator 
SP Coils inside receiver tubes 

Greek symbols 

𝜎 Boltzmann Constant 
𝜂 efficiency 
ψ Atomic ratio of hydrogen to carbon 
𝜀 Absorption coefficient 
𝜌 Density 
∆𝐺𝑓l Gibbs free energy 
∆𝑉𝑜ℎ𝑚 Ohmic voltage losses 
∆𝑉𝑎𝑐𝑡 Activation voltage Losses 
∆𝑉𝑡𝑟𝑎𝑛𝑠l Transient state voltage losses 

2. Literature review 

Many different studies have been conducted on 
combined generation systems with various 
types of prime movers. 

In general, the efficiency of energy 
conversion systems has technical-economic 
limitations. Selecting high-efficiency energy 
conversion technologies, combining energy 
conversion technologies and using them in CHP 
systems are suitable solutions to increase the 
efficiency of the energy conversion system and 
reduce the unit cost of energy due to technical-
economic constraints. In the meantime, solar 
energy has received much attention due to its 
being accessible and available. Solar energy can 
be more economical than other renewable 
energies, especially in countries with a higher 
rate of solar irradiance. On the other hand, the 
fuel cell has high reliability and it is necessary to 
use it along with solar energy, which is not 
always available. Therefore, in this study, the 
main focus has been on solar energy and fuel 
cells. 

Sheykhi et al. [8] investigated the efficiency 
of a combined heat and power (CHP) system 
using internal and external combustion 
engines. They showed that the system's 
performance is strongly dependent on the 
rotational speed of the engine and, therefore to 
provide the load of buildings that do not have a 
baseload and the consumption pattern has 
many fluctuations using these systems. 
Therefore, the system will work for a long time 
with less efficiency than the nominal value. 

Chahartaghi et al. [13] developed a 
thermodynamic model of a combined cooling 
heating and power (CCHP) system on a beta-
type Stirling engine used to reduce fuel 
consumption and emissions. Their system 
consists of two beta-Stirling engines as the 
prime mover, a heat recovery system. , an 
absorption chiller, and a power generator. The 
effects of engine speed and heater wall 
temperature on efficiency, fuel consumption, 
and emitted carbon dioxide were studied and 
fuel consumption and carbon dioxide 
emissions decreased compared to conventional 
systems. 

Chahartaghi et al. [14] investigated the 
CCHP system consisting of a Stirling engine 
with helium and hydrogen gases, which could 
also be used for domestic applications. The 
non-ideal adiabatic engine was considered and 
two beta Stirling engines and an absorption 
chiller were introduced, which work with the 
heat loss of the engine and the effects of heater 
speed and temperature, and type of operating 
gases on the coefficient of performance and 
CCHP efficiency, reduce operating costs. The 
reduction of dioxide emissions compared to 
conventional methods was investigated and the 
results were shown for both gases separately. 

Calise et al. [22] investigated the design and 
dynamic simulation of a cogeneration system 
using photovoltaic thermal (PVT) collectors. In 
their research, they designed and simulated a 
system for generating heat and cold and 
electrical energy using solar energy. The 
temperature provided by the solar collector was 
about 80 degrees Celsius. For this reason, a 
one-stage absorption chiller of lithium bromide 
was used to provide refrigeration in the system. 
The system was designed to provide power, 
heat, hot water and cooling to a university 
building in Italy. Finally, this system was 
analyzed from an energy and economic 
perspective. They used TRNSYS software to 
simulate the system. 

Buonomano et al. [23] investigated a new 
design for trigeneration systems using 
centralized solar collectors. In their research, 
they examined high-temperature photovoltaic 
and thermal (PVT) panels. Because their goal 
was to provide high temperatures, they used 
parabolic solar collectors for this purpose. The 
collector used was capable of producing 
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temperatures up to 180 degrees Celsius. 
Therefore, a two-stage absorption chiller was 
used for this system. They used the zero-
dimensional energy balance model on the 
control volume to simulate the solar collector. 

Calise et al. [24] investigated a 
cogeneration system using solar energy. This 
system used PVT panels. Power, cold, heat, 
and water, were defined as the outputs of this 
system. They studied the dynamic modeling of 
the system and finally examined the system 
from an economic point of view. The system 
used MED technology to desalinate water, a 
one-stage lithium bromide absorption chiller to 
provide refrigeration, PVT panels to provide 
power and heat, and biomass auxiliary heaters. 

Kegel et al. [25] investigated using a solar 
production system using solar energy in a high-
rise building. They used TRNSYS software for 
their modeling. They examined energy 
consumption, greenhouse gas emissions by the 
auxiliary system, and system costs. 

