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With increasing global population and dwindling energy
sources, generation of energy in a cost-effective manner with
minimum waste and environmental footprint becomes one
of the greatest challenges of our time. Thus, there is an
increasing need formore capable and intelligent use of energy
sources by incorporating enriched designs and optimized
algorithms to enhance the sustainability of energy systems
through innovative solutions. In this regard, themethods and
tools for novel analyses and evaluation of energy systems to
improve their efficiency and reduce their cost and environ-
mental impact become imperative and require significant
attention.

Recently, exergy has become a new distinct discipline
for system design, analysis, optimization, and performance
evaluation; and its use has been expanded drastically. Many
researchers and practicing engineers refer to exergy methods
as powerful tools for analyzing, assessing, designing, improv-
ing, and optimizing systems and processes. Exergy analysis
appears to be an important tool to industry in (a) addressing
the impact of energy resource utilization on the environment
and economics, (b) furthering the goal of more efficient
energy resource utilization, (c) determining locations, types,
and true magnitudes of wastes and losses, (d) revealing
whether or not and how much it is possible to design more
efficient energy systems by reducing the inefficiencies, and (e)
providing a sustainable development as a result of sustainable
supply of energy resources. Exergy analysis is a method that
uses the conservation of mass and conservation of energy

principles together with the second law of thermodynamics
for the analysis, design, and improvement of energy systems.
The exergy method is a useful tool for furthering the goal of
more efficient energy resource use, for it enables the locations,
types, and true magnitudes of wastes and losses to be deter-
mined. Many engineers and scientists suggest that the ther-
modynamic performance of a process is best evaluated by
performing an exergy analysis in addition to or in place of
conventional energy analysis because exergy analysis appears
to provide more insights and to be more useful in efficiency
improvement efforts than energy analysis.

In the following, a brief overview and summary of the
individual contributions are given.

The first contribution in this issue from S. Khanmoham-
madi et al. (University of Guilan, Rasht, Iran) is titled “Mod-
eling and Assessment of a Biomass Gasification Integrated
System for Multigeneration Purpose.” This paper focuses on
the accuratemodeling of biomass gasification process and the
optimal design of amultigeneration system (heating, cooling,
electrical power, and hydrogen as energy carrier) to take the
advantage of this clean energy. In the process of gasification
modeling, a thermodynamic equilibrium model based on
Gibbs energy minimization is used. The results show that
with exergy efficiency as an objective function this parameter
can increase from 19.6% in the base case to 21.89% in the
optimized case. Also, for the total cost rate of the system as
an objective function, it can decrease from 154.4 $/h to 145.1
$/h.
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The paper by M. Khademi et al. (Islamic Azad University,
South Tehran Branch, Tehran, Iran) is titled “Power Predic-
tion and Technoeconomic Analysis of a Solar PV Power Plant
byMLP-ABC andCOMFAR III, consideringCloudyWeather
Conditions.” The authors try to predict the output power of
a 3.2 kW PV power plant using the MLP-ABC (multilayer
perceptron-artificial bee colony) algorithm. Experimental
data (ambient temperature, solar radiation, and relative
humidity) were gathered at five-minute intervals fromTehran
University’s PV Power Plant from September 22, 2012, to Jan-
uary 14, 2013. A detailed economic analysis is also presented
for sunny and cloudy weather conditions using COMFAR
III software. A detailed cost analysis indicated that the total
investment payback period would be 3.83 years in sunny
periods and 4.08 years in cloudy periods. The results showed
that the solar PV power plant is feasible from an economic
point of view in both cloudy and sunny weather conditions.

The paper “Exact Optimum Design of Segmented Ther-
moelectric Generators” by M. Zare et al. (Amirkabir Univer-
sity of Technology, Tehran, Iran) highlights the importance
of thermoelectric generator for power generation. This study
mainly focuses on the employment of exact method for
design and optimization of STEGs and comparison of exact
and approximate results. Thus, using new, highly efficient
thermoelectricmaterials, four STEGs are proposed to operate
in the temperature range of 300 to 1300 Kelvins. Design
and performance characteristics of the optimized generators,
including maximum conversion efficiency and length of
elements, are calculated through both exact and approximate
methods. The comparison indicates that the approximate
method can cause a difference up to 20% in the calculation
of some design characteristics despite its appropriate results
in efficiency calculation. The results also show that the
maximum theoretical efficiency of 23.08% is achievable using
the new proposed STEGs.

The paper by Y. Abbasi et al. (University of Isfahan,
Isfahan) is entitled “Performance Assessment of a Hybrid
Solar-Geothermal Air Conditioning System for Residential
Application: Energy, Exergy, and Sustainability Analysis.”
This paper investigates the performance of a ground source
heat pump that is coupled with a photovoltaic system to
provide cooling and heating demands of a zero-energy
residential building. Exergy and sustainability analyses have
been conducted to evaluate the exergy destruction rate and
SI of different compartments of the hybrid system.The results
show that the exergetic efficiency of the solar-geothermal heat
pump system does not exceed 10 percent, and most exergy
destruction takes place in photovoltaic panel, condenser, and
evaporator. Although SI of PV system remains constant dur-
ing a year, SI of GSHP varies depending on cooling and heat-
ing mode.The results also show that utilization of this hybrid
system can reduce CO

2
emissions by almost 70 tons per year.

Exergy and exergoenvironmental analysis of a CCHP sys-
tembased on a parallel flowdouble-effect absorption chiller is
conducted by A. Mousafarash (Shahid Rajaee Teacher Train-
ing University, Tehran, Iran). A CCHP system is comprised
of a gas turbine, a heat recovery steam generator, and a
double-effect absorption chiller. Exergy and exergoeconomic
analyses are conducted as a potential tool to assess the system.

The results show that exergy efficiency of the CCHP system
is higher than the power generation system and the cogen-
eration system. In addition, the results indicate that when
waste heat is utilized in the heat recovery steam generator,
the greenhouse gasses are reduced when the fixed power
output is generated. In addition, an increase in gas turbine
inlet temperature increases the system exergy efficiency and
decreases the total exergy destruction rate consequently.

The last paper of this special issue by A. Rajaei et al.
(Power and Water University of Technology, Tehran, Iran)
is titled “Exergy and Environmental Impact Assessment
between Solar Powered Gas Turbine and Conventional Gas
Turbine Power Plant.” In this paper a comprehensive com-
parison between these two systems in terms of energy, exergy,
and environmental impacts is carried out. To evaluate the
effects of energy resources relevantly, exergy destruction rates
are categorized into two types: renewable and nonrenewable
which expresses how much green the cycles are. Nonrenew-
able exergy destruction and loss are reduced compared to GT
with the recuperator cycle by 34.89% and 47.41%, respectively.
They defined a renewable factor to evaluate resources quality
andmeasure how green an exergy loss or destruction or a sys-
tem as a whole is. Reduction in CO

2
, NOx, and CO compared

to GT with the recuperator cycle by 49.92%, 66.14%, and
39.77%, respectively, is in line with the renewable factor value
of around 55.7 which proves the ability of the proposed green
measure to evaluate and compare the cycles’ performance.

This special issue tried to shed light on the importance of
exergy analysis for better design, better efficiency, and better
assessment of power generation systems. The exergy analysis
has been extended to include environmental, economical,
and societal considerations. Environmental issues such as air
pollution, global warming, and recycling have been linked to
exergy. In this regard, somemethods such as “exergoecology”
and “exergoenvironment” have been proposed. We are confi-
dent that there will be more advancements in this field which
will be seen in the coming years. Although exergy analysis has
helped to design more efficient energy systems, the connec-
tion between economy and environment is necessary as well.
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A combined cooling, heating, and power (CCHP) systemwhich produces electricity, heating, and cooling is modeled and analyzed.
This system is comprised of a gas turbine, a heat recovery steam generator, and a double-effect absorption chiller. Exergy analysis is
conducted to address the magnitude and the location of irreversibilities. In order to enhance understanding, a comprehensive
parametric study is performed to see the effect of some major design parameters on the system performance. These design
parameters are compressor pressure ratio, gas turbine inlet temperature, gas turbine isentropic efficiency, compressor isentropic
efficiency, and temperature of absorption chiller generator inlet.The results show that exergy efficiency of theCCHP system is higher
than the power generation system and the cogeneration system. In addition, the results indicate that when waste heat is utilized
in the heat recovery steam generator, the greenhouse gasses are reduced when the fixed power output is generated. According
to the parametric study results, an increase in compressor pressure ratio shows that the network output first increases and then
decreases. Furthermore, an increase in gas turbine inlet temperature increases the system exergy efficiency, decreasing the total
exergy destruction rate consequently.

1. Introduction

Fossil fuels release harmful gases to the atmosphere; in
addition, they have limited resources that will be exhausted
in the early future. Such a fact makes the world face a serious
crisis in the 21st century. An increase in earth temperature
and seriousness of greenhouse gases may burden extra costs
on industries and the economy of those countries with
high per capita consumption. Due to fossil fuel depletion,
increasing fuel prices, and energy demand the use of high
efficiencies power plants is very important. In traditional
power generation systems a large amount of heat is lost by
exhaust gases. Consequently using of waste heat increases
power plant’s efficiency. The combined cooling, heating, and
power (CCHP) is a system that can produce power, heating,
and cooling from a common energy source such as natural
gas, oil, or sun. In a CCHP system, waste heat drives heating
and cooling devices. The waste heat can be used for space
heating, domestic hot water production, or production of
steam. The waste heat can be used for cooling by driving a
refrigeration system like an absorption chiller. The overall

energy efficiency of a trigeneration plant can attain 80%
[1]. Through the absorption chiller and heat recovery steam
generator in these systems, the extra heat releasing from the
gas turbine can provide the needed cryogenic and thermal
energies of a given site and supply the electricity without any
separate consumption of fuel.

In recent years, economy is not the only matter; built
environment is important too. Numerous studies have been
carried out to reduce the greenhouse gas emissions and there
have been several efforts worldwide to come up with plans
and strategies for global warming mitigation. Nowadays,
environmental impact of a plant is a design consideration
beside the plants’ economy. Furthermore, due to energy
resources shortages, systems are designed to utilize the energy
sources as efficient as possible. Economy, environment, and
sustainability of energy resources are the basic criteria for any
energy systems. By the advent of the exergy definition, exergy
efficiency has become popular since it has a close relation
with sustainability. Furthermore, because exergy evaluates
the exact value of the extractable work from a stream or
resource, it is more suitable for economic evaluation and
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analysis. Hence, the exergy-economic and environmental
assessment and modeling approach is an acceptable method
for analyzing and designing the energy systems.

Exergy efficiency stands for energy sources management
but linked with the economy of the plant and has a direct
relationship with environmental emission. Since then it is
always subjected to optimization. Other objectives are cost
of the plant and emission. Nowadays, carbon taxes and
emission cost are evaluated and implemented in plant cost
considerations. Other emissions like NO

𝑥
, SO
𝑥
, and CO

which are classified as toxic or hazard gases have their own
costs and taxes as well. To evaluate the exact plant cost these
issues must add to the total cost of the plant.

Havelský [2] analyzed the problem of energy efficiency
evaluation of cogeneration systems for combined heating,
cooling, and power production and presented equations for
energy efficiency and primary energy savings. Athanasovici
et al. [3] offered a unified comparison method for the
thermodynamic efficiency of combined heat and power
plants. A comparison between separate and combined energy
production processes has been studied by using this analysis
method.Minciuc et al. [4] proposed amethod for the analysis
of triple generation systems and established some limiting
thermodynamic boundaries for optimum performance of
triple generation systems combined with absorption chiller.

Sahoo [5] performed economic energy for a combined
power and heat system. Huicochea et al. [6] analyzed the-
oretically the thermodynamic performance of a trigenera-
tion system formed by a microturbine and a double-effect
water/LiBr absorption chiller and evaluated that at different
operating conditions. Ahmadi et al. [7] carried out energy
and exergy analyses, environmental impact assessments,
and related parametric studies for a trigeneration system.
Their results show that trigeneration exhibits higher exergy
efficiencies and lower environmental impacts compared to
typical combined heat and power systems or gas turbine
cycles.

Al-Sulaiman et al. [8] indicated that using the trigen-
eration plant compared with the power cycle eventuated
efficiency gain of more than 22%. They also demonstrate
the maximum efficiency is 74% for the trigeneration system,
71% for CHP system, and 46% for net electricity generation.
Amrollahi et al. [9] performed thermodynamic analysis of
postcombustion CO

2
capture in a natural gas-fired power

plant. Rezaie and Rosen [10] have reviewed district energy
systems and possible future developments. They discussed
various assortments, definitions, and applications of district
cooling and heating and described elements of a district
energy system.

In this research study, exergy and environmental impact
assessment are performed for a trigeneration system based
on a parallel flow double-effect absorption chiller modeled
by thermodynamic equations. The parametric evaluations of
changes on selected design parameters (compressor pressure
ratio, gas turbine inlet temperature, gas turbine isentropic
efficiency, compressor isentropic efficiency, and temperature
of absorption chiller generator inlet) on exergy and energy
efficiencies were evaluated.

2. Energy Analysis

In this part, the CCHP cycle is modeled using EES software,
by thermodynamic equations. To determine energy of differ-
ent lines, it is required to identify thermodynamic parameters
of the cycle through modeling its components. Modeling of
each component is performed in terms of the first law and
mass-energy balance law.Next, exergy of various points in the
cycle, shown in Figure 1, is calculated and exergy efficiency
and destruction are computed by writing the exergy balance
for every component of the cycle.

2.1. Gas Turbine Cycle. Gas turbine cycle was modeled based
on first law of thermodynamics. As shown in Figure 1,
the air enters the compressor at ambient conditions (point
1); hot air then enters a combustion chamber where fuel
is injected to increase its temperature at point 3. Next,
the flue gas generated from combustion in the combustion
chamber is extracted (point 3) and the power is produced
by passing this gas from gas turbine (point 4). Gas turbine
cycle wastes typically occur in three main components
including compressor, combustion chamber, and gas turbine.
To calculate irreversibility computations for each component,
it is required to consider each of them as a control volume.
Energy balance and the governing equations of this cycle
components are as follows.

Air compressor:

𝑇
2
= 𝑇
1
(1 +

1

𝜂
𝑐

(𝑟
(𝛾
𝑎
−1)/𝛾

𝑎

𝑐
− 1)) ,

�̇�
𝑐
= �̇�
𝑎
𝐶
𝑝𝑎
(𝑇
2
− 𝑇
1
) ,

(1)

where �̇�
𝑎
is air mass flow rate, 𝜂

𝑐
is air compressor isentropic

efficiency, 𝛾
𝑎
is specific heat ratio, 𝑟

𝑐
is compressor pressure

ratio, and 𝐶
𝑝𝑎

is considered a function of temperature as
follows [11]:

𝐶
𝑝𝑎
(𝑇) = 1.048 − (

1.83𝑇

10
4
) + (

9.45𝑇
2

10
7
)

− (
5.49𝑇

3

10
10

) + (
7.92𝑇

4

10
14

) .

(2)

Combustion chamber:

�̇�
𝑎
ℎ
2
+ �̇�
𝑓
LHV = �̇�

𝑔
ℎ
3
+ (1 − 𝜂CC) �̇�𝑓LHV,

𝑃
3

𝑃
2

= (1 − Δ𝑃CC) ,

�̇�
𝑔
= �̇�
𝑎
+ �̇�
𝑓
.