Calise et al. [26] modeled the solar system 
to produce the necessary power, purified water, 
and cooling, simultaneously. They used a 
multi-stage desalination method to produce 
purified water, a steam absorption chiller to 
produce cold water, and photovoltaic solar 
panels to generate power. They simulated the 
studied system for transient conditions and 
obtained the equations of the dynamic state of 
the system. Then they improved the system in 
terms of energy efficiency as well as 
economics. It should be noted that they used 
reverse osmosis to produce purified water. 

Buonomano et al. [27] analyzed the energy 
and economics of a trigeneration system for a 
hotel building. The system they were using all 
used renewable energy. The system used 
geothermal energy and solar energy to supply 
power, heat and cold to the sample hotel. In 
their research, they first designed and 
simulated a trigeneration system in small 
dimensions and finally optimized the system. 
The system they studied included an organic 
Rankine cycle (ORC) with a capacity of 6 
kWh, a 30 kW lithium bromide absorption 
chiller, a geothermal spring, and a flat panel 
solar collector. The thermal energy required for 
the Rankin organic cycle was provided by 
geothermal energy. 

Wang et al. [28] optimized the hybrid 

trigeneration system using lifecycle-based solar 
energy. The trigeneration system they studied 
was used to generate power, heating and 
cooling. The system used solar energy and 
natural gas. Windeknecht and Tezchutcher [29] 
optimized the heat output from the 
cogeneration system used in a private home 
using a high-temperature fuel cell. They 
showed in their research that by reducing the 
storage temperature to 35 ° C, the heat output 
from the fuel cell could be significantly 
increased. This method could also reduce the 
initial energy consumption. Nevertheless, they 
illustrated that when the economic analysis was 
added to the thermodynamic analysis, the 
optimal temperature point is 45 ° C. 

Verhaert et al. [30] evaluated an alkaline 
fuel cell micro-CHP system. They showed that 
for a constant mass flow rate of the coolant, in 
the refrigeration cycle (0.78 liters per second) 
the return temperature is in the range of 35 to 
46 ° C. 

Asensio et al. [31] modeled the CHP system 
based on the fuel cell using neural networks. 
Their purpose was to maximize system 
efficiency. They built an experimental 
prototype of their desired system with an 
output power of 600 w. They developed a new 
control system and showed that it can increase 
efficiency by about 8.91%. 

Forresti et al. [32] experimentally 
investigated the cogeneration system using a 
fuel cell equipped with a membrane reformer. 
They stated that the anode pressure and relative 
humidity had little effect on the output voltage. 
However, the relative humidity and cathode 
pressure have a significant effect on the output 
voltage. 

Jing et al [33] Optimized multi-objective 
functions of the CCHP system with solid oxide 
fuel cell based on economic and environmental 
criteria. They optimized their system for a 
hospital in Shanghai, China, and the results 
showed that the cost of generating energy per 
kilowatt-energy system was about $ 0.17 less 
than the non-optimized system. 

Moradi and Mehrpooya [34] optimized the 
design and economic analysis of a SOFC 
combined system with a parabolic solar 
collector with the aim of providing heating, 
cooling and electricity to high-rise commercial 
towers. They used a two-effect absorption 
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chiller and an organic Rankine cycle. They 
used MATLAB software for simulation. 

Chahartaghi and Alizadeh-Kharkeshi [35] 
performed CCHP thermodynamic analysis on a 
polymer membrane fuel cell as the prime 
mover, including a polymer membrane fuel 
cell, an absorption chiller, a pump and a heat 
storage source. The system was investigated in 
terms of energy, exergy and fuel storage rate. 
The results showed that the energy efficiency 
and exergy efficiency of the CCHP system 
were 81.5% and 54%, respectively. Exergy 
losses were also shown to occur most 
frequently in polymer membrane fuel cells. 
The effect of fuel cell dimensions was also 
studied and it was found that the larger the cell 
size, the higher the energy efficiency and 
efficiency of the chiller, but the lower the 
exergy efficiency. In addition, a coefficient 
called y was defined, which indicates that 
when energy production by the fuel cell is used 
for shooting applications, the energy efficiency 
is low, but in smaller values of y, the exergy 
efficiency increases. 

Mehrpooya et al [36] examined the 
feasibility of using a solid oxide fuel cell to 
design the CCP system for a residential 
building. The system designed by them has 120 
kW of electrical power with 45% efficiency 
and the overall efficiency of the system is 
about 60%. The payback period is calculated at 
8.5 years. 

You et al [37] investigated a common and 
advanced exergoeconomic CCHP coupled to a 
MED desalination system using a solid oxide 
fuel cell and a gas microturbine. They showed 
that the most exergy destruction occurs in the 
afterburner, which is 20.079%, followed by the 
SOFC with 12.986%. 