(3)

Gas turbine:

𝑇
4
= 𝑇
3
(1 − 𝜂GT (1 − 𝑟

(1−𝛾
𝑔
)/𝛾
𝑔

GT )) ,

�̇�GT = �̇�𝑔𝐶𝑝𝑔 (𝑇3 − 𝑇4) ,

�̇�net = �̇�GT − �̇�𝑐,

(4)
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where ̇𝑚
𝑓
is fuel mass flow rate, �̇�

𝑎
is air mass flow rate, �̇�

𝑔

is combustion gases mass flow rate, LHV is the fuel lower
heating value, 𝜂CC is combustion chamber efficiency, 𝛾

𝑔
is

combustion gases specific heat ratio, 𝑟GT is gas turbine pres-
sure ratio, and𝐶

𝑝𝑔
is considered a function of temperature as

follows [11]:

𝐶
𝑝𝑔
(𝑇) = 0.991 + (

6.997𝑇

10
5
) + (

2.712𝑇
2

10
7

)

− (
1.2244𝑇

3

10
10

) .

(5)

2.2. Heat Recovery Steam Generator (HRSG). The considered
single pressure HRSG consists of an economizer and an
evaporator to produce steam. The supply water enters first
to the economizer and its temperature rises up to saturation
temperature. Then, it enters to the evaporator and vapor
quality approaches 1 at a constant temperature and pressure.
Some of the vapor enters to absorption chiller and the
remaining is used in heat applications.The energy balance for
the assumed HRSG is as follows.

Evaporator:

�̇�
𝑔
𝐶
𝑝𝑔
(𝑇
𝑎
− 𝑇
𝑏
) = �̇�

36
(ℎ
37
− ℎ
36
) . (6)

Economizer:
�̇�
𝑔
𝐶
𝑝𝑔
(𝑇
4
− 𝑇
𝑎
) = �̇�

37
(ℎ
38
− ℎ
37
) ,

PP = 𝑇
𝑎
− 𝑇
38
,

AP = 𝑇
38
− 𝑇
37
,

(7)

where 𝐶
𝑝𝑔

is combustion gases specific heat at constant
pressure and the pinch point (PP) is defined as the difference
between the temperature of the gas at the entrance of the
evaporator (𝑇

𝑎
) and the saturation temperature (𝑇

38
) and the

approach point (AP) is the temperature differences between
the water leaving the economizer (𝑇

37
) and the saturation

temperature (𝑇
38
).

2.3. Double-Effect Absorption Chiller. In the considered
CCHP system in this study, a Li-Br parallel flow double-effect
absorption chiller is modeled. It must be noted that, during
modeling of this chiller, the hot water output flowing from
high-temperature generator (point 6) was used for heating
the convection flowof thewater and lithiumbromide solution
to increase the chiller performance. Doing so, coefficient
performance of the proposed model increases to about 0.1.
Each component of the chiller is assumed as a control
volume and their mass-energy balance and thermodynamic
equations are expressed as follows [7]:

∑�̇�in = ∑�̇�out,

∑ (�̇�𝑥)in = ∑(�̇�𝑥)out ,

�̇� − �̇� = ∑ (�̇�ℎ)out −∑(�̇�ℎ)in ,

(8)

where �̇� is working fluid mass flow rate and 𝑥 is mass con-
centration of Li-Br in the solution.

2.4. Assumptions. Several assumptions have been used to
simplify the model:

(i) All the processes are done at steady state.
(ii) Natural gas is the fuel used in the combustion cham-

ber.
(iii) The dead state is 𝑃

0
= 1.01 bar and 𝑇

0
= 293.15K.

(iv) Air and combustion products are assumed to be ideal-
gas mixtures.

3. Exergy Analysis

Exergy in a system of ideal machines is defined as the
maximum theoretical expedient work that may be received
from energy. Frankly, exergy is not summarized in a single
process and could be diminished as a result of irreversibility.
In this way, it is possible to separately scrutinize each portion
of the cycle and to attain the share of each element in the
overall energy loss of the cycle. Concerning gas turbine
power plants, with respect to any input fuel or flow into
the power plant, the maximum capacity of the power plant
can be calculated via exergy analysis. Exergy of matter flow
can be categorized into its major constituents comprising
kinetic, potential, physical, and chemical exergies. In this
paper, kinetic and potential exergies are ignored due to
their dispensable rates. Physical exergy is defined as the
maximum theoretical useful work acquired whilst a system
interacts with an equilibrium state [12]. Chemical exergy is
connected with the departure of the chemical composition of
a system from its chemical equilibrium. Chemical exergy is
an imperative part of exergy in the combustion process [13].
Using the first and second laws of thermodynamics, we have
the following exergy balance:

̇Ex
𝑄
+∑

in
�̇�
𝑖
ex
𝑖
= ∑

out
�̇�
𝑜
ex
𝑜
+ ̇Ex
𝑊
+ ̇Ex
𝐷
, (9)

where ex is total specific exergy and ̇Ex
𝐷
is exergy destruction

rate; other terms in this equation are defined as follows [14]:

̇Ex
𝑄
= (1 −

𝑇
0

𝑇
𝑖

) �̇�
𝑖
,

̇Ex
𝑊
= �̇�,

exph = (ℎ − ℎ0) − 𝑇0 (𝑠 − 𝑠0) ,

̇ex = ̇exph + ̇exch,

(10)

where 𝑇 is absolute temperature (K) and subscripts 𝑖 and 0
refer to ambient conditions. The mixture chemical exergy is
attained using the following relations [15]:

exchmix = [
𝑛

∑

𝑖=1

𝑋
𝑖
exch𝑖 + 𝑅𝑇

0

𝑛

∑

𝑖=1

𝑋
𝑖
ln𝑋
𝑖
] . (11)

The following relation is used to compute fuel exergy [14]:

𝜉 =

ex
𝑓

LHV
𝑓

. (12)
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Figure 1: Schematic of the CCHP system.

For most regular gaseous fuels, the ratio of chemical exergy
to lower heating value is generally close to 1. While the main
fuel used in power plants is methane, we have [14]

𝜉CH
4

= 1.06. (13)

4. Exergoenvironmental Analysis

Of the advantages of combined heat and power systems,
one can name economization in fuel consumption, reducing
the contaminators, and, finally, decreasing environmental
costs. Fuel saving, which is the consequence of no need
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to another heat generator (such as steam boiler in separate
generation), and using the clean fuels such as natural gas
are considered the essential factors in decreasing pollution
produced by these systems. The environmental benefits of
combined power and heat systems use less fuel with higher
efficiency, consequently leading to less air pollution. Com-
bustion process in a gas turbine occurs with generating large
amount of extra air, since the obtained output power highly
depends on the mass flow of the turbine. Gas turbine is
among the least pollutant fossil fuel consuming equipment in
power generation.Themain pollutants of the gas turbines are
nitrogen oxides, carbon monoxide, and carbon dioxide. The
generated nitrogen oxide (gr per kg of the fuel) from combus-
tion chamber is obtained using the following equation [13]:

𝑚NO
𝑥

=
0.15 × 10

16

𝜏
0.5 exp (−71100/𝑇PZ)

𝑃
0.05

3
(Δ𝑃
3
/𝑃
3
)
0.5

,

𝑚CO =
0.179 × 10

9 exp (7800/𝑇PZ)
𝑃
2

3
𝜏 (Δ𝑃

3
/𝑃
3
)
0.5

.

(14)

Here 𝜏 is the residence time in the combustion zone (assumed
constant here at 0.002 s), 𝑇PZ is the primary zone combustion
temperature,𝑃

3
is the combustor inlet pressure, andΔ𝑃

3
/𝑃
3
is

the nondimensional pressure drop in the combustion cham-
ber [13]. Using the equation of combustion as well as obtained
values for the nitrogen oxides and carbon monoxide, the
amount of carbon dioxide emission will be achieved.

5. Results and Discussion

Figure 2 presents the charts of energy efficiency, exergy
efficiency, and the amount of carbon dioxide emissions per
unit of output power for the gas turbine, CHP, and CCHP
cycles. It is known that the levels of energy efficiency and
exergy efficiency increase with the promotion of gas turbine
cycle to CHP and CCHP cycles but the amount of carbon
dioxide emissions per unit of output power declines. Increase
of CCHP cycle’s energy efficiency is much more than its
exergy efficiency, because the exergy flow rate of heat transfer
is less than the heat rate. In Figure 3, exergy loss is plotted for
each of the components of the cycle. According to the chart it
is determined that the combustion chamber has the highest
rate of irreversibility among other components, and this is
due to the chemical reactions taken place in the combustion
chamber as well as a large temperature difference between
the working fluid and the flame. After combustion chamber,
recovery boiler has the most exergy loss.

5.1. Effect of Varying Compressor Pressure Ratio. According
to Figure 4, the exergy efficiency for the CCHP cycle is
first increased and then decreased. Initially, due to the
increased inlet temperature to the combustion chamber and
the reduction of the input fuel, efficiency increases. But at a
certain pressure ratio, compressor work rate will excess the
fuel reduction rate and leads to reduced exergy efficiency.
Figure 5 investigates the changes in the amount of carbon
dioxide per unit of output power (including electricity, heat,

CO2 emission (kg/kwh)
Exergy efficiency (%)
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Energy efficiency (%)
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Figure 2: Energy efficiency, exergy efficiency, and normalized CO
2

emission for CCHP, CHP, and gas turbine cycles.
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Figure 3: Exergy destruction rate for each component of the system.

and cold) compared to the increased compressor pressure.
It is observed that, with increasing the pressure ratio of
compressor in the desired trigeneration system, the amount
of carbon dioxide emissions per unit of output increases,
which is due to decrease of heat energy obtained from the
recovery boiler.

5.2. Effect of Varying Gas Turbine Inlet Temperature. Gas
turbine inlet temperature is one of the most important
decision-making parameters in the trigeneration system on
the basis of gas turbine. The increase of this temperature
can increase the net output of work. Energy balance of
the combustion chamber shows that the increase of inlet
temperature to the gas turbine will increase the input fuel.
As it can be observed in Figure 6, with the increase of
inlet temperature to gas turbine, the exergy efficiency of
cogeneration cycle will increase. This increase is due to the
fact that an increase in the gas turbine inlet temperature
will lead to the fact that the rate of network increase in gas
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turbine excesses the rate of the increased generated heat in
the combustion chamber. This increase is because of the fact
that, with increasing gas turbine inlet temperature, the rate of
network increase of gas turbine excesses the rate of increase in
the amount of heat generated in the combustion chamber. In
addition, according to Figure 6, the carbon dioxide emissions
per unit of output power are reduced.

5.3. Effect of Varying Gas Turbine Isentropic Efficiency. The
isentropic efficiency of the gas turbine is among the important
parameters of the design and is indicative of how far the gas
turbine performance is from a reversible process. As shown in
Figure 7, by increasing the isentropic efficiency of gas turbine,
the exergy efficiency of the cycle increases and its exergy loss
is reduced.

5.4. Effect of Varying Absorption Generator Temperature. The
temperature of the generator in the double-effect absorption
chiller is indeed similar to the temperature of the saturated
vapor exhausted from the recovery boilers and is related to
the recovery boiler pressure. Boiler steam pressure recovery
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Figure 7: Variation with gas turbine isentropic efficiency of exergy
efficiency and total exergy destruction rate.

is one of the important design parameters. By increasing
the temperature of the exhausting saturated vapors from
the recovery boilers, the amount of heat from the recovery
boiler is reduced. And the cooling rate of absorption chiller
increases. But the rate increase of absorption chiller cooling
is much smaller than the rate of heat recovery boiler. Thus,
as it can be seen in Figure 8, the exergy efficiency increases
with increase of saturated steam temperature, because the
exergy related to heat obtained from the recovery boiler and
the exergy of cooling in the absorption chiller increase due
to increase of saturated steam temperature. The coefficient
of performance (COP) for the absorption chiller is achieved
through dividing the cooling obtained from evaporator by
the heat consumed in the generator. Hence, by increasing the
absorption chiller generator temperature, the amount of heat
used in the generator reduces and the cooling produced from
the chiller evaporator increases; as shown in Figure 9, the
performance ratio of chiller improves.
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6. Conclusions

A comprehensive thermodynamic modeling was carried
out for a trigeneration system based on a double-effect
absorption chiller. This study shed light on the importance
of integrated energy system in order to achieve higher exergy
efficiency and lower emission compared to single generation
energy systems. Exergy analysis showed that the combustion
chamber and the heat recovery boiler have the most exergy
destruction compared to other components. This is mainly
due to the large temperature difference for the heat transfer
in both listed components and the combustion reaction in
the combustion chamber. System performance significantly
is affected by changes in pressure ratio compressor, inlet
temperature to gas turbine, and isentropic efficiency of
the high-temperature generator. According to the figures
obtained from the previous section, the following conclusions
can be listed:

(i) Exergy efficiency of the CCHP cycle is more than
CHP and gas turbines cycles.

(ii) Exergy loss in the absorption chiller is less than other
CCHP components.

(iii) With the increase in compressor pressure ratio, exergy
efficiency for the entire CCHP cycle is first increased
and then decreased and emissions of carbon dioxide
increase as well.

(iv) Exergy efficiency of the CCHP cycle increases with
the increase of gas turbine isentropic efficiency.

(v) CCHP cycle produces less carbon dioxide per unit
output power compared to CHP and gas turbine
cycles.

(vi) Exergy efficiency of the CCHP, CHP, and gas turbine
cycles increases with the increasing of the gas turbine
inlet temperature.

(vii) Exergy loss of the CCHP cycle decreases with increas-
ing the high-temperature absorption chiller tempera-
ture, but its exergy efficiency increases in this process.

Nomenclature

Cp: Specific heat at constant pressure (kJ/kg K)
ex: Specific exergy flow (kJ/kg)
̇Ex: Exergy flow rate (kW)
̇Ex
𝐷
: Exergy destruction rate (kW)

ℎ: Specific enthalpy (kJ/kg)
LHV: Lower heating value (kJ/kg)
�̇�: Mass flow rate (kg/s)
𝑃: Pressure (bar)
Δ𝑃: Pressure drop (bar)
�̇�: Heat rate (kW)
𝑅: Gas constant (kJ/kg K)
𝑠: Specific entropy (kJ/kg K)
𝑇: Temperature (K)
�̇�: Work rate (kW)
AP: Approach point
CHP: Combined heat and power
HTC: High temperature condenser
HTG: High temperature generator
SHE: Solution heat exchanger
LTC: Low temperature condenser
LTG: Low temperature generator
ABS: Absorber
ECO: Economizer
EVP: Evaporator
HRSG: Heat recovery steam generator
PP: Pinch point.

Greek Symbols

𝛾: Specific heat ratio.

Subscripts

𝐶: Compressor
CC: Combustion chamber
𝐷: Destruction
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ex: Exergy
𝑓: Fuel
𝑔: Combustion gases
GT: Gas turbine
𝑖: Inlet condition.

Superscript

ch: Chemical rate.
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Recuperator is a heat exchanger that is used in gas turbine power plants to recover energy from outlet hot gases to heat up the air
entering the combustion chamber. Similarly, the combustion chamber inlet air can be heated up to temperatures up to 1000 (∘C)
by solar power tower (SPT) as a renewable and environmentally benign energy source. In this study, comprehensive comparison
between these two systems in terms of energy, exergy, and environmental impacts is carried out. Thermodynamic simulation of
both cycles is conducted using a developed program in MATLAB environment. Exergetic performances of both cycles and their
emissions are compared and parametric study is carried out. A new parameter (renewable factor) is proposed to evaluate resources
quality andmeasure how green an exergy loss or destruction or a system as awhole is. Nonrenewable exergy destruction and loss are
reduced compared to GT with recuperator cycle by 34.89% and 47.41%, respectively. Reductions in CO

2

, NO
𝑥

, and CO compared
to GT with recuperator cycle by 49.92%, 66.14%, and 39.77%, respectively, are in line with renewable factor value of around 55.7
which proves the ability of the proposed green measure to evaluate and compare the cycles performances.

1. Introduction

Recuperation as one of the conventional optimization
enhancements in gas turbine cycles by preheating inlet air
entering combustor which decreases fuel consumption rate
dramatically leads to less greenhouse gas emissions.Theother
way refers to hybridizing gas cycle with solar power. Advan-
tages of combining solar thermal power with power gen-
eration systems are reviewed by Jamel et al. [1]. Renewable
sources integrationwith power cycles with the aim of increas-
ing total exergy efficiency based on different scenarios is
performed by them.

Several studies are conducted on energy and exergy
analysis of hybrid solar gas cycles [2]. Solar power tower
as a central receiver system recently has been built in both
demonstrational and commercial projects all over the world
[3]. Schwarzbözl et al. [4] using advanced software tools car-
ried out design optimization and performance prediction of

the solar tower gas turbine power plants.Their project proved
feasibility of solar tower integration with conventional gas
turbine power plant. It is proved that hybrid solar gas turbine
cycles are more efficient in terms of CO

2
emission prevention

compared to conventional gas cycle with recuperator.
Comparing energy systems often is performed through

measuring environmental characteristics and performance
in terms of energy and exergy analysis [2]. Thermodynamic
modeling, second-law based thermodynamic analysis, and
multiobjective optimization of a gas turbine power plant with
and without recuperator are conducted [5, 6].

In this paper, two scenarios are defined based on different
heat sources to preheat the air inlet to combustor. First is
a conventional gas turbine cycle with recuperator and the
second is a solar power tower coupled with a gas turbine
where central receiver plays the same role as the recuperator.
In order to find inefficiencies in both cycles, exergy analysis is
performed by simulating the cycles usingMATLABprogram.
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Exergoenvironmental analysis tool by predicting emis-
sions rate helps designing a more sustainable cycle. Environ-
mental impacts including CO

2
, NO
𝑥
, and CO are measured

through the developed code. SO
𝑥
which is prevented by pre-

operations in all gas cycles is considered negligible in model-
ing.

This analysis is aimed at quantitatively addressing the
impact of renewable and nonrenewable sources on environ-
ment by introducing renewable factor. In research studies to
the authors’ knowledge, all sources are considered the same.
Losses and destructions from various sources are equivalent
in common exergy analysis. However, losses and destructions
from renewable resources are different from nonrenewable
resources since all exergy flows have impacts on environ-
ment. In the present work, a new measure is introduced
and renewable and nonrenewable loss and destructions are
calculated to show the real effect of using renewable resources
in environmental impacts reduction.

The Present study highlights exergy and exergoenviron-
mental analysis of both mentioned cycles by measuring their
exergy destructions throughout the cycle and comparing
their total exergy efficiencies in order to reach a better insight:

(i) Tomodel a new arrangement of new hybrid gas cycle.
(ii) To conduct exergy and exergoenvironmental analysis

in order to find inefficiencies.
(iii) To propose renewable factor which helps in compar-

ing renewable and nonrenewable sources quantita-
tively and more accurately.

2. System Description and Assumptions

In this research paper, two scenarios are presented. The
first one includes heliostat solar field, central receiver, and
power generation system while the second one comprises a
recuperator instead of prime solar system.

Figure 1(a) demonstrates SPT cycle designed similarly
based on SOLGATE project cycle [4] in which the solar
hybrid gas turbine system functions by first concentrating
solar energy from a heliostat field (solar field) to a receiver
mounted on top of a tower acting as a convective/radiative
heat exchanger. These irradiations are converted into heat
absorbed by the air coming from compressor. Preheated air
enters combustor in order to be mixed with the fuel where
the combustion chamber closes the temperature gap between
the receiver outlet temperature (800–1000∘C at design point)
and the turbine inlet temperature (950–1300∘C) and provides
constant turbine inlet conditions despite fluctuating solar
input. The solar power tower technology is used with con-
centration ratios up to 1000 suns to achieve the high receiver
temperatures. More detailed information about the receiver
development and test results with receiver temperatures up
to 960∘C can be found in [7].

Tomodel and compare two cycles, thermodynamicmod-
eling of both systems is carried out. Systems are analyzed at
their design point using provided data and average yearly
DNI for solar system. Then exergy analysis and emission
calculations are carried out and systems’ performances are
compared.

In the second scenario recuperator is used as a replace-
ment of mentioned solar part in first cycle. Several assump-
tions are made in order to render the analyses in a traceable
way considered tomodel the cycles in the present studywhich
are listed below:

(1) All the processes are assumed to work under steady-
state condition.

(2) Combustion products and air stream are considered
ideal gas.

(3) Natural gas enters combustor as fuel.
(4) Dead state is 𝑃

0
= 1.01 bar and 𝑇

0
= 293.15K.

3. Formulation

The present study performed exergy and exergoenviron-
mental analysis both on each cycle where in the first one
solar receiver, as external source, and in the second one
recuperator, as internal source, are considered.

3.1. Recuperator. The energy balance equation for recupera-
tor which is shown in Figure 1 is as follows:

�̇�air (ℎ3 − ℎ2) = �̇� (ℎ5 − ℎ6) 𝜂recup. (1)

Recuperator efficiency is usually 95–97% and in many cases
is considered 100%. Here 97% percent is assumed based on
an average value in similar GT cycles [5]:

𝑃
3

𝑃
2

= (1 − Δ𝑃recup) , (2)

where pressure drop through the recuperator is considered
3% of the inlet pressure for both flow streams and through
the combustion chamber is 3% of the inlet pressure [5].

3.2. Solar System. As shown in Figure 1, central receiver has
two input streams, solar irradiations and compressed air
which gets warmer by absorbing the heat coming from solar
rays. In this analysis �̇� is the transferred heat rate as

�̇� =
𝐻out − 𝐻in
𝜂rec
, (3)

where𝐻out and𝐻in are outlet and inlet stream enthalpy:

�̇�rec = �̇�∗�̇�air,

Solar share =
�̇�rec

�̇�
𝐹
∗ LHV + �̇�rec

.

(4)

Solar share shows renewable heat source contribution into
conventional fossil fuel cycles and is defined as below:

Solar share =
�̇�rec

�̇�natural gas + �̇�rec
∗ 100, (5)

where Q̇natural gas is the supplied heat by fuel:

�̇�natural gas = ̇𝑚𝐹LHV. (6)
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Figure 1: Schematic diagram of (a) GT-solar cycle and (b) GT-recuperator cycle.

And Q̇rec is the heat released from irradiations into central
receiver:

�̇�rec = 𝜂field𝜂rec�̇�sol,total. (7)

One can write

�̇�sol,total = 𝐴 ∗ DNI. (8)

DNI is defined as direct normal irradiance which varies
related to the geographical situation and a constant annual
average value for a certain location is assumed.

3.3. Exergy Analysis. Exergy analysis is a powerful tool in
referring exergy destructions in a power cycle while these
wastes cannot be seen through energy analysis [8].

It is worth mentioning that four concepts are demon-
strated in the present study. ExF and ExP are the fuel and
product exergy rate, respectively, and also the exergy loss
(ExL) is defined as the useful exergy which is wasted to the
environment with no converting to the work and exergy
destruction (ExD) due to irreversibilities.

To find the appropriate relation between these concepts,
one may write

ExF = ExP + ExD. (9)

This should be written for all components as shown schemat-
ically in Table 1 to calculate the exergy balance in each of
them.Considering if the component is assumed adiabatic, the
exergy loss would be zero.
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Table 1: Components exergy balance.

Component ExF ExP ExD
F

1 2

Solar receiver

Qrec

Ex
1

+
𝑄rec

𝜂field
(1 −
𝑇
0

𝑇sun
) Ex

2

ExD = ExF − ExP − 𝑄(1 −
𝑇sun

𝑇
0

)

Exloss = 𝑄(1 −
𝑇

𝑇
0

)

𝜂ex =
ExP
ExF

1

2

W2

Compressor

Ex
1

+𝑊
2

Ex
2

ExD = Ex2 − Ex1 −𝑊2
𝜂ex =

Ex
2

Ex
1

+𝑊
2

Q

Hot line

Cold line

Recuperator

12

3 4

Ex
1

− Ex
2

Ex
4

− Ex
1

ExD = ExF − ExP = 𝑄(1 −
𝑇

𝑇
0

)

𝜂ex =
ExP
ExF

Combustion chamber

1 2

Q

F ̇mf

ExF + Ex1 Ex
2

ExD = ExF − ExP − 𝑄(1 −
𝑇

𝑇
0

)

Exloss = 𝑄(1 −
𝑇

𝑇
0

)

𝜂ex =
ExP
ExF

1

2

̇WT

Gas turbine

Ex
1

− Ex
2

�̇�
𝑇

ExD = Ex1 + Ex2 − �̇�𝑇
𝜂ex =

�̇�
𝑇

Ex
1
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In this research study, input exergy is supplied from two
different sources shown in Figure 1. The solar input exergy is
defined as below:

Exsol =
𝑄rec
𝜂field
(1 −
𝑇
0

𝑇sun
) . (10)

3.4. Exergoenvironmental Analysis. Although many studies
in the literature are conducted based on integration meth-
ods between solar power and conventional power plants
which mainly are focused on energy and exergy analysis,
there is no attention to environmental issues. The present
study highlights greenhouse gas emissions reduction through
exergoenvironmental analysis which is conducted on both
scenarios. It is considered that CO and NO

𝑥
are pollutant

emissions in grams per kilogram. The appropriate equations
for these pollutants are as follows [9]:

�̇�NO
𝑥

=

0.15𝐸16𝜏
0.5 exp (−71100/𝑇pz)
𝑃
0.05

3

(Δ𝑃
3
/𝑃
3
)

,

�̇�CO =
0.179𝐸99 exp (7800/𝑇pz)
𝑃
2

3

𝜏 (Δ𝑃
3
/𝑃
3
)
,

(11)

where 𝜏 is the residence time in combustion zone (it is
assumed constant and is equal to 0.002 s), 𝑇pz is the primary
zone combustion temperature, 𝑃

3
is the combustor inlet

pressure, and Δ𝑃
3
/𝑃
3
is the nondimensional pressure drop in

the combustion chamber.
Accordingly CO

2
is calculated as below [6]:

𝜀 =

�̇�CO
2

�̇�net
. (12)

4. Results and Discussion

4.1. Single GT, GT-Recuperator, and GT-Solar Performance
Comparison. In terms of exergy and environmental impacts,
three mentioned cycles are compared. Exergy efficiency and
CO
2
emission for three mentioned cycles are presented in

Figure 2. Exergy efficiency for the GT-solar is the least and
for the recuperator is the most. It is a clear result of efficiency
definition and the vast difference between solar input exergy
and fuel exergy. Solar exergy due to high temperature value
of its resource is much higher in comparison to fuel exergy.
However, solar energy implementation reduces the natural
gas consumption rate dramatically and so the emission for
this cycle is about half the size of the conventional cycles. Due
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Figure 2: Efficiency-emission for different scenarios.
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Figure 3: Exergy destruction distribution in GT cycle.

to higher efficiency in recuperator relative to single GT cycle,
emission and fuel flow rate are lower. For cycle with single
sources of exergy or energy, efficiency and CO

2
emission are

often correlated inversely.
Exergy flow in these three different cycles shows similar

behavior. In Figure 3 exergy destruction rates in single GT
are shown. As it is presented combustor is the greatest exergy
destructor by 77 percent of overall destruction rate. Similarly
in GT-recuperator cycle, it is also presented the same trend.

67 percent of overall exergy destruction is related to com-
bustor inGT-recuperator. 10 percent reduction in destruction
is due to higher temperature inlet to the combustor which
reduced the combustion rate. If we consider the recuperator
as another internal source of exergy, the overall destruction
rate in cycle resources is 71 percent in GT-recuperator cycle
which is shown in Figure 4.

GT-solar has shown a similar trend by 71 percent of
exergy destruction in solar part (from sun to air flow) and 23
percent in combustor. In fact 94 percent of exergy destruction

Compressor
Combustor

Gas turbine
Recuperator

8%

67%

21%
4%

Figure 4: Exergy destruction distribution in GT-recuperator cycle.

Compressor
Combustor

Gas turbine
Solar receiver

4%

23%

2%

71%

Figure 5: Total exergy destruction distribution in GT-solar cycle.

is related to exergy or energy resources conversion parts
which has the highest value among other cycles. Figure 5
shows destruction distribution in GT-solar cycle.

Energy resources destruction percentages of total in three
cycles are presented and compared in Figure 6 and show the
same trend as exergy efficiency. So onemay conclude that the
cycle with the less exergy destruction in energy resources is
the most efficient cycle.

4.2. Renewable Resources versus Nonrenewable Resources. In
terms of exergy, GT-solar hybrid is the worst cycle. Exergy
definition by itself does not provide an insight into the
resources types.

The earth receives solar energy daily and continuously
and it is absorbed, transformed, rejected, and stored in
various types of energy or phenomena. On the other hand,
fossil fuels are not energy resources on the plant except for
human being. In fact what we are using as fossil fuels are out
of the earth, usually ecology, and are the only human being
impact or footprint on the environment. So any destruction
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78
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94

GT GT-REC GT-solar

Figure 6: Contribution of exergy destruction in resource conver-
sion components in different cycles.

or losses due to fossil fuels can be considered as pollution or
impacts on environment.

Here, to give our resources a meaning in destruction,
we define renewable and nonrenewable exergy destruction
and losses. Exergy losses are important due to the fact
that streams with exergy can potentially cause changes in
environment because of their exergy. Both single GT andGT-
recuperator cycles are purely nonrenewable. However, in GT-
solar cycle sources are different. To calculate the renewable
and nonrenewable exergy destruction and losses rates in GT-
solar cycle, we use the following method.

Exergy comes from two different sources, sun and natural
gas. We define resource distribution factor as follows:

𝑓renewable =
(ΔExair)rec

(ΔExair)rec + (ΔExflue gas)comb

. (13)

Then we assume that exergy of working fluid is the algebraic
combination of various resources. Now we can provide the
following equations for exergy destruction and losses:

(ExL)non-renwable = (1 − 𝑓renewable) (ExL)total ,

(Exdi)non-renwable = (1 − 𝑓renewablei) (Exdi)total .
(14)

Furthermore, exergy destruction in solar system is con-
sidered purely renewable and destruction in combustor is
considered purely nonrenewable. Implementing equations
and definitions presented above, nonrenewable destruction
distribution is presented in Figure 7.

Figure 8 shows the value of nonrenewable destruction
and losses in different cycles. Implementing nonrenewable
losses and destructions, the main advantage of the GT-solar
cycle is quantitatively measured. Nonrenewable losses which
are impacts of human beings activities on environment have
their least value in GT-solar cycle.