Zhao et al [38] analyzed energy, exergy, 
environmental, economic, and multi-objective 
optimization of the power, heat, and 
refrigeration system using a PEMFC fuel cell. 
The results showed that by optimizing the 
system, energy efficiency and exergy are 
reduced by 5.5% and 0.77%, respectively. 
System costs and greenhouse gas emissions are 
reduced by 10% and 21.27%, respectively. 

Hou et al. [39] presented a solar 
trigeneration system with a SOFC system for 
additional power production. They used 
absorption and electric chillers for cooling 

needs. They proposed an operation strategy for 
performance evaluation and the capacities of 
the main elements were optimized according to 
the particle swarm optimization method.  

Lu et al. [40] presented a hybrid system of 
solar and molten carbonate fuel cell 
trigeneration systems. Also, the performances 
of the system were analyzed and energy and 
exergy efficiencies were evaluated. In addition, 
they estimated the specific carbon 
dioxide emission rates at different times of 
operation during various seasons. 

As can be seen, most studies have focused 
on the use of one renewable energy source and 
the simultaneous use of two or more renewable 
energy sources has not received much 
attention. If renewable resources are not 
always available for various reasons, and to 
increase system reliability, it is always 
necessary to have several energy sources in the 
system design. Given the weaknesses of 
trigeneration solar systems due to the 
permanent lack of solar energy, which led to 
the need for energy storage systems that 
imposed additional costs on the system, in this 
study, an innovative hybrid system has been 
presented that uses solar energy and fuel cells 
simultaneously. This system, while being an 
environmentally green system, also has high 
operational efficiency. It can also be used in 
times when solar radiation is not available. The 
most important feature of this system is the 
lack of need for a solar radiant energy storage 
system, which has led to a reduction in return 
on investment and economical design. This 
system also has high reliability. A review of 
past research reveals that many studies have 
been conducted on trigeneration systems with 
primarily solar energy or fuel cells. 
Nevertheless, the simultaneous use of solid 
oxide fuel cells and solar collectors as a hybrid 
arrangement in order to generate heating, 
cooling and electricity is the main novelty of 
this research. Also, in the present study, the 
impact of some main effective parameters such 
as current density of fuel cell and fuel flow rate 
on power density, output power, fuel 
consumption, number of cells, electrical and 
thermal efficiencies, exergy destruction of the 
system and exergy efficiency have been 
investigated. Therefore, according to previous 
research, it is observed that the trigeneration 

https://www.sciencedirect.com/science/article/abs/pii/S0196890419307502#!
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system with solar energy source and solid 
oxide fuel cell has not been studied 
compressively and these studies can be helpful 
to research to cover this gap. 

Some of the main contributions and novelty 
of this study can be summarized below: 

- Proposing a new hybrid system of 
trigeneration using solar collector and 
solid oxide fuel cell 

- Presenting the energy and exergy 
efficiencies of this trigeneration at different 
operating conditions of solar irradiations 

- Analyzing the impact of the current 
density of fuel cells on system 
performance 

- Evaluating the carbon dioxide emission 
production amount at different conditions 

Based on our knowledge, a review of 
previous research shows that so far no research 
has been done on the simultaneous supply of 
heat, cooling, and electrical energy of a 
building using solar energy and fuel cells 
without connecting the building to the 
electricity grid and analyzing the system from 
the perspective of energy, exergy and 
environment. Therefore this study can 
complement previous works. 

3. Description of the system 

In this research, a trigeneration system for a 
residential building with 4 floors and 8 units is 
investigated. Its total infrastructure area is 1200 

m2 for the use of 32 people. The building is 
located in Shahrood, which has a hot and dry 
climate. 

In the present study, the prime mover of the 
trigeneration system is considered a 
combination of solid oxide fuel cells and 
photovoltaic panels. The system’s output is 
used to supply power, hot water, and cooling 
and heating of residential buildings. A 
schematic view of the system as a whole can 
be seen in Fig. 1. 

As shown in Fig. 1, water is first heated in 
solar panels by absorbing solar radiation.  
Then the hot water enters the fuel cell and 
generates power due to the methane reformer. 
In this process, water loses some of its heat. 
Then, if more water is needed for the water, it 
enters the auxiliary boiler and the water with 
the remaining heat is used first to heat the 
space and then to provide sanitary hot water. 

It should be noted that a two-effect 
absorption chiller system is used to produce 
cooling demand. As can be seen, this system 
consists of three main components: a solid 
oxide fuel cell, solar panels and an absorption 
chiller. The heat source of the generator in the 
absorption chiller is the output hot water of the 
fuel cell. Also, the heat output of the generator 
of the absorption chiller is used for heating 
purposes of the building by the radiator. It 
should be noted that the building is not 
connected to the electricity grid. 