GT-solar cycle parameters are summarized in Table 2.
In this table, parameters like solar share, exergy inputs,

8%
14%

78%

Compressor
Combustor
Gas turbine

Figure 7: Nonrenewable exergy destruction distribution in GT-
solar cycle (kW).
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Figure 8: Nonrenewable exergy destruction and losses in different
cycles.

efficiency, and destruction of different components are pre-
sented. Data are assumed based on project SOLGATE [4].

In addition tomentioned analysis, NO
𝑥
and CO emission

are predicted for different cycles. Results are tabulated in
Table 3. Due to lowest fuel flow rate in GT-solar cycle,
emissions are lowest values. NO

𝑥
in GT-recuperator is higher

thanGT cycle because of higher combustor inlet temperature.
CO emission shows an opposite trend.

5. Conclusions

Different cycles are presented and compared according to
exergy and environmental analyzing tools. Although GT-
solar cycle is the worst according to exergy analysis, its main
advantages over other conventional cycles is highlighted
when resource valued exergy analysis is used.

In addition, the above analysis shows that resource
conversion processes are the most destructive ones in the
cycle. Furthermore, the cycle exergy efficiency is directly
correlated to resource destruction contribution in the cycle.
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Table 2: Performance parameters of GT-solar cycle.

Parameter Value
Pressure ratio 14
TIT (∘C) 1080
𝜂comp (%) 0.835
𝜂GT (%) 0.93
Combustor inlet temperature (∘C) 800
Receiver efficiency (%) 0.94
Field efficiency (%) 0.55
Receiver pressure drop 0.03
𝜂recup (%) 0.97

Exergy efficiencies
Compressor (%) 0.93
Combustor (%) 0.86
Gas turbine (%) 0.97
Receiver (%) 0.41

Exergy destruction rates
Compressor (kW) 908.53
Combustor (kW) 4973.28
Gas turbine (kW) 504.89
Receiver (kW) 15374.38

Overall cycle parameters
Solar share (%) 0.56
𝑓renewable .557
Total exergy loss (kW) 7310
Total exergy efficiency (%) 0.268
Total exergy destruction (kW) 21761.09
Solar input exergy (kW) 26200
Fuel flow rate (kg/s) 0.264
Air flow rate (kg/s) 33.63
Predicted NO

𝑥

emission (kg/s) 1.27𝐸 − 10

Predicted CO emission (kg/s) 0.0108

Table 3: NO
𝑥

and CO emissions.

NO
𝑥

(kg/s) CO (kg/s)
GT 3.5478𝐸 − 10 0.02
GT-REC 3.7395𝐸 − 10 0.0179
GT-SOL 1.2663𝐸 − 10 0.0108

Total exergy destruction in GT-solar cycle is higher
than other cycles. However, nonrenewable destruction is the
lowest for GT-solar among different scenarios. As nonre-
newable destructions and losses have significant impacts on
the environment, the best advantage of renewable resources
and hybrid GT-solar cycle is minimizing the impacts on the
environment. NO

𝑥
, CO, and CO

2
emissions are also reduced

significantly by using solar hybrid cycle.

Nomenclature

𝐴: Area, m2
DNI: Direct normal irradiance, W/m2
ex: Specific exergy, kJ/kg

Ex: Exergy, kJ
Exd: Exergy destruction, kJ
𝑓: Resource distribution factor
GT-REC: Gas turbine cycle with recuperator
GT-SOL: Gas turbine cycle with solar receiver
ℎ: Specific enthalpy, kJ/kg
LHV: Lower heating value, kJ/kg
�̇�: Mass flow rate, kg/h
𝑃: Pressure, bar
�̇�: Heat transfer, kJ/kg
𝑠: Specific entropy, kJ/kgK
TIT: Turbine inlet temperature, ∘C
𝑇: Temperature, ∘C.

Greek Letters

𝜀: CO
2
emission per net output power, kgCO

2

/MWh
𝜂: Efficiency
𝜂field: Heliostat field efficiency
𝜂rec: Receiver efficiency.

Subscripts

0: Dead state
comb: Combustor
comp: Compressor
D: Destruction
F: Fuel
GT: Gas turbine
i: Index
in: Inlet
L: Loss
out: Outlet
P: Product
rec: Receiver
recup: Recuperator
sol: Solar.
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[4] P. Schwarzbözl, R. Buck, C. Sugarmen et al., “Solar gas turbine
systems: design, cost and perspectives,” Solar Energy, vol. 80, no.
10, pp. 1231–1240, 2006.

[5] P. Ahmadi and I. Dincer, “Thermodynamic and exergoenvi-
ronmental analyses, and multi-objective optimization of a gas



8 International Journal of Chemical Engineering

turbine power plant,” Applied Thermal Engineering, vol. 31, no.
14-15, pp. 2529–2540, 2011.

[6] P. Ahmadi, H. Barzegar Avval, A. R. Ghaffarizadeh, and M. H.
Saidi, “Thermo-economic-environmental multiobjective opti-
mization of a gas turbine power plant with preheater using evo-
lutionary algorithm,” International Journal of Energy Research,
vol. 35, no. 5, pp. 389–403, 2011.

[7] P. Heller, M. Pfänder, T. Denk et al., “Test and evaluation of a
solar powered gas turbine system,” Solar Energy, vol. 80, no. 10,
pp. 1225–1230, 2006.

[8] I. Dincer andM.A. Rosen,Energy, Environment and Sustainable
Development, Elsevier, Amsterdam, The Netherlands, 2007.

[9] N. K. Rizk and H. C. Mongia, “Semianalytical correlations for
NOx, CO, and UHC emissions,” Journal of Engineering for Gas
Turbines and Power, vol. 115, no. 3, pp. 612–619, 1993.



Research Article
Performance Assessment of a Hybrid Solar-Geothermal Air
Conditioning System for Residential Application: Energy,
Exergy, and Sustainability Analysis

Yasser Abbasi, Ehsan Baniasadi, and Hossein Ahmadikia

Department of Mechanical Engineering, Faculty of Engineering, University of Isfahan, Hezar Jerib Avenue,
Isfahan 81746-73441, Iran

Correspondence should be addressed to Ehsan Baniasadi; e.baniasadi@eng.ui.ac.ir

Received 4 December 2015; Revised 7 January 2016; Accepted 12 January 2016

Academic Editor: Pouria Ahmadi

Copyright © 2016 Yasser Abbasi et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper investigates the performance of a ground source heat pump that is coupled with a photovoltaic system to provide cooling
and heating demands of a zero-energy residential building. Exergy and sustainability analyses have been conducted to evaluate the
exergy destruction rate and SI of different compartments of the hybrid system. The effects of monthly thermal load variations
on the performance of the hybrid system are investigated. The hybrid system consists of a vertical ground source heat exchanger,
rooftop photovoltaic panels, and a heat pump cycle. Exergetic efficiency of the solar-geothermal heat pump system does not exceed
10 percent, and most exergy destruction takes place in photovoltaic panel, condenser, and evaporator. Although SI of PV system
remains constant during a year, SI of GSHP varies depending on cooling and heating mode. The results also show that utilization
of this hybrid system can reduce CO

2
emissions by almost 70 tons per year.

1. Introduction

Theenergy consumption for residential applications is almost
one-third of the world’s primary energy demand, while it is
rapidly increasing due to population growth and improve-
ment in human life standards [1, 2]. Currently most of
the required energy in this sector is supplied by high-
temperature sources to meet low-temperature heating needs.
These energy crises besides environmental degradation of
earth, global warming, and depletion of natural resources
have encouraged researchers to investigate the possibility of
using environmentally benign energy resources to drive low
exergy systems, that is, solar systems, ground source heat
exchangers, and so forth, with working temperatures close to
environment temperature. Low exergy systems are basically
air conditioning systems that utilize low grade energy of
sustainable sources to provide heating and cooling effects at
a temperature close to room temperature [3].

As a promising approach in energy conservation, heat
pumps can be combined with renewable energy sources to
provide a low exergy cooling and heating system. Among the

renewables, geothermal, wind, and solar are more adoptable
to sustainable buildings. Most of the research and devel-
opments in renewable energy based systems for residential
application are conducted to provide hot water, heating,
cooling, and ventilation by heat pumps or vapor-power
cycles [4–6]. Ground source heat pumps (GSHP), integrated
with certain types of low-temperature distribution system,
have been identified as the most efficient and ecofriendly
heating and cooling technology for various climates. These
systems are energy efficient and they are designed based
on the relatively constant temperature of the ground to
supply heating during the winter and cooling during the
summer. Vertical closed-loop systems are the most efficient,
though themost expensive, configuration because the subsoil
level of temperature increases and stabilizes with depth
[7–9]. Analyses of GSHP have been widely conducted in
literature from energetic and exergetic points of view [10–13].
Integration of ground source heat pumps with photovoltaic
system is a promising option to supply electricity, hot water,
and heating and cooling effects for off-network communities
and remote areas [14–16].

Hindawi Publishing Corporation
International Journal of Chemical Engineering
Volume 2016, Article ID 5710560, 13 pages
http://dx.doi.org/10.1155/2016/5710560

http://dx.doi.org/10.1155/2016/5710560


2 International Journal of Chemical Engineering

Combination of different renewable energy sources to
meet the demands of a sustainable building is widely studied.
Li et al. [17] described a rooftop hybrid heat pump system
that uses wind and solar energy to provide hot water, heating,
and cooling from energy, exergy, and environmental point
of view. Mikati et al. overviewed a small-scale distributed
power system that contains photovoltaic arrays, small-scale
wind turbines, and an electric grid connection [18]. Dai et
al. conducted an experimental study to evaluate the effect
of operation modes on the heating performance of a solar
assisted ground source heat pump system (SAGSHPS) [19].
Moreover, different concepts of solar assisted heat pump
systems with ground heat exchanger are simulated according
to IEA SHC Task44/HPP Annex38 reference conditions
using TRNSYS software.The dependency of system efficiency
on seasonal performance factor and possible shortening of
the ground heat exchanger by minimum temperature at
the ground heat exchanger inlet are evaluated [20]. The
performance of a new system for cooling of solar PV panels
called Ground-Coupled Central Panel Cooling System (GC-
CPCS), which is in operation at the Energy Park of Rajiv
Gandhi Proudyogiki Vishwavidyalaya (RGPV), is studied
by Sahay et al. [21]. Exergy analysis of photovoltaic system
has been conducted broadly. Sobhnamayan et al. [22] have
investigated an optimized solar photovoltaic thermal (PV/T)
water collector based on exergy concept. Exergy analyses of
photovoltaic (PV) and photovoltaic/thermal (PV/T) systems
were presented by Saloux et al. [23]. Gholampour et al.
[24] have evaluated the performance of the PV/UTC and
UTC systems by introducing energy efficiency as a function
of electrical-to-thermal ratio number and also the second
law efficiency. Exergy and economic evaluation of thermal
photovoltaic (PV/T) water based collectors for different
climates in Iran have been conducted by Jahromi et al. [25].

In this study an exergy analysis is conducted to investigate
the performance of an integrated PV-GSHP system for
space heating and cooling of a remote building. A general
arrangement schematic view of the system is illustrated in
Figure 1. The required area of SPV panels and GSHP needed
length are calculated for the hybrid air conditioning system
of a 200m2 building in a remote area. The effect of different
climates on system performance is investigated based on the
meteorological data of three cities of Iran (Isfahan, Yazd,
and Shahrekord). It is assumed that the building structure
is identical for all climate case studies; however the cooling
and heating loads, solar irradiation, and ground depth tem-
perature are different. The analysis is based on the monthly
averaged energy demands of the building. It is assumed that
heat and electricity can be stored during daytime. An energy,
exergy, and sustainability analysis is conducted to evaluate the
feasibility of utilizing solar assisted ground source heat pump
(GSHP) for air conditioning purposes.

2. System Analysis

2.1. Heating and Cooling Load. A remote building with
200m2 area located in Isfahan (elevation: 1590m) is consid-
ered to study the performance of an integrated geothermal
heat pump and photovoltaic system that provides heating and
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Figure 1: Schematic viewof the solar assistedGSHPair conditioning
system.

cooling loads. The system performances are compared for
different cities of Iran including Yazd (elevation: 1216m) and
Shahrekord (elevation: 2061m). Figure 1 shows a schematic
view of the residential building and the solar assisted geother-
mal heat pump.The heating, cooling, and hot water demands
of the building are calculated based on outdoor design
conditions of each city on an hourly basis.

2.2. System Description. Figure 3 shows a flow diagram of the
integrated solar assisted GSHP system that operates as an off-
grid energy system for the specified residential building. It
consists of three main loops.

(1) The ground loop delivers heat energy (in cooling
mode) to ground sublayers or takes heat energy (in
heating mode) from the ground. A circulating pump
circulateswater, as aworking fluid, in the loop (stream
1). Heat is exchanged with the ground via a network
of 𝑛 number of GSHXs with overall efficiency of 𝜂

𝑔,𝑥
.

The ground temperature 𝑇
𝑔
is almost constant during

a year.
(2) The primary loop is basically a Rankin refriger-

ation cycle that consists of two heat exchangers
with exchangeable functions depending on cooling
or heating season. In heating mode the first heat
exchanger takes heat from the ground loop as an
evaporator, while the other heat exchanger delivers
heat to the secondary loop as a condenser. In cooling
mode the first heat exchanger delivers heat to the
ground loop as a condenser and the other extracts
heat from the secondary loop as an evaporator.
A compressor pressurizes refrigerant R-134a in the
primary loop. A 4-way valve is adopted to switch
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cooling and heating mode functions by reversing the
refrigerant flow direction.

(3) The secondary loop exchanges heat via a fan-coil
heat exchanger with the air conditioned space. A
pump is used to circulate water through the loop.
The photovoltaic system supplies the required electric
power of pumps, compressor, and the fan-coil. This
system includes PV panels, convertor, and batteries.
The batteries store the generated electricity by the PV
system during daytime.

3. Energy and Exergy Analyses

The following assumptions are considered for calculating
energy and exergy of the streams:

(a) All of the processes are steady.

(b) Potential and kinetic energy of the streams are negli-
gible and no chemical reactions exist.

(c) The compressor mechanical and electrical efficiencies
are 80% and 70%, respectively.

(d) Air is an ideal gas and its specific heat is constant.

(e) The dead state conditions are selected as 𝑇
0
= 10∘C

and 𝑃
0
= 101.325 kPa.

(f) The thermodynamic properties of water, air, and R-
134a are calculated using the EES software package.

(g) The mass flow rate calculations are made by EES
software.

The case studies are also performed based on the assumptions
in Table 1.

3.1. Ground Source Heat Pump. Based on the aforementioned
assumptions, mass, energy, and exergy balance equations
are applied to find the output power, heat gain, rate of
exergy destruction, and energy and exergy efficiencies. The
governing equations are as follows [26, 27]:

𝑑

𝑑𝑡
(𝑀CV) = ∑

in
�̇� −∑

out
�̇�,

𝑑

𝑑𝑡
(𝐸CV) = �̇� + �̇� +∑

in
�̇�ℎ −∑

out
�̇�ℎ,

𝑑

𝑑𝑡
(ΦCV) = [∑�̇�

𝑖
(1 −

𝑇
0

𝑇
𝑖

)] + [�̇� + 𝑃
0

𝑑

𝑑𝑡
(∀CV)]

+∑
in
�̇�𝜓 −∑

out
�̇�𝜓 − �̇�CV,

(1)

where exergy of any stream (𝜓) is defined as

𝜓 = (ℎ − ℎ
0
) − 𝑇
0
(𝑠 − 𝑠
0
) +

𝑉2

2
+ g𝑧. (2)

Table 1: Main assumptions for analysis (Isfahan case study, month
of January).

Parameter Value
General parameters
Design temperature 22.5 (∘C)
Dead state temperature 10 (∘C)
Ground temperature 17 (∘C)
Thermal load 10.1 (kW)
Solar irradiance 0.2 (kWm−2)
Battery efficiency 70%
Power conversion efficiency 18%
GSHX parameters
Working fluid Water
Inlet temperature 5 (∘C)
Outlet temperature 15 (∘C)
Soil resistance 230 (kW−1m ∘C)
Ground pump efficiency 80%
Ground heat exchanger efficiency 80%
Heat pump parameters
Evaporator pressure 200 (kPa)
Condenser pressure 800 (kPa)
Refrigerant R-134a
Condenser efficiency 80%
Evaporator efficiency 80%
Compressor efficiency 80%
Expansion valve efficiency 80%
Room heater parameters
Working fluid Water
Inlet temperature 20 (∘C)
Outlet temperature 30 (∘C)
Fan-coil heat exchanger efficiency 80%
Fan-coil pump efficiency 80%

3.1.1. Heat Transfer Process in Fan-Coil. Therate of exergy that
is delivered to room due to thermal (Φ̇load) is

Φ̇load = �̇�load (1 −
𝑇
0

𝑇
𝑑

) , (3)

where �̇�load is the heating or cooling load of the building
and 𝑇

𝑑
is indoor design temperature of the building. The

irreversibility rate in the air conditioning heat exchanger is

�̇�fan-coil = Φ̇load ± �̇� (𝜓in − 𝜓out) . (4)

3.1.2. Compression Process. In the hybrid cycle, the input
exergy required for compression process, either in pumps
or in compressor, is delivered from the photovoltaic system
with energy efficiency of 15 percent. By neglecting frictional
heating, the rate of irreversibly for compression process is

�̇�pump = �̇�pump + �̇� (𝜓in − 𝜓out) . (5)

The irreversibility due to energy conversion deficiency in
electric motors can be written as

�̇�electric-motor = �̇�PV (1 − 𝜂𝑝,𝑒) . (6)
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Figure 2: Monthly variations of environment and ground temperature for different cities (a) and corresponding cooling and heating loads
calculated with available software (b).

3.1.3. Evaporator and Condenser. Exergy balance for this
process is given by

�̇�CV = ∑
in
�̇�𝜓 −∑

out
�̇�𝜓. (7)

Thus evaporator or condenser lost exergy is

�̇�
𝑒,𝑐
= (�̇�
1
𝜓
1,in + �̇�2𝜓2,in) − (�̇�1𝜓1,out + �̇�2𝜓2,out) . (8)

3.1.4. Throttling Process. The exergy loss rate �̇�CV in the
throttling valve is

�̇�tr = �̇� (𝜓in − 𝜓out) . (9)

3.1.5. Ground Source Heat Exchanger. The exergy rate that is
extracted from ground Φ̇geo is

Φ̇geo = �̇�geo (1 −
𝑇
0

𝑇geo
) , (10)

where �̇�geo is the exchanged heat between the ground and
the working fluid in the heat exchanger loop and 𝑇geo is the
average ground temperature in a specific depth.

The ground temperature 𝑇geo is a function of several
parameters. It can be calculated using the following equation:

𝑇geo = 𝑇mean + 𝐴
 cos(𝜔 (𝑡 − 𝑡

0
) −

𝑧

𝑑
) × 𝑒
−𝑧/𝑑

, (11)

where𝑇mean is annual average temperature (∘C),𝐴 is temper-
ature wave magnitude (∘C), 𝜔 is temperature wave frequency
[2𝜋/(365×24 hours)], 𝑡

0
is time for the warmest day of a year

(hour), 𝑧 is ground depth (m), and 𝑑 = √2𝛼/𝜔, in which 𝛼 is
heat conductivity of soil (m2/hour).

The pipe length of GSHX is calculated by

𝐿GSHX =
�̇�geo

𝑇geo − 𝑇𝑊,𝐺

1

𝑅tot
, (12)

where 𝑅tot is the total thermal resistance of soil, pipe, and
water and 𝑇

𝑊,𝐺
is the mean temperature of water flowing

through ground source heat exchanger. Considering physical
properties of polyethylene pipe, soil, and water the total
thermal resistance is 𝑅tot ≈ 230 kW/m

∘C.
The exergy destruction rate in the heat transfer process is

�̇�GSHX = Φ̇geo + �̇� (𝜓in − 𝜓out) . (13)

3.2. Photovoltaic System. Solar Irradiance is ameasure of how
much solar power can be delivered at a specific location.
Figure 4 illustrates the monthly solar irradiation averaged
over 22 years for different cities. Figure 4 provides the
information on the available solar irradiation in case of using
PV panel with sun tracking, based on [28]. This information
is then used to calculate the average daily power generation
from the photovoltaic system in each month.

The actual energy input from solar radiation may be
defined as below [23]:

�̇�solar = 𝐴𝐼𝑠, (14)

where 𝐼
𝑠
is solar irradiance intensity and is 𝐴 photovoltaic

panel net area.
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The input exergy of solar radiation is given by [29]

Φ̇in,solar = (1 −
4

3
(
𝑇
0

𝑇
𝑠

) +
1

3
(
𝑇
0

𝑇
𝑠

)

4

) 𝐼
𝑠
𝐴, (15)

where 𝑇
𝑠
is the sun temperature and is taken as 5777K. The

exergy balance for the PV module can be written to find the
associated irreversibility as follows [30–32]:

Φ̇in,solar = �̇�PV + �̇�PV. (16)

It is shown that PV output exergy can be calculated as

�̇�PV = 𝑉𝑚𝐼𝑚, (17)

where 𝑉
𝑚
is PV voltage and 𝐼

𝑚
is generated current.

The energy conversion efficiency of PV module can be
defined as the ratio of the net electrical output power to the
input energy as below:

𝜂pce =
𝑉
𝑚
𝐼
𝑚

𝐼
𝑠
𝐴
. (18)

3.3. Overall System Analysis. The input exergy to the hybrid
cycle is received from the geothermal source (Φgeo) and pho-
tovoltaic system (ΦPV). The desired exergy that is delivered
to the house isΦload. Therefore, the second low efficiency for
the hybrid cycle is

𝜂II =
Φ̇load

Φ̇geo + Φ̇PV
. (19)
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Figure 4: Monthly average solar irradiation for different cities.

Total exergy losses are calculated by

�̇�total = �̇�GSHX + �̇�evaporator + �̇�condenser + �̇�tr

+∑(�̇�pump + �̇�electric-motor) .
(20)

3.4. Sustainability Analysis. Exergy analysis can be further
extended to investigate the sustainability of the cycle, either at
design stage or for the existing condition. The sustainability
index gives useful information about how exergy efficiency of
subsystems affects the sustainability of the energy resources
and overall system. Higher sustainability index indicates
more sustainability of the process or system.The sustainabil-
ity index (SI) is defined as [29]

SI = 1

1 − Ψ
, (21)

where

Ψ =
output exergy
input exergy

. (22)

It is also useful to investigate the performance of the sub-
systems using relative irreversibility (RI), that is, the ratio of
the subsystem exergy destruction rate �̇�

𝑠
to the overall system

exergy destruction rate �̇�tot:

RI =
�̇�
𝑠

�̇�tot
. (23)

4. Results and Discussions

4.1. Exergy Flow Diagram. Figure 5 illustrates a Grassmann
diagram of the hybrid system.The flow of exergy from energy
sources, for example, solar and geothermal energy, useful
exergy delivered to building, and exergy destruction are
shown, quantitatively.The results are related based on Isfahan

climate in January. It can be concluded that most exergy
destruction takes place in photovoltaic modules. Around
82% of the total incident solar exergy is captured by the
photovoltaic system, of which about 76% is destroyed due
to energy conversion deficiencies of the PV panels. From
24% of the input solar exergy that is delivered to the battery
storage, compressor, and pumps, about 15% is destructed
due to irreversibility in these components as well as AC-
DC converter. Therefore, almost 10% of solar irradiance
exergy would be converted to useful work in the pumps and
compressor. Improvement in energy conversion efficiency of
themechanical and electrical equipment’s and heat exchanger
redesign can avoid exergy losses to some extent. On the
other hand, about 67% of the total input exergy from GSHP
system that is delivered to the evaporator, condenser, and
other heat exchangers is lost due to irreversibility in heat
transfer processes.

4.2. Exergy Efficiency. The variation of exergy efficiency of
the system during a year is illustrated in Figure 6. The exergy
efficiency of the hybrid cycle is almost constant during the
hot season and it is at its lowest value of 2%. During the cold
season, however, the efficiency of the system would increase.
The exergy efficiency is highly dependent on the GSHP
performance. During hot seasons, ground temperature and
ambient temperature are more close to each other compared
to the cold season. It will cause low geothermal exergy
input during the hot season. Although, during cold seasons,
cooling mode and ambient temperature are so variable (in
comparison to the hot season), ground temperature remains
nearly constant.This fact causes a variable geothermal exergy
input in cold seasons. As solar exergy is relatively less variable
during cold seasons, exergy efficiency of the system is highly
dependent on geothermal subsystem exergy efficiency. On
the other hand, the highest exergy efficiency values are for
the coldest season of Jan and Dec. During these seasons, the
geothermal system has a better performance because of the
highest difference between ground depth temperature and
ambient temperature in cold seasons.

4.3. Sustainability and Relative Irreversibility Analysis. Fig-
ures 7 and 8 represent the sustainability index of the two
main energy harvesting compartments, namely, photovoltaic
and geothermal systems, as well as the integrated cycle. As
exergy input from the solar system is far greater than the
geothermal system (due to extensive destruction of PV sys-
tem) sustainability index of the integrated system is relatively
constant as the solar system. It can be observed from Figure 7
that PV system sustainability has limited dependency on dead
state temperature. It can be also concluded from (15) that
the difference between temperature of the sun and dead state
temperature compensates the effect of this parameter on the
input exergy from the sun to the PV system. As shown in
Figure 8, the PV system sustainability index is 1.2 during a
year. On the other hand, the sustainability index of GSHP
system is a function of dead state temperature. Since in this
study the ground temperature is taken as 17∘C, the GSHP
sustainability index isminimumwhendead state temperature
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is 15∘C. Sustainability index of GSHP will be constant during
the hot season (cooling mode) because the design indoor
temperature and ground temperature are close to each other
and ambient temperature changes are limited. During the
cold season, as the ambient temperature decreases the sus-
tainability of GSHP increases. It shows that the hybrid cycle
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is more sustainable, and exergy destruction is lower in the
cold season. However, during April and October months due
to the close environment temperature to the indoor design
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temperature, the cooling and heating loads are much smaller
than the cycle capacity and the output exergy decreases
significantly comparing with input exergy. In fact, the hybrid
cycle irreversibility’s and exergy destruction increase and
its sustainability index are of minimum value during these
months.

Figures 9 and 10 illustrate the relative irreversibility of the
units/process for the entire cycle and the GSHP subsystem,
respectively. It is shown in Figure 9 that most exergy destruc-
tion takes place in the PV system. The photovoltaic cells,
AC-DC converter, and battery system destruct about 82% of
overall input exergy (𝐼 PV + 𝐼 PCE). The next most exergy
destructive process is related to heat exchange in evaporator
and condenser. These two processes destruct almost 12% of
the total input exergy. Figure 10 indicates that about 70% of
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Figure 10: Relative irreversibility of GSHP components.
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Figure 11: Exergy destruction rate of GSHP system during a year.

the exergy destruction in GSHP is due to heat exchange in
condenser and evaporator.

4.4. Design Constraint Effects. The main design constraints
of the hybrid cycle are the length of ground source heat
exchanger and the PV panel’s area. Any design criteria for
these parameters can change the exergy analysis results.
Climate characteristics can also affect the performance of the
system. The COP of the system is a function of refrigeration
mass flow rate as well. Therefore to reflect the effect of the
aforementioned design constraints on the performance of the
hybrid cycle from the second lawof the thermodynamic point
of view, the results are extended as shown in Figures 11–17.The
effects of different climates on the performance of the systems
are compared in different case scenarios as shown in Figures
16 and 17.
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Figure 12: Exergy destruction rate of PV system during a year.
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Figure 13: GSHX minimum required length for each month.
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Figure 14: PV panel minimum required area for each month.
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Figure 15: Heat pump refrigerant mass flow rate variation.
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Figures 11 and 12 present the exergy destruction rate of
GSHP and PV system during a year based on the minimum
required GSHX length and PV panel area, respectively. The
exergy destruction rate of the entire cycle can be divided into
two unavoidable and avoidable parts. The unavoidable part
refers to exergy destruction due to irreversibility of different
applicable process that takes place within the hybrid cycle
with the minimum required sizes of the compartments, and
the other part is related to overdesign condition of the system
in different months. In other words, unavoidable exergy
destruction is due to internal irreversibility of component;
however, the avoidable exergy destruction is due to overde-
sign of system such as excessive photovoltaic area or GSHX
length. An air conditioning system for a specific building
is usually designed for the extreme climate conditions, for
example, the hottest and coldest day of a year, and control
systems are considered to minimize energy consumption for
the rest of the year. However, in case of using solar and
geothermal systems, the length of heat exchangers and the
area of PV panels only match with the maximum energy
demand and it leads to excess input exergy loss during most
of the days of operation. It is observed that exergy loss due to
input and demand exergy mismatch is much higher in the
PV system comparing with GSHP system. Excess available
energy can be stored for system operation during either night
or peak hours. In fact, the design of the entire cycle can be
optimized based on the average energy demand and energy
storage systems can be used to compensate for the peak
energy consumption conditions. As it is shown in Figures 12
and 14, during the hot season a considerable portion of the
solar PV panels is not utilized. Maximum exergy destruction
rate occurs in May due to mismatch between system size
and building energy demands.The cooling and heating loads
at this month are minimum with amount of about 14 kW.
Almost 12 kW of destructed exergy at this month is avoidable
by energy storage in battery.

The variation of heat pump refrigerant flow rate based on
the climate changes during a year is illustrated in Figure 15.
It can be concluded that, for the city of Isfahan during
the cold months of winter, when both PV panel’s area and
GSHX length are maximum, high refrigerant flow rates are
also required. In fact high energy demand and low solar
irradiation during these months lead to considerable almost
2 times increase in irreversibility. This irreversibility mostly
occurs in heat exchangers of the hybrid cycle.

4.4.1. Effect of Climate Changes on System Performance. In
order to investigate the performance of the hybrid cycle in
different climates, the calculations are repeated for two more
cities with different weather conditions. The hybrid cycle is
designed to supply the maximum and heating and cooling
loads during a year. Isfahan city has warm summers and cold
winters, Shahrekord city has quite coldwinters andmild sum-
mers, and Yazd city has very hot summers and mild winters.
Ground temperature, weather data, and solar irradiance for
the three different cities are obtained via local meteorological
data. Variation of the required length of GSHX during a year
is more uniform for Yazd city, but the required PV panel area
varies considerably. Figures 16 and 17 compare the exergy

21
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155 159

Yazd Shahrekord Isfahan

Area (m2)
Length (m)

Figure 18: Average required PV area and GSHX length.

destruction rates of the hybrid cycle in the three cities. It
can be concluded that both GSHX and PV systems have
the largest exergy destruction rate in Shahrekord city due to
considerable changes of the atmosphere average temperature
during a year and also dimensional mismatch between the
required and available sizes of GSHX and PV. The building
in Shahrekord city has much lower cooling load than heating
load, whereas the situation is vice versa in Yazd city.Therefore
different arrangements to avoid exergy destruction can be
made in these two cities. In other words, energy storage
systems and control systems may be applied based on the
hybrid cycle performance in each city individually.The results
show that the hybrid cycle has almost two times lower exergy
destruction rate during the cold season comparing with the
hot season. Although the design of GSHX and PV systems
is based on the maximum heating and cooling loads, excess
absorbed energy can be saved in battery or prevented using a
bypass valve in case of ground source heat exchangers.