 

Fig. 1. Schematic view of the trigeneration system with prime mover of solid oxide fuel cell and photovoltaic 
plates investigated in the present study 
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4. System modeling 

The modeling of the system and its components 
have been presented in this section. 

4.1. Fuel cell modeling 

Modeling will be performed to evaluate the 
electrochemical and thermal performance of a 
solid oxide fuel cell with methane fuel and an 
internal reformer at a temperature of 800 ° C. 
This model will be implemented using EES 
(Engineering Equation Solver) software. Inside 
the fuel cells, it is the difference between the 
free energy of the Gibbs formation (∆𝐺𝑓

̅̅ ̅̅ ̅) 
between the reactor and the products that 
determine the amount of energy released 
during the electrochemical reaction. So we 
have [14] 

(1)    f f fproducts reactants
G G G   

The mass values of products and reactants 

are often expressed in moles (
f

J
g

mol

 
 
 

). The 

general reaction in a SOFC fuel cell that runs 
on methane is given as[14] 

(2) 4 2 2 2 2    2  CH O H O CO   

Products contain two moles of water and 
one mole of carbon dioxide, while reactants 
contain one mole of methane and two moles of 
oxygen. Gibbs free energy changes for one 
mole of reactants are expressed as [14] 

(3) 
       

2 2 2 4

         

1 1

2 2

f f f

f f f f
H O CO O CH

g g of products g of reactants

g g g g

   

   
     

   

 

For one mole of methane injected into the 
SOFC, 8 electrons can be released and 
circulated in the circuit. Therefore[15], 

(4) 2

4 2 2 4    2     8 CH O H O CO e     

Actual operating voltage (𝑉𝑐𝑒𝑙𝑙) is less than 
the ideal voltage due to voltage drop. Actual 
operating voltage (𝑉𝑐𝑒𝑙𝑙) is calculated using[15] 

(5)         cell OCV ohm act transV E V V V     

Activation losses (∆𝑉𝑎𝑐𝑡), due to slow 
reactions, occur on the electrolyte surface and 
are equal to the sum of cathode and anode 
activation losses and are calculated as[15] 

(6) ,  ,    act act anode act cathodeV V V   

The total input energy in watts (𝑄̇𝐶𝐻4
) is 

calculated using[15] 

(7) 
4

,
 

elec DC

CH

cell

W
Q


 

where, 𝑊̇𝑒𝑙𝑒𝑐,𝐷𝐶  is the DC output power of the 
solid oxide fuel cell and 𝜂𝑐𝑒𝑙𝑙   is the cell 
efficiency. The mass flow rate of methane 
entering the SOFC stack is calculated as [15]  

(8) 
4

4

4

˙
 

CH

CH

CH

Q
m

LHV

 

It should be noted that the low calorific 

value for methane fuel is 5 × 107 𝐽

𝑘𝑔
.  It should 

also be noted that the low calorific value for 

methane fuel is 5 × 107 𝐽

𝑘𝑔
.The total AC power 

output of the fuel cell stack is calculated in 
Watts using[13] 

(9)  , , .  .elec AC elec DC BoP inverterW W W   

4.2. Modeling of solar panels 

In this section, the aim is to determine the 
amount of absorption of solar radiation by 
solar panels and the amount of heat produced 
by it. With this value, the water temperature at 
the output of the solar panel can be determined. 

The amount of radiation removed for each 
surface represented by i (i = c, os, r) must be 
calculated using[21] 

(10) 
  

4 

1     ,
c c c os c r

c c c

c c A A os A A r A A

B T

B F B F B F

 

   

 

  
 

(11) 

 

 

4  1

      1 I 
r c r r r

r r r r

c
c A A os A os r A A c

r

B T

A
B F B F B F

A

  

  

  

 
    

 

 

and 

(12) 4

0   osB T 

as a function of temperature. In Eqs. (10-
12), if the absorber is assumed to be a flat 
plate, then FAr−Ar

= 0. Then, according to the 
reciprocity rule, we will also have 

(13)        .
r c c rr A A c A AA F A F  

Other required shape coefficients can also 
be calculated using the law of reciprocity as 
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well as the summation rule for each level 
as[22] 

(14)  1    
c os c c c rA A A A A AF F F     ,   and 

(15) 1    .
r os r cA A A AF F    

In this way, Eqs. (14-15) can be solved 
analytically, and using the results, Bi can be 
obtained for the desired geometry. With Bi, the 
temperature can be calculated at any given 
time. 