In another approach, the hybrid cycle can be designed
based on the average energy demands of the building during
a year. Consequently, the GSHX and PV sizes are reduced and
the exergy destruction due tomismatch of the system size and
energy demands can be minimized. The capital investment
of the system is also reduced considerably. Since the hybrid
cycle, in this case, cannot supply the energy demands of the
building in somemonths, the grid electricitymay compensate
for the required loads. Figure 18 shows the average solar PV
panel area and GSHX length for 3 different climates that can
be considered for redesigning the cycle; however it might
not be the optimum solution as the exergy efficiency and
the investment cost should be simultaneously optimized in
a detailed study.

4.5. Environmental Benefits. The hybrid GSHP-PV cycle
can be utilized to supply the total or part of the building
energy demand that leads to considerable decreases in CO

2
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emissions. Based on the cooling and heating energy demands
of the building that is located in Isfahan, as shown in
Figure 2, the annual energy consumption (AEC) would be
approximately 60000 kWh per year. Based on the lower
heating value (LHV = 47.174MJ/kg) of natural gas and 40
percent energy conversion efficiency (𝜂 = 40%) in power
plants, almost 20000m3 of methane will be saved according
to (24). Equivalent carbon dioxide emission is calculated by
(25). In this equation 𝐸

𝑐
is specific carbon dioxide emissions

of natural gas. Based on (25) (with 𝐸
𝑐
= 0.2) reduction

of about 1.2 × 104 kg carbon dioxide emission is achieved
annually [22, 33]. If the hybrid cycle is designed based on the
average required area and length of PV andGSHX, the annual
carbon dioxide emission reduction is almost 0.85 × 104 kg:

∀ = 3.6 (Mj/kWh) × AEC
(𝜌 × 𝜂 × LHV)

, (24)

𝑚 = 𝐸
𝑐
× AEC. (25)

5. Conclusion

The performance of a hybrid solar-geothermal air condi-
tioning system is investigated to provide the cooling and
heating energy demands of a residential building. Utilization
of green sources of energy results in low exergy efficiency of
about 10 percent, since solar and geothermal energy conver-
sion facilities are considerably exergy destructive. However
considerable saving in fossil fuels and reduction in green
house effects are observed. The hybrid cycle performance in
different climates is evaluated, and it is observed that the
exergy destruction due tomismatch of the area of solar panels
and length of ground source heat exchanger with energy
demands in each month is less in climates with very hot
summer and mild winter. The sustainability index of the
ground source heat pump systems greatly depends on the
dead state temperature whereas the PV system does not.
Almost 76 percent of the exergy destruction in the hybrid
cycle is due to inefficiencies of the PV system and about 70
percent of irreversibility in GSHP system occurs in the heat
exchangers.The following conclusions aremade in this study:

(i) The hybrid systemhas higher exergy efficiency during
the cold season.

(ii) In the hybrid system, exergy destruction mostly takes
place in photovoltaic modules.

(iii) The photovoltaic cells, AC-DC converter, and battery
system destruct about 82% of overall input exergy.

(iv) About 76% of PV panel input exergy is destroyed due
to energy conversion deficiencies of the PV panels.

(v) Exergy loss due to mismatch of input and demand
exergy is much higher in the PV system comparing
with the GSHP system.

(vi) In the GSHP system, most exergy destruction takes
place in heat exchangers.

(vii) Geothermal system has a better performance during
the cold season, because of the highest difference

between ground depth temperature and ambient tem-
perature.

(viii) The PV system sustainability index is 1.2 during a
year, but the sustainability index of GSHP system is
a function of dead state temperature.

(ix) The hybrid system ismore sustainable during the cold
season.

(x) If the hybrid cycle is designed based on the average
energy demands of the building during a year, the
GSHX and PV sizes are reduced and the exergy
destruction due to mismatch of the system size and
energy demands can be minimized.

(xi) If the cycle is designed based on the average required
area and length of PV and GSHX the annual carbon
dioxide emission reduction is almost 5 × 104 kg.

The evaluation of the hybrid system (GSHP coupled with PV
panel) for different cities (with different climates) results in
the following conclusions:

(i) Both GSHX and PV systems have the largest exergy
destruction rate in Shahrekord city (the coldest cli-
mate) due to considerable changes of the atmosphere
average temperature during a year and also dimen-
sional mismatch between the required and available
sizes of GSHX and PV.

(ii) Different arrangements to avoid exergy destruction
can be made in Shahrekord and Yazd.

Although coupling the GSHX and PV systems causes consid-
erable exergy destruction (especially during the cold season),
the hybrid system is capable of providing a clean source of
district cooling and heating for regions with limited access
to power grid. It is suggested that more study be conducted
in order to evaluate primary and secondary cost (exergoe-
conomical aspect). The optimum design of the GSHX-PV
system can be identified using exergoeconomic analysis that
is undertaken as the continuation of this study.

Nomenclatures

Variables

𝐴: Photovoltaic panels area (m2)
AEC: Annual energy consumption (kWh)
𝐴: Temperature wave magnitude (K)
𝑑: Depth parameter (m)
𝐸: Energy (kJ)
𝐸
𝑐
: Specific carbon dioxide emissions

ℎ: Enthalpy per unit of mass (kJ kg−1)
𝐼: Irradiance intensity (kJm−2)
�̇�: Irreversibility (destruction) rate (kJ s−1)
𝐼
𝑚
: Electrical current (ampere)

𝐿: Ground heat exchanger length (m)
LHV: Lower heating value (MJ/kg)
𝑃: Reference pressure (kPa)
�̇�: Heat transfer rate (kJ)
𝑅: Heat resistance (kJm−1 s−1 K−1)
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𝑇: Temperature (K)
𝑇: Mean temperature (K)
𝑉
𝑚
: Electrical voltage (volt)

�̇�: Work rate (kJ)
𝑚: Mass (kg)
�̇�: Mass flow rate (kg s−1)
𝑛: Number of heat exchangers
𝑡: Time (s)
𝑡
0
: Time of the year’s warmest day (hour)

𝑉: Velocity (m s−1)
𝑧: Ground depth (m)
∀: Volume (m3).

Greek Letters

Φ: Exergy (kJ)
Ψ: Flow exergy (kJ kg−1)
𝛼: Conductivity of soil (m2 s−1)
𝜋: Global constant
g: Gravity acceleration (m s−2)
𝜓: Flow exergy (kJ kg−1)
𝜔: Temperature wave frequency (s−1).

Efficiencies

COP: Coefficient of performance
𝜂II: Exergy efficiency
𝜂
𝑔,𝑝

: Ground pump efficiency
𝜂
𝑔,𝑥

: Ground heat exchanger efficiency
𝜂
𝑝,1,𝑐

: Evaporator efficiency in cooling mode
𝜂
𝑝,2,𝑐

: Condenser efficiency in cooling mode
𝜂
𝑝,1,ℎ

: Evaporator efficiency in heating mode
𝜂
𝑝,2,ℎ

: Condenser efficiency in heating mode
𝜂
𝑝,𝑝

: Refrigerant pump efficiency
𝜂
𝑝,V: Expansion valve efficiency
𝜂pce: Power conversion efficiency
𝜂
𝑠,𝑓
: Fan-coil heat exchanger efficiency

𝜂
𝑠,𝑝
: Fan-coil pump efficiency.

Subscripts

0: Dead state (reference)
CV: Control Volume
PV: Photovoltaic
𝑐: Compressor
𝑑: Design condition
𝑒: Electrical
𝑔: Ground
geo: Geothermal
𝑖: Initial condition
in: Inlet
load: Cooling and heating loads
mean: Averaged
out: Outlet
tot: Total condition
tr: Throttling Process
𝑠: Solar.

Operators

𝑑/𝑑𝑡: Time derivation
∑: Summation.

Abbreviations

EES: Engineering Equation Solver
GSHP: Ground source heat pump
GSHX: Ground source heat exchanger.
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A considerable difference between experimental and theoretical results has been observed in the studies of segmented
thermoelectric generators (STEGs). Because of simplicity, the approximate methods are widely used for design and optimization
of the STEGs. This study is focused on employment of exact method for design and optimization of STEGs and comparison of
exact and approximate results. Thus, using new highly efficient thermoelectric materials, four STEGs are proposed to operate in
the temperature range of 300 to 1300 kelvins. The proposed STEGs are optimally designed to achieve maximum efficiency. Design
and performance characteristics of the optimized generators including maximum conversion efficiency and length of elements
are calculated through both exact and approximate methods. The comparison indicates that the approximate method can cause a
difference up to 20% in calculation of some design characteristics despite its appropriate results in efficiency calculation.The results
also show that the maximum theoretical efficiency of 23.08% is achievable using the new proposed STEGs. Compatibility factor
of the selected materials for the proposed STEGs is also calculated using both exact and approximate methods. The comparison
indicates a negligible difference in calculation of compatibility factor, despite the considerable difference in calculation of reduced
efficiency (temperature independence efficiency).

1. Introduction

Nowadays, the use of thermoelectric cooler and generator has
become increasingly developed. The thermoelectric appli-
cations include electronic cooling, portable refrigerator, air
conditioning, high-precision temperature measurement, and
space applications.The thermoelectric method has outstand-
ing features compared to the other energy conversion meth-
ods such as exclusion of moving parts, high reliability, and
long life span [1]. In addition, there are several studies on the
combined use of the thermoelectric technology with other
energy conversion methods (e.g., steam and gas turbine) as
an efficient way of harnessing waste heat in power plant and
other industries [2]. However, the need for high temperature
heat source and low efficiency is a remarkable challenge in
the thermoelectric technology. Today, the first challenge has
been overcome thanks to the abundant waste heat sources,
high temperature exhausted gas of diesel engine [3], and so
forth. However, so many studies have been done to increase
the efficiency of thermoelectric applications and a lot is still

needed. The effort to enhance thermoelectric efficiency can
be classified into three categories: invention and development
of highly efficient materials, segmentation, and cascading.
The first two of them are discussed in the current study.

Invention andDevelopment ofHighly EfficientMaterials.Ther-
moelectric efficiency not only depends on temperature, but
also depends on physical properties of the material such as
electrical and thermal conductivity and Seebeck coefficient.
The effect of such properties on efficiency can be analysed
using figure of merit (FOM or 𝑍) or dimensionless figure of
merit (𝑍𝑇). The higher the FOM, the higher the conversion
efficiency. In this category, the attempts are inclined to
enhance the performance of thermoelectric applications by
modification of physical properties which results in the
increase of FOM, that is, increase in Peltier coefficient,
electrical conductivity, and thermal resistivity. Many studies
have focused on this category. In particular, in recent years,
with the advent of nanotechnology, many researchers have
made attempts to develop thermoelectric materials with
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Figure 1: Schematic of a segmented thermoelectric generator.

higher FOM [4–7]. The remarkable achievements of Boston
and MIT researchers can be mentioned [8, 9].

Segmentation. Considering the temperature dependence of
FOM, so far, no material has been found with a satisfactory
FOM within a sufficiently large temperature range (e.g., 300
to 1300K). Different materials have a satisfactory FOM only
within a limited temperature range. Hence, the segmented
thermoelectric devices have emerged (see Figure 1(a) which
shows a segmented thermoelectric generator). In the seg-
mented thermoelectric device, each material is supposed to
be used in its own specific temperature range, in which it has
a reasonable FOM. Numerous researches have been done in
this category. Chen et al. [8] proposed a STEG for operation
between 300 and 900K and achieved theoretical efficiency of
15%.Kang et al. [10] presented a𝑝-type thermoelectric leg and
claimed that 17% efficiency can be achieved experimentally.
Snyder and Caillat [11] presented a STEG, considering com-
patibility factor. With the assumption of negligible contact
resistance and adiabatic outside surface area, they achieved
18.1% efficiency theoretically in temperature range of 25 and
1000∘C.

Efficiency calculation is one of the most important parts
of thermoelectric generators research, as it is important in
other energy conversion methods. Due to importance of effi-
ciency, several researches have been conducted on the meth-
ods of efficiency calculation of thermoelectric generators.
Sherman et al. [12] presented a comprehensive method for
calculation of performance of thermoelectric devices. With
the advent of segmented thermoelectric systems, Swanson
et al. [13] offered an approximate method for calculation of

performance and design of segmented thermoelectric sys-
tems. Moore [14] calculated the performance characteristics
of a feasible STEG using the exact and Swanson et al.’s
methods and compared the results. Moore did not design
or optimize a STEG; he only focused on performance cal-
culation of a predesigned generator. El-Genk and Saber [15]
improved Swanson et al.’s method. Their model uses volume
average to calculate thermoelectric properties rather than
temperature average of Swanson et al.’s method. Until now,
due to the widespread application of STEGs, the researchers
work on a new methodology for calculation of the efficiency
of the STEGs [16, 17].

Considering FOM as the only factor in design of STEGs
can adversely affect the thermoelectric efficiency. Therefore,
another parameter (called compatibility factor) must be
considered in design of STEGs. The compatibility factor also
shows whether segmentation or cascading should be used in
different conditions [18].

One of the most important steps in exergy analysis of
energy systems is identification of waste heat sources in
order to minimize exergy destruction. The thermoelectric
technology is a promisingway to harness thewaste heat.Thus,
the thermoelectric generators and specially STEGs are of
importance in exergy optimization. A considerable difference
between experimental and theoretical results (approximate
methods) has been observed in the studies of STEGs [15].
Although a major portion of the differences can result from
contact resistance and experimental uncertainty, it seems
necessary to confirm the validity of theoretical results. Up to
now, all of the thermoelectric researchers use the approximate
methods for design and optimization of the STEGs, because
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Figure 2: Temperature dependence of dimensionless figure of merit for (a) 𝑛-type and (b) 𝑝-type materials.

of their simplicity. But this may be a cause of the difference
between experimental and theoretical results. There was lack
of using exact method for optimization of STEGs in the
literature; therefore, application of exact method can bridge
the gap between theoretical and experimental results [15–17].
Considering this fact, the main objectives of this study can be
categorized as follows:

(i) In order to design and optimize STEGs, at the first
step, the chemically and physically modified thermo-
electric materials are reviewed. Thus, the materials
which have high efficiency in a temperature range
are selected. Then, four STEGs are proposed for
optimization process.

(ii) As the main objective of this study, the proposed
STEGs are optimized using the exact method rather
than the common simple approximate methods.
Then, the design and performance characteristics of
the STEGs are calculated through exact method.

(iii) Finally, the design and performance characteristics
of the proposed STEGs are also calculated through
common approximate methods. Then, the results of
exact and approximate methods are compared.

2. Selection of Materials

In this paper, a major study has been done on the latest
known thermoelectric materials, the best of which have been
applied for the design of a thermoelectric generator. Due to
the temperature dependence of FOM, the materials with a
satisfactory FOM in a specific temperature range have been
selected. Figures 2(a) and 2(b) show the variation of FOM
with temperature for 𝑛-type and 𝑝-type legs, respectively.
Two arrangements have been optimized for each type of
leg. Next, by considering different combinations, four STEGs
have been proposed and analysed. The materials used in the
mentioned arrangements, as well as temperature ranges for
each arrangement, are presented in Table 1.

3. Optimization and Performance Calculations

3.1. Exact Method. Performance calculation methods of
single-segmented generator were introduced by Sherman et
al. [12]. Efficiency of a thermoelectric generator is defined by
the following relation:

𝜂 =
𝑊

𝑄
ℎ

, (1)

where 𝑊 and 𝑄
ℎ
are output power and input heat, respec-

tively (see Figure 1(b)). Assuming ideal condition,

𝑊 = 𝑅
𝐿
𝐼
2

= 𝑄
ℎ
− 𝑄
𝑐
, (2)

where𝑅
𝐿
, 𝐼, and𝑄

𝑐
are load resistance, electrical current, and

output heat, respectively. Using relations (1) and (2) for given
𝑄
ℎ
and 𝑄

𝑐
, it is possible to calculate efficiency. 𝑄

𝑐
and 𝑄

ℎ
are

determined by energy balance in cold and hot junctions as
follows [12]:
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(3)

where𝐴, 𝑘, and𝜋 are cross section area, thermal conductivity,
and Peltier coefficient, respectively. The subscripts 𝑐, ℎ, 𝑝,
and 𝑛 refer to cold junction, hot junction, 𝑝-type leg,
and 𝑛-type leg, respectively. Equation (3) denotes that it is
necessary to determine temperature gradient as well as the
electrical current passing through the legs to calculate𝑄

𝑐
and

𝑄
ℎ
. Therefore, it is essential to determine the temperature



4 International Journal of Chemical Engineering

Table 1: The materials of the proposed arrangements and their operation temperature range.

𝑝1 𝑝2 𝑛1 𝑛2
(temperature range) (temperature range) (temperature range) (temperature range)
(Bi0.25Sb0.75)2Te3 [19] Bi0.4Sb1.6Te3 [20] Bi2(Te0.94Se0.06)3 [21] In0.2Ce0.2Co4Sb12 [22]
(300–440) (300–520) (300–440) (300–570)
AgSbTe2 [23] Na0.95Pb20SbTe22 [24] AgPb18SbTe20 [25] AgPb18SbTe20 [25]
(440–670) (520–700) (440–800) (570–800)
Pb0.13Ge0.87Te [26] Pb0.13Ge0.87Te [26] Si80Ge20P2 [27] Si80Ge20P2 [27]
(670–770) (700–770) (800–1200) (800–1200)
CeFe
3

CoSb12 [28] CeFe3CoSb12 [28] La0.377Yb0.44Te0.579 [29] La0.377Yb0.44Te0.57 [29]
(770–920) (770–920) (1200–1300) (1200–1300)
Yb14MnSb11 [30] Yb14MnSb11 [30] — —(920–1300) (920–1300)

distribution in legs. The temperature distribution of a single-
segmented leg is calculated through the following equation
[31]:

𝑑

𝑑𝑥
[𝑘 (𝑇) 𝑇



(𝑥)] − 𝛾 (𝑇) 𝐽𝑇


(𝑥) + 𝜌 (𝑇) 𝐽
2

= 0,

𝛾 (𝑇) = 𝑇
𝑑𝛼

𝑑𝑇
, 𝐽 =

𝐼

𝐴
.

(4)

In the above equation,𝑇 is derivative of temperaturewith
respect to 𝑥. 𝛾 and 𝐽 are Thomson coefficient and current
density, respectively. It is evident that solving such equation
requires knowing exactly how the thermoelectric properties
change with temperature. Equation (4) is solved for each leg
using the following change of variable:

𝑦 (𝑇) = −
𝑘 (𝑇)

𝐽𝑑𝑥/𝑑𝑇

or 𝑢 = − 𝐽

𝑘 (𝑇) 𝑑𝑇/𝑑𝑥
.

(5)

Hence, (4) can be written as the following:

𝑑𝑦

𝑑𝑇
= −𝛾 (𝑇) −

𝜌 (𝑇)𝐾 (𝑇)

𝑦 (𝑇)

or 𝑑𝑢
𝑑𝑇

= (𝛾 (𝑇) + 𝜌 (𝑇)𝐾 (𝑇) 𝑦 (𝑇)) 𝑢
2

,

(6)

where 𝑢 represents relative current density. In exact method,
the above equation can be solved using the variable substi-
tution of (5) and considering an initial condition for 𝑢(𝑇)
or 𝑦(𝑇). The solution results include determination of elec-
trical current and temperature distribution, two mentioned
necessary factors for calculation of𝑄

𝑐
and𝑄

ℎ
. Consequently,

the efficiency is determined. Next, the efficiency can be
maximized by repeating the process with different initial
conditions.

In this study, specific modifications must be applied to
this process due to the fact that more than one material is
used in each leg and the Peltier heat is also presented in
each interface. To solve the problem, (4) is solved separately
for each segment, and the following continuity conditions

are applied at the interfaces for 𝑛-type and 𝑝-type legs,
respectively [14]:

𝑘
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𝑗
𝑇
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𝑇
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+ 𝑇𝐼 (𝛼
𝑗+1

− 𝛼
𝑗
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𝑘
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𝐴
𝑗
𝑇
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𝑇


𝑗+1

− 𝑇𝐼 (𝛼
𝑗+1

− 𝛼
𝑗
) .

(7)

Electrical and thermal conductivity and Seebeck coefficient
of the materials have been obtained from references given in
Table 1. Then, (4) has been solved numerically using Δ𝑇 = 1
and assuming initial condition for 𝑢(𝑇

ℎ
) or 𝑦(𝑇

ℎ
).

Integrating of (4) gives (8) which is used for calculation
of current density:

∫

𝑇ℎ

𝑇𝑐

𝑘 (𝑇) 𝑢 (𝑇) 𝑑𝑇 = −𝐽𝐿. (8)

The length of each segment is calculated using (8) and
conservation of electrical current.

It is common that the cross section area of 𝑝-leg is
assumed to be constant and the cross section of 𝑛-leg is
optimized. Hence, 𝐴

𝑛,opt is obtained using current density,
conservation of electrical current, and the assumption of
𝐴
𝑝
= 100mm2. Consequently, the cross section area ratio

is calculated.
The internal resistance (𝑅int) is calculated using material

properties and relation 𝑅 = 𝜌𝐿/𝐴. Finally, 𝑅
𝐿,opt and the

resistance ratio are calculated through (2).

3.2. Swanson et al.’s Method. In approximate methods such
as Swanson et al.’s method, approximate equations are used,
rather than (4), to determine the efficiency. In fact, Swanson
et al.’s method includes calculation of performance charac-
teristics on the basis of temperature average properties. In
this method, an approximate relation for efficiency is derived
in terms of temperature average properties. The next step
is optimization of all characteristics including the ratios of
cross section area and resistance to maximize the efficiency
(𝐴
𝑛
/𝐴
𝑝
, 𝑅
𝐿
/𝑅int). The electrical current and temperature

distribution required in exact method are the current and
element lengths in Swanson et al.’s method.The calculation of
the mentioned parameters through Swanson et al.’s method
is based on solution of energy-balance equation on the
interfaces [13], which is different from solution of overall
energy-balance equation (4) in exact method.
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Figure 3: Variation of conversion efficiency versus 𝑢(𝑇
ℎ

) (relative current density at 𝑇
ℎ

) for (a) 𝑝1-leg and 𝑝2-leg and (b) 𝑛1-leg and 𝑛2-leg.

3.3. Compatibility Factor (Exact and Approximate Methods).
Compatibility factor is an important parameter which must
be considered in addition to FOM in the design of STEGs
[18]. Compatibility factor indicates whether the use of two
materials in an arrangement has a positive or negative effect
on reduced efficiency. The compatibility factor is the relative
current density in which reduced efficiency of a material or
arrangement is maximized. Reduced efficiency is an intrinsic
characteristic of a material which eliminates the effect of
temperature range from the total efficiency. It is defined in
the following form:

𝜂
𝑟
=
𝜂

𝜂
𝑐

,

𝜂
𝑐
=
Δ𝑇

𝑇
ℎ

,

(9)

where 𝜂 and 𝜂
𝑐
are the absolute and Carnot efficiency, respec-

tively. In order to add a new material to an original material
or arrangement, it is necessary to calculate the compatibility
factor of the two elements. If the compatibility factor of the
new material differs by a factor of two or less, reduced effi-
ciency of the resulting arrangement increases, which means
the two elements are compatible [32]. Otherwise, it is said that
they are incompatible and segmentation leads to a decrease
in reduced efficiency. Compatibility factor of each element is
the relative current density of the element at its maximum
reduced efficiency. In order to calculate compatibility factor,
(4) is solved for each material by supposing a boundary
condition for 𝑦, and the reduced efficiency is obtained. Next,
by changing the boundary condition of 𝑦, reduced efficiency
is maximized. The compatibility factor is the relative current
density corresponding to the maximized reduced efficiency.
Owing to the fact that compatibility factor is temperature
dependent, it is calculated at a specific temperature. Also,
the compatibility factor should not change considerably with
temperature; such materials are called self-compatible. In
approximate method, the calculation of compatibility factor

is the same as exact method but the reduced efficiency is
calculated through the following relation [18]:

𝜂
𝑟
=
𝑢 (𝜌𝑘/𝛼) (1 − 𝑢 (𝜌𝑘/𝛼))

𝑢 (𝜌𝑘/𝛼) + 1/𝑍𝑇
,

𝑍 =
𝛼
2

𝜌𝑘
.

(10)

At a specific temperature, the curve of reduced efficiency
versus current density is plotted using (10), and then the
compatibility factor is obtained.

In this study, the proposed STEGs have been optimally
designed to achievemaximumefficiency using both exact and
approximate methods (exact and Swanson et al.’s methods).
The design and performance characteristics of the optimized
STEGs have been calculated using both methods and results
have been compared. Compatibility factors of the proposed
arrangements have also been calculated through both exact
and approximate methods and results have been compared.

4. Results and Discussion

4.1. Analysis of the Proposed Generators. In this paper, two
arrangements have been suggested for each 𝑛-type and 𝑝-
type leg using the best available thermoelectric materials.
Then, with the combination of them, four STEGs have been
proposed. Table 1 shows the arrangements of legs as well
as their temperature range. The proposed STEGs have been
optimized in order to achieve maximum efficiency. Design
and performance characteristics of the optimized STEGs
including length of elements, electrical current, cross section
ratio, and resistance ratio have been calculated using exact
method. The overall length of each leg and the cross section
of 𝑝-type legs are assumed to be 10mm and 100mm2,
respectively.

Figures 3(a) and 3(b) indicate the efficiency of 𝑝-type
and 𝑛-type legs versus relative current density, respectively,
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Table 2: Design and performance characteristics of 𝑝1-𝑛1 and 𝑝1-𝑛2 generators at maximum efficiency, calculated through both exact and
Swanson et al.’s [13] methods. The differences between Swanson et al.’s and exact results are shown in parenthesis. 𝐴

𝑝

and 𝐿 are assumed as
constant inputs of the optimization process.

Parameters Swanson method Exact method Swanson method Exact method
(𝑝1-𝑛1) (𝑝1-𝑛1) (𝑝1-𝑛2) (𝑝1-𝑛2)

𝐿 (mm) (input) 10 10 10 10
𝐴
𝑝

(mm2) (input) 100 100 100 100
Calculated 𝑄in (W) 37.61 (4.1) 39.24 38.15 (1.2) 38.63
Calculated 𝑄rej (W) 31.48 (2.9) 30.58 31.13 (4.8) 29.71
Calculated 𝑃

𝑒

(W) 8.57 (1.03) 8.65 9.12 (2.3) 8.92
Residual power (𝑄in − 𝑄rej − 𝑃𝑒) (W) −2.43 — −2.10 —
Calculated peak efficiency, 𝜂 (%) 22.77 (3.2) 22.06 23.91 (3.6) 23.00
𝐴
𝑛,opt (mm2) 83.49 (7.7) 77.51 92.81 (14.5) 81.08

𝐿
𝑝,1

, 𝐿
𝑝,2

, 𝐿
𝑝,3

, 𝐿
𝑝,4

, 𝐿
𝑝,5

(mm) 2.656, 3.263, 1.529,
0.808, 1.7350 (5.05)

2.636, 3.199, 1.514,
0.823, 1.827

2.661, 3.262, 1.532,
0.807, 1.728 (5.4)

2.636, 3.199, 1.514,
0.823, 1.827

𝐿
𝑛,1

, 𝐿
𝑛,2

, 𝐿
𝑛,3

, 𝐿
𝑛,4

(mm) 0.488, 5.716, 2.504,
1.283 (9.12)

0.447, 5.734, 2.543,
1.275

0.533, 6.231, 1.667,
1.559 (8.09)

0.493, 6.240, 1.711,
1.556

𝐼 (A) 28.11 (7.1) 30.27 28.75 (5.01) 30.27
𝑅
𝐿,opt (mΩ) 10.8 (14.9) 9.4 11.0 (13.4) 9.7

which are calculated using exact method. In this study,
absolute values of 𝑢 and 𝑦 have been used. Sherman et al.
[12] mentioned that if the efficiency changes in the range
of 0.3–0.03, the value of 𝑢 will change in the range of 0.9–
3.57 (𝑦: 0.28–1.12). As can be inferred from the figures, the
optimum value of 𝑢 is 2.7 and 2.85 for 𝑛-type and 3.125 and
2.95 for 𝑝-type, respectively, which shows great agreement
with Sherman et al.’s data. The maximum efficiency for the
𝑝1-leg and 𝑝2-leg equals 22.56% and 22.32%, respectively,
while it equals 21.69% and 23.48% for the 𝑛1-leg and 𝑛2-leg,
respectively.

Four generators resulting from combination of the legs
have been presented in Tables 2 and 3. The computed design
characteristics of the generators at maximum efficiency using
the exact method are shown in these tables as well. The
highest efficiency is 23.08%, which belongs to the generator
resulting from the combination of 𝑝1 and 𝑛2, which shows
4.98% increase in comparison with Snyder arrangement
which is 18.1% [11]. The 𝑝1-𝑛2 generator has also been
designed for operating between 300 and 973K in order for
making comparison with Fleurial and Caillat’s arrangement
[15, 33]. The output power, inlet heat, and outlet heat of
the mentioned generator are equal to 6.67W, 31.52W, and
24.851W, respectively, in the same temperature range. These
values are by far less than those of Fleurial and Caillat’s
generator at the same temperature range. However, the
efficiency of the current generator is by far higher than that of
Fleurial and Caillat (i.e., 21.28% compared with 13.29%). The
mentioned results are mainly caused by a decrease in thermal
conductivity which has been a basis for most of the recent
works in the field of new thermoelectric materials especially
where nanotechnology is used.

Since the amount of output power is of great impor-
tance in most applications, the 𝑝1-𝑛2 generator has also
been designed at maximum power (instead of at maximum
efficiency). The results are shown in Table 4.