It is also possible to calculate the amount of 
solar radiation from other objects (emitted by 

the environment) as well as direct radiation 
from the sun using [23] 

(16) 

˙

         I,

and
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Also, the amount of total radiant heat 
transfer in a gray surface can be calculated 
from[21] 
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The shape coefficient according to the 
geometry of the problem can be calculated 
using [24] 

(20) 2

 1
    .

r c

r c

r c
A A c r

r A A

cos cos
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Three more equations are now needed to 
calculate the output temperature of the 
concentrator, receiver, and coil as a function of 
temperature. Therefore, the first law of 
thermodynamics must be written for each of 
the volumes of the mentioned controls. As a 
result, we have[24] 

(21)  ,

1
 c

c c w

c c

dT
Q Q

dt m C
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where  𝑄̇𝑐,𝑤   is given as[23] 
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Tc represents the concentration temperature 
[21].  Also, 
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In Eqs. (23) and (24), 𝑇𝑟  is the temperature 
of the receiver [21], and 𝑇𝑠𝑝 is given by 

(25)  ,

,

1
   sp sp sps fr sp

sp s s

T Q Q W
m C

   

where 𝑄̇𝑠𝑝𝑠  is given by[21] 

(26)         sps sp s ct spQ m c T T  

In Eq. (25), 𝑇𝑠𝑝represents the temperature 
of the coil inside the receiver, assuming that 
the agent does not change phase. 

Also, the pressure drop in the coil can be 
determined from[21] 

(27) ,     /fr i i i fluidW m P   

in which  

(28) 
22      .i

i fluid i

i

L
P f u

D
  

We also know that 𝑢𝑖 =  
𝑚̇𝑖

𝜌𝑓𝑙𝑢𝑖𝑑 𝐴𝑖,𝑡𝑠
 , where 

the subtitle i indicates the local position. 

4.3. Double-effect absorption chiller 
equations 

The amount of refrigeration to be produced is 
indicated by the symbol 𝑄̇𝐸 by writing the 
energy conservation equation for the 
evaporator.  Thus, we will have [27] 

(29)    9 8   E r E c dQ m h h m h h    

The exergy of the refrigeration system, 𝐸̇𝐸 , 
is calculated as[25] 
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4.4. Total system equations 

The total efficiency of the system and the total 
exergy efficiency of the system are calculated 
as[25] 

(31) 
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4.5. Environmental equations 

In this system, due to the high sensitivity of 
fuel cell components, the inlet fuel must have 
the lowest amount of sulfur, which prevents the 
production of sulfuric acid formations and 
other emissions in the exhaust gases. CO, CO2 
and NOx are considered the main pollutants. 
Experimental data show that the amount of CO 
and NOx emitted from the solid oxide fuel cell 
stack is negligible. Therefore, it is assumed 
that the emission of these two pollutants is only 
from the combustion chamber in case of fuel 
injection into the combustion chamber and 
their emission depends on the combustion 
characteristics such as the flame adiabatic 
temperature which can be estimated using[27] 

(34)  
* * *2a x y z

pz Aδ exp β δ λ π θ ψ .T   
 

 

In the above equation, π and θ are 
dimensionless pressure and temperature and ψ 
is the atomic ratio of hydrogen to carbon. ∅ = δ 
for 1≥∅ and for1≤∅ is equal to δ = ∅-0.7. The 
coefficients x, y and z are also calculated using 
the following equations [27]: 

(35) * 2

1 1 1δ δx a b c   

(36) * 2

2 2 2δ δy a b c   

(37) * 2

3 3 3δ δz a b c   

A ،𝑎 ،𝛽 ،𝜆 ،𝑎𝑖 ،𝑏𝑖 and 𝑐𝑖 are fixed values. 
The amount of CO and NOx emissions from 
the combustion chamber in terms of grams per 
kilogram of fuel can be calculated through the 
following equations[25]: 

(38) 
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where τ is the ignition time (about 2 
milliseconds), TPZ is the initial temperature of 
the ignition zone, P3 is the inlet pressure to the 

combustion chamber and  
∆Pin

Pin
 is the 

dimensionless pressure drop of the combustion 
chamber. 

The amount of CO2 released into the 
atmosphere, which is one of the main products 
of the combustion reaction, is evaluated 
according to the combustion equations in the 
combustion chamber. 

The amount of CO2 is evaluated by[25] 

(40) 
2

44.01
fuel

co

fuel

m
m x

m
 

where x is the molar fraction of carbon in the 
fuel. The cost of CO2 emissions is defined as 
[25] 

(41) 
22env coC Cco m 

In the above equation, CO2 is considered 
equal to (0.0024 $)/(kgCO2) in the calculations. 

5. The system conditions 

This residential building has 4 floors and 8 
units. Its total infrastructure area is 1200 m2 for 
the use of 32 people. The building is located in 
Shahrood, which has a hot and dry climate. In 
calculating the electric charge, the 
consumption of system pumps and absorption 
chillers is also considered. The main electrical 
consumption of the building is calculated using 
the ASME standard and presented in Table 1 
[41]. According to the demand rate of 0.76, the 
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amount of electrical power required during 
peak hours is equal to 30 kW. The amount of 
heat power required for heating in winter is 
52.9 W/m2 W/m2, 63.5 kW. The required 
cooling capacity is 117.8 W/m2, which means 
that the total cooling required for the building 
in summer is 141.3 kW. Assuming the use of 
an absorption chiller with a coefficient of 
performance of 0.7, the required amount of 
heat will be 201.9 kW. The amount of heat 
required for hot water consumption is 28.7 kW. 

The study is performed for the most critical 
point. This point includes 15 August at 15:00. 
In this situation, the ambient temperature is 
equal to 32℃ and the intensity of solar 
radiation is 1100 W/m2.   Modeling is 
performed for the steady-state condition. 

The technical specifications of the proposed 
fuel cell are shown in Table 2. 

The values related to the thermodynamic 
parameters of the problem including the 
temperature of different points as well as the 
efficiency of the components are considered 
according to Table 3. 

6. Working method and validation 

The system of equations presented for the 
analysis of solid oxide fuel cell and solar 
collector is mathematically certain, however, in 
addition to the boundary conditions and 
parameters mentioned in the text, the operating 
conditions of the fuel cell need to be specific to 
solve these equations. These operating 
parameters include the molar flow rate of the 
fuel flow or fuel consumption, the molar flow 
rate of the airflow or the amount of excess air, 
and the output voltage or density distribution 
of the electric current of the fuel cell. The 
equations for the solar collector are also 
definite. Therefore, all equations in EES 
software are solved in static mode. In each 
case, by considering an unknown and entering 
the value of other parameters as known, the 
output of the software is taken, which can be 
seen in the results section. 

Figure 2 shows the problem-solving 
flowchart. 

Table 1. The amount of energy consumption of different parts of the sample building  

consumable Consumption rate (units) Units 

Lighting 43 (
𝑊

𝑚2) 
Television 158 W 

Refrigerator 140 W 
Iron 940 W 

Washing machine 345 W 
Personal computer 225 W 

Table 2. Fuel cell technical specifications [38]  

Parameter Amount (units) 
Area of each cell 1038.25 (𝑐𝑚2) 

The length of each cell 160 (cm) 
Diameter of each cell 2.5 (cm) 

current density 3500 (
𝐴

𝑚2) 
Fuel consumption coefficient 0.87 

Working temperature 1250 (Kelvin) 
Work pressure 3 bar 
Inlet airflow 100 (km / h) 

Inlet fuel flow 10.92 (km / h) 

Table 3. Thermodynamic data of the problem 

20 𝑇0(𝐶𝑜) 0.35 𝜂𝑃𝑃 
27 𝑇𝑟𝑜𝑜𝑚,𝑠𝑢𝑚(𝐶𝑜) 0.87 𝜂𝑔 
23 𝑇𝑟𝑜𝑜𝑚,𝑤𝑖𝑛(𝐶𝑜) 0.83 𝜂𝑏 

1100 𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡(𝐶𝑜) 0.88 𝜂𝐶𝐻𝑃 
40 𝑇𝑑𝑏,𝑠𝑢𝑚(𝐶𝑜) 0.86 𝜀𝐹𝐶𝑈 

-6.7 𝑇𝑑𝑏,𝑤𝑖𝑛(𝐶𝑜) 0.87 𝜀𝑤ℎ 

  1150 (
𝑊

𝑚2) Solar radiation 
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Fig. 2. Flowchart of process analysis 

 

Fig. 3. Validation of the model for SOFC 

To validate the model developed in this 
research, the results of the electrochemical 
model output are compared to the empirical 
results according to Fig. 3. The operating 
temperature of SOFC is assumed to be 800 ° C 
and the combined fuel input is considered to be 
97% hydrogen and 3% water [20].  

7. Results and discussion 

Figure 4 shows the changes in power density 
and voltage relative to current density. As can 
be seen, with increasing current density, the 

power density also increases because power is 
directly related to the square of the current. On 
the other hand, voltage is inversely related to 
current. Hence, as the current increases, the 
voltage decreases linearly. 

Considering that the power of each SOFC 
unit is equal to 570 kW and according to the 
diagram shown, the area of each fuel cell is 
about 200 cm2. According to these values, the 
required number of fuel cells can be calculated. 
Table (4) shows the electrochemical results and 
system efficiencies. 
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Fig. 4. Changes in power density and voltage with respect to the current density 

Table 4. Electrochemical results and efficiency 

Parameter Value Parameter Value 
𝑈𝑓 0.8401 𝑁𝑐𝑒𝑙𝑙 35000 

𝐼𝑆𝑂𝐹𝐶 689150(A) 𝜂𝑛𝑒𝑡,𝑜𝑣𝑒𝑟𝑎𝑙,𝐿𝐻𝑉 86.90% 
V 0.838(V) 𝜂𝑒𝑙𝑒𝑐,𝑆𝑂𝐹𝐶  46.77 % 

J 0.150(
𝐴

𝐶𝑚2) 𝜂𝑛𝑒𝑡,𝐿𝐻𝑉 53.97% 

 

Figure 5 shows the changes in stack power 
relative to the current density at different 
operating temperatures of the fuel cell. It shows 
that higher operating temperatures lead to a rise 
in power output. It is also observed that with 
increasing current density, first the fuel cell 
production capacity increases, and after 
reaching a maximum point, the production 
power capacity decreases with a further increase 
of current density. As the operating temperature 
of the fuel cell increases, the optimum point for 
the current density also increases. 

Figure 6 shows the changes in electrical 
efficiency concerning current density. It is 
observed that the decrease in electrical 
efficiency occurs linearly with increasing the 
current density for the fuel cell and the whole 
system. Because the electrical efficiency of the 
system is directly a function of the electrical 
efficiency of the fuel cell. The electrical 
efficiency of the fuel cell is also linear and 
inversely related to the current density. 

Current density has an impact on power and 
voltage and natural gas flow rate. These factors 
affect the system's overall electrical efficiency. 
The SOFC electrical efficiency is declined with 
increasing the current density. As the current 
density increases the system's electrical 
efficiency rises to its maximum value and then 
reduces. The highest electrical efficiency of the 
whole system is about 53.97%.  Figure 7  
shows the effect of operating temperature (Tw) 
on the solar thermal efficiency (𝜂𝑐). 

The thermal efficiency of the solar collector 
decreases with an increasing amount of Tw. As 
the inlet temperature increases from 500 ° C to 
1150 ° C, the thermal efficiency of the system 
decreases from about 0.87 to 0.82 since by 
increasing the working temperature, the 
amount of heat loss increases. 

Figures 8 and 9 show the changes in total 
exergy elimination and total exergy efficiency 
for the system for different values of fuel mass 
flow rate. 

Figure 8 shows that with increasing flow 
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rate, the rate of exergy destruction increases, 
the main reason being the increase in operating 
temperature of the system due to the increase 
in flow rate and also the increase in the heat 
loss rate of solid oxide fuel cells. 

 Figure 9 also shows that as the flow rate 

increases, the amount of exergy efficiency 
decreases due to the increase in the rate of 
exergy destruction, which was described. 
Because the main factor in reducing exergy 
efficiency is increasing the exergy destruction 
in the system. 

 

Fig. 5. Changes in the power output at different operating temperatures 

 

Fig. 6. Variable electrical efficiency with current density 
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Fig. 7. Thermal efficiency changes of the solar collector with Tw 

 

Fig. 8. Total exergy destruction changes for the system for different fuel mass flow rates 

As shown in Fig. 8, the rate of exergy 
destruction increases with increasing inlet fuel 
flow rate. Because according to Eq (32), 
exergy destruction and exergy efficiency have 
an inverse relationship with the mass flow rate 
of the input fuel. increasing the flow rate of 
incoming fuel means increasing the share of 
fuel cells in the production of electricity and 
heat relative to solar energy, and this leads to 

increased energy consumption and thus 
reduces exergy efficiency and increases exergy 
destruction. By increasing the share of solar 
energy in the production of electrical and 
thermal energy of the system, the flow rate of 
fuel entering the fuel cell is reduced and as a 
result, thermal, electrical, and total energy 
efficiencies and total exergy efficiency are 
improved. 
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Fig .9.  Total exergy efficiency changes for the system for different values of the mass flow rate of the fuel 

Figure 9 shows that as the fuel mass flow 
rate increases, the exergy efficiency decreases 
almost linearly. In fact, with increasing fuel 
flow rate, the operating temperature of the fuel 
cell increases, and as a result, the destruction of 
the exergy due to temperature irreversibility 
increases, and consequently, the efficiency of 
the exergy decreases. 

Figure 10 shows the energy efficiency 
changes for the trigeneration system for 
different fuel mass flow rates. As shown in 
Fig.10, as the fuel mass flow rate increases, the 
electrical efficiency and overall efficiency of 
the system decrease. But this reduction in 
efficiency is not linear, unlike the reduction in 

exergy. Because with increasing the mass flow 
rate of the fuel, the operating temperature of 
the fuel cell increases. Hence the heat loss 
increases and as a result, the efficiency 
decreases. Nevertheless, unlike the relationship 
between exhaust extinction and temperature 
irreversibility, which is linear, the relationship 
between temperature loss and temperature is 
not linear hence the reduction occurs 
nonlinearly. It is also observed that by 
increasing the fuel flow rate by 5(Kg.Mol/h), 
the electrical efficiency decreases by about 5%, 
and the total efficiency by about 10%, while 
the exergy efficiency decreases by less than 
2%. 

 

Fig. 10. Energy efficiency for the trigeneration system studied for different fuel mass flow rates and quantities 
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Figure 11 shows the effect of solar radiation 
intensity on thermal efficiency, assuming that 
the parameters related to solid oxide fuel cells 
are constant. 

According to Fig.11, it can be seen that with 
increasing the intensity of solar radiation, its 
thermal efficiency increases with the rise of the 

intensity of solar radiation leading to more heat 
absorption by the collector and thus more 
efficiency of the solar collector. 

Figure 12 shows the changes in the total 
exergy efficiency system relative to the 
intensity of solar radiation.  

 

Fig. 11. Thermal efficiency changes of the solar collector with solar radiation 

 

Fig.12. Total system exergy efficiency changes for different solar radiation 
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As shown in Fig.12, with increasing solar 
radiation intensity, as the thermal performance 
of the solar collector improves, the system's 
total exergy efficiency also increases. It should 
be noted that this study assumes that the 
efficiency of the solar collector is constant for 
all solar radiation. Also, the effect of the 
decrease in the efficiency of the solar collector 
performance with the increase of the collector 
temperature has not been considered. 
Therefore, increasing solar radiation leads to 
increased electricity production by the 
photovoltaic panel as well as more heat 
transfer to the operating fluid, thus improving 
the system's exergy efficiency. 

Regarding the environmental analysis of 
cycle performance, the results presented in 
various studies show that the amount of carbon 
monoxide gas and nitrogen monoxide 
produced by the fuel cell is low and therefore 
only the environmental impact of carbon 
dioxide gas should be investigated. Due to the 
fact that the amount of carbon dioxide 
emission coefficient is calculated to be 358.2, 
which is very small and desirable compared to 
conventional hybrid systems. To optimize the 
proposed hybrid system based on a solid oxide 
fuel cell, two main parameters including 

exergy efficiency and carbon dioxide emission 
coefficient are considered. The first parameter 
is directly related to the net output work and 
should be maximized and the second parameter 
should be minimized. 

According to Fig.13, the maximum amount 
of net output work and consequently the 
highest amount of exergy efficiency for the 
proposed system is obtained at point A, where 
the carbon dioxide emission coefficient is 
minimal. Hence point A can be selected as the 
design point. 

As the output power of the unit increases, 
its energy efficiency and exergy increase, and 
as a result, the amount of pollutant production 
decreases according to the amount of power 
produced(MWh). 

Figure 14 shows the effect of current 
density on carbon dioxide emissions. 

Figure 14 shows that with increasing the 
current density, the amount of carbon dioxide 
emissions increases. Because with increasing 
the current density, the amount of fuel cell 
exergy losses increases, and therefore the 
efficiency of the fuel cell and the whole system 
decreases, which means that to produce a 
certain power, more fuel is needed, which 
means an increase of emissions of pollutants. 

 

Fig.13. Influence of carbon dioxide emission coefficient on the net work output of the cycle in the optimal point 
design 
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 Fig.14. Influence of current density on carbon dioxide emissions 

According to the figure, it can be seen that 
with increasing current density, the emission of 
carbon dioxide increases because the energy 
efficiency decreases. With changes in the gas 
emission density of carbon dioxide per 
megawatt, it increases from 375 kg / MWH to 
848 kg / MWH. 

6. Conclusion 

In this research, a new trigeneration system 
with the prime mover of solid oxide fuel cells 
and solar energy has been analyzed. For this 
purpose, a residential building is used to supply 
the energy demand. The heating, cooling, and 
power required for the building have been 
calculated. The energy conservation equations 
have been derived for each component of the 
system, and the energy and exergy 
performances of the system have been 
evaluated. Also, the impacts of fuel flow rate, 
solar radiation intensity and current density on 
the performance of the system have been 
evaluated. The most important results can be 
categorized as follows: 

 The total value of electrical power 
produced by the system in summer and 
spring is about 1184.5 kW and in winter 
and autumn is 1121.7 kW. 

 The whole annual electrical energy 
generation of the system is about 
9921112 kWh and 1301.2 MWh of 

thermal energy is collected by solar cells 
per year. 

 The SOFC electrical efficiency is equal 
to 46.77% and the whole system is equal 
to 53.97%. 

 The thermal efficiency of the whole 
system is equal to 86.90% which is 
higher than conventional systems. 

 By using solar energy, the designed 
system can provide heat and cold loads 
for the building well and the efficiency 
of the trigeneration system is much 
higher than similar systems.  

 At higher values of the current density, 
the carbon dioxide emission increases.  

 The carbon dioxide emission coefficient 
is 358.2, which is very low and desirable 
compared to fossil fuel systems. 
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