Nevertheless, it is explained in the following section
that such design cannot be an ideal design because the
system is not so-called load-following [15]. According to
Table 2, the power generated by such generator is 8.92W
at maximum efficiency and 9.33W at maximum power
design. Also, the efficiency reduces from 23.08% to 22.72%,
revealing an increase of 4.62% in power in exchange for
1.58% decrease in efficiency. It is remarkable that electrical
current has undergone 17.33% increase and the optimum
external resistance decreases by 23.71%. Figures 4(a) and 4(b)
show the variation of generated power per unit cross section
area and the inlet heat flux versus relative current density
for 𝑝-type and 𝑛-type legs, respectively. The solid circles
and open triangles show maximum efficiency and maximum
power, respectively. Generator’s function in load-following
and non-load-following mode has been indicated by full
lines and dotted lines, respectively. Therefore, the operation
point of generator should be selected in fully lined portion of
the curve. According to the figures, the design of generator
at maximum power results in loss of load-following, while
design at maximum efficiency keeps the generator in a range
with load-following [15].

4.2. Evaluation of Generators Using Compatibility Factor.
Variations of reduced efficiency with respect to relative
current density for 𝑛-type and 𝑝-type legs at 𝑇av have been
calculated by exact method and are presented with solid
lines in Figures 5 and 6, respectively. The solid circles show
the maximum of reduced efficiency. The values of relative
current density corresponding to these maximum points
represent the compatibility factor of each segment. The
curves of 𝑝-type and 𝑛-type legs reveal that, in general, the
compatibility factors of materials are better for 𝑝-type than
for 𝑛-type. However, the curves cannot be used to investigate
the whole leg compatibility. This is due to the fact that
when a new material is added to an original arrangement,
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Table 3: Design and performance characteristics of 𝑝2-𝑛1 and 𝑝2-𝑛2 generators at maximum efficiency, calculated through both exact and
Swanson et al.’s [13] methods. The differences of Swanson et al.’s results compared to the exact ones are shown in parenthesis. 𝐴

𝑝

and 𝐿 are
assumed as constant inputs of the optimization process.

Parameters Swanson method Exact method Swanson method Exact method
(𝑝2-𝑛1) (𝑝2-𝑛1) (𝑝2-𝑛2) (𝑝2-𝑛2)

𝐿 (mm) (input) 10 10 10 10
𝐴
𝑝

(mm2) (input) 100 100 100 100
Calculated 𝑄in (W) 37.91 (0.62) 38.15 38.46 (2.4) 37.57
Calculated 𝑄rej (W) 31.55 (5.99) 29.77 31.21 (7.8) 28.94
Calculated 𝑃

𝑒

(W) 8.58 (2.4) 8.38 9.13 (5.8) 8.63
Residual power (𝑄in − 𝑄rej − 𝑃𝑒) (W) −2.22 — −1.88 —
Calculated peak efficiency, 𝜂 (%) 22.63 (3.0) 21.97 23.74 (3.3) 22.97
𝐴
𝑛,opt (mm2) 83.38 (13.2) 73.65 92.71 (20.3) 77.04

𝐿
𝑝,1

, 𝐿
𝑝,2

, 𝐿
𝑝,3

, 𝐿
𝑝,4

, 𝐿
𝑝,5

(mm) 2.570, 3.167, 1.050,
1.821, 1.382 (5.11)

2.562, 3.132, 1.042,
1.808, 1.456

2.573, 3.164, 1.052,
1.825, 1.376 (5.5)

2.562, 3.132, 1.042,
1.808, 1.456

𝐿
𝑛,1

, 𝐿
𝑛,2

, 𝐿
𝑛,3

, 𝐿
𝑛,4

(mm) 0.488, 5.716, 2.504,
1.283 (9.03)

0.447, 5.734, 2.543,
1.275

0.532, 6.232, 1.668,
1.560 (7.99)

0.493, 6.240, 1.711,
1.556

𝐼 (A) 28.01 (2.63) 28.76 28.65 (0.4) 28.76
𝑅
𝐿,opt (mΩ) 10.9 (7.9) 10.1 11.1 (6.7) 10.4
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Figure 4: Electrical output power per cross section area and input heat flux versus conversion efficiency for (a) 𝑝1-leg and 𝑝2-leg and (b)
𝑛1-leg and 𝑛2-leg which have been calculated through exact method.

the compatibility of the original arrangement as a whole and
new material must be assessed, but the curves are plotted
for each material separately. Therefore, they are only useful
for a general assessment of materials’ compatibility. In order
to clarify the subject, the change of reduced efficiency of
legs with increasing number of elements has been shown
in Table 5. The table reveals that the materials used in the
𝑝1-leg are compatible; and adding material increases the
reduced efficiency of the resulting assembly. Also, in 𝑝2-
leg, the materials are compatible but the first two materials
are on the border of compatibility and incompatibility. For
the arrangements 𝑛1 and 𝑛2, only the first three materials
are compatible, and the fourth material is incompatible
with them; therefore, adding it to the arrangement leads to

a decrease in the reduced efficiency of the arrangement as a
whole. The materials used would be compatible, if the 𝑛-legs
were used in temperature range of 300 and 1200K. However,
owing to the fact that 𝑝-legs have been used in range of 300
and 1300K, 𝑛-legs should be used in the same temperature
range to preserve consistency. Our search for a material with
a better compatibility factor did not lead to any satisfactory
results in the mentioned temperature range. Therefore, these
arrangements have been proposed.

4.3. Evaluation of Approximate Methods. The optimized
generators have also been designed using Swanson et al.’s
method at maximum efficiency. The calculated performance
and design characteristics are shown in Tables 2 and 3 and
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Figure 5: Variation of reduced efficiency versus 𝑢(𝑇av) (relative current density at 𝑇av) for the materials used in (a) 𝑛1-leg and (b) 𝑛2-leg. The
solid and dashed lines indicate results of exact and approximate method, respectively.

Table 4: Design and performance characteristics of 𝑝1-𝑛2 generator
at maximum output power, calculated through exact method.

Parameters Exact (𝑝1-𝑛2)
𝐿 (mm) (input) 10
𝐴
𝑝

(mm2) (input) 100
Calculated 𝑄in (W) 41.07
Calculated 𝑄rej (W) 31.73
Calculated 𝑃

𝑒

(W) 9.33
Calculated peak efficiency, 𝜂 (%) 22.72
𝐴
𝑛,opt (mm2) 84.03

𝐿
𝑝,1

, 𝐿
𝑝,2

, 𝐿
𝑝,3

, 𝐿
𝑝,4

, 𝐿
𝑝,5

(mm) 2.762, 3.274, 1.574, 0.841, 1.831
𝐿
𝑛,1

, 𝐿
𝑛,2

, 𝐿
𝑛,3

, 𝐿
𝑛,4

(mm) 0.540, 6.521, 1.784, 1.589
𝐼 (A) 35.52
𝑅
𝐿,opt (mΩ) 7.4

Table 5: Reduced efficiency of arrangements with increasing num-
ber of elements.

Number of elements Leg
p1 p2 n1 n2

1 20.61 24.66 20.32 24.76
2 25.87 24.66 25.35 28.68
3 27.41 26.15 28.42 30.91
4 28.46 27.54 28.19 30.53
5 29.32 29.02 — —

compared with those of exact method. These tables show
that, in Swanson et al.’s method, design and characteristic
properties of 𝑝-type and 𝑛-type legs depend on each other,
while in the exact method 𝑝-type legs are designed separately
and independently of 𝑛-type legs.The differences of Swanson
et al.’s results compared to exact ones are presented in
parenthesis in these tables. The tables indicate that Swanson

et al.’s method could cause a difference of up to 4.1% in
inlet heat, 7.8% in outlet heat, 5.8% in generated power, 3.3%
in efficiency, 20.3% in 𝑛-type leg cross section area, 9.1%
in element lengths, 7.1% in current, and 14.0% in external
resistance. In these tables, the two highest differences belong
to the external resistance and 𝑛-type leg cross sections
area (i.e., 14% and 20.3%, resp.). Swanson et al. [13] has
referred to such differences by optimizing the efficiency for
the two following cases: constant 𝑅

𝐿
/𝑅 = 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 V𝑎𝑙𝑢𝑒,

variable 𝐴
𝑛
/𝐴
𝑝
, and variable 𝑅

𝐿
/𝑅, constant 𝐴

𝑛
/𝐴
𝑝

=

𝑜𝑝𝑡𝑖𝑚𝑢𝑚 V𝑎𝑙𝑢𝑒. In this paper, the two preceding cases have
been investigated, in four generators, and the results are
shown in Figures 7(a)–7(d), through the curves of efficiency
with respect to electrical current. In Swanson et al.’s method,
the amount of calculated electrical power is not equal to that
of thermal power obtained through satisfaction of the energy-
balance equation. This is because of the approximations and
use of temperature average properties of materials.Therefore,
there exists residual power shown in Tables 2 and 3. The
exact method satisfies the overall energy-balance equation
completely and thus there is no residual power.

The compatibility factor of the materials used in 𝑛-
type and 𝑝-type legs has also been calculated using the
approximate relation (10) and indicated with dashed lines
in Figures 5 and 6, respectively. A comparison of results
with the ones of exact method reveals that relation (10)
yields somewhat exact results and there is not a considerable
difference in compatibility factorwhereas there is a noticeable
difference in reduced efficiency.

5. Conclusion

Four STEGs with the best known thermoelectric materi-
als have been optimized for operating between 300 and
1300K. The maximum theoretically achievable efficiency has
been calculated assuming insulated outside surface area and
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Figure 6: Variation of reduced efficiency versus 𝑢(𝑇av) (relative current density at 𝑇av) for the materials used in (a) 𝑝1-leg and (b) 𝑝2-leg. The
solid and dashed lines indicate results of exact and approximate method, respectively.
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Figure 7: Variation of efficiency with respect to electrical current for the two following cases: constant 𝑅
𝐿

/𝑅 = 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 V𝑎𝑙𝑢𝑒, variable
𝐴
𝑛

/𝐴
𝑝

, and variable 𝑅
𝐿

/𝑅, constant 𝐴
𝑛

/𝐴
𝑝

= 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 V𝑎𝑙𝑢𝑒. (a)–(d) represent 𝑝1-𝑛1, 𝑝1-𝑛2, 𝑝2-𝑛1, and 𝑝2-𝑛2 generators, respectively.
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negligible contact resistance. Design and performance char-
acteristics of the generators have been calculated atmaximum
efficiency using exact and Swanson et al.’s method.Maximum
efficiency of 23.08% has been obtained for the best arrange-
ment, which shows 4.98% increase in comparison with the
best of the previous published results in a similar temperature
range (298 and 1273K). Compatibility factor of the arrange-
ments has been calculated through both exact and Swanson
et al.’s method. Satisfactory compatibility has been observed
for the materials in each arrangement. All the results of exact
and Swanson et al.’s method have been compared. It has
been observed that Swanson et al.’s method could cause a
difference of up to 20% in some characteristics despite its
sufficiently good results in calculation efficiency. Enhancing
thermoelectric efficiency opens the way to generate electrical
power especially by using waste heat as source. Owing to
the great deal of attempt and investigation to improve ther-
moelectric properties, especially based on nanotechnology,
this direct energy conversion method and consequently the
exergy optimization are awaiting a bright future.

Nomenclature

Variables

𝐴: Cross section area (m2)
𝐼: Electrical current (A)
𝐽: Electrical current density (Am−2)
𝑘: Thermal conductivity (Wm−1K−1)
𝐿: Length of legs (m)
𝐿
𝑝,1
, . . . , 𝐿

𝑛,1
, . . .: Length of segments (m)

𝑃
𝑒
: Output electrical power (W)

𝑄: Heat power (W)
𝑅: Electrical resistance (Ω)
𝑇: Temperature (K)
𝑢: Relative electrical current density (V−1)
𝑊: Work output (W)
𝑥: Coordinate originated from hot source

(m)
𝑍: Figure of merit (FOM) (K−1)
𝑍𝑇: Dimensionless figure of merit.

Greek Symbols

𝛼: Seebeck coefficient (VK−1)
𝜂: Efficiency
𝜂
𝑐
: Carnot efficiency

𝜂
𝑟
: Reduced efficiency

𝛾: Thomson coefficient (VK−1)
𝜋: Peltier coefficient (V)
𝜌: Electrical resistivity (Ω⋅m).

Scripts
: Derivative with respect to 𝑥
av: Average
𝑐: Cold source
ℎ: Hot source

in: Input
int: Internal
𝑗: Index for segment number
𝐿: Electrical load
𝑛: 𝑛-leg
opt: Optimum
𝑝: 𝑝-leg
rej: Reject or output.
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The prediction of power generated by photovoltaic (PV) panels in different climates is of great importance. The aim of this paper is
to predict the output power of a 3.2 kWPVpower plant using theMLP-ABC (multilayer perceptron-artificial bee colony) algorithm.
Experimental data (ambient temperature, solar radiation, and relative humidity) was gathered at five-minute intervals from Tehran
University’s PV Power Plant from September 22nd, 2012, to January 14th, 2013. Following data validation, 10665 data sets, equivalent
to 35 days, were used in the analysis. The output power was predicted using the MLP-ABC algorithm with the mean absolute
percentage error (MAPE), the mean bias error (MBE), and correlation coefficient (𝑅2), of 3.7, 3.1, and 94.7%, respectively. The
optimized configuration of the network consisted of two hidden layers. The first layer had four neurons and the second had two
neurons. A detailed economic analysis is also presented for sunny and cloudy weather conditions using COMFAR III software. A
detailed cost analysis indicated that the total investment’s payback period would be 3.83 years in sunny periods and 4.08 years in
cloudy periods. The results showed that the solar PV power plant is feasible from an economic point of view in both cloudy and
sunny weather conditions.

1. Introduction

Photovoltaic cells collect sunlight and convert it to electrical
energy, which is the most convenient way to utilize solar
energy.The performance of a PV panel is strongly dependent
on the availability of solar irradiance at the required location,
PV panel temperature, and other environmental conditions.
Thus, reliable knowledge and understanding of the PVpanels’
performance under different operating conditions are of great
importance for accurate prediction of their energy output and
correct site selection [1].

In recent years, large numbers of research projects have
been carried out relating to the prediction of a solar PV sys-
tem’s efficiency and optimizing the effective parameters with
the use of artificial intelligence techniques [2]. Some studies

have been done in order to investigate the environmental
factors which affect the current-voltage (I-V) characteristics
of PV modules based on the simultaneous measurement of
the open-circuit voltage 𝑉oc as a function of a slowly varying
light intensity [3]. Bayrakci et al. [4] analyzed the effect of
temperature on the performance of PV modules. There are
also some power efficiency models [5] that can predict the
real dynamic or average performance of a PV system under
variable climatic conditions [6].

The main disadvantage of mathematical modeling is
the dependency of the model’s parameters on operating
conditions; that is, a given set of operating conditions needs
a corresponding set of parameters. This weak point largely
limits the application of the model. Additionally, there is
no specific mathematical model for the prediction of PV
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Figure 1: University of Tehran’s Photovoltaic Plant Complex (Source: http://pvlab.ut.ac.ir).

output in cloudy conditions. Many artificial neural networks
(ANNs), which use only one algorithm for different weather
conditions, have been developed in order to find the optimum
operating point of PV panels [7–9]. The research that has
been carried out in the field of ANNs shows that with
more accurate data classification and the development of a
special algorithm for each classification, better results can be
achieved.

By increasing the forecast accuracy of output power
of the solar panels, better control could be achieved with
greater precision. This would allow us to increase the energy
efficiency of photovoltaic panels and make them more cost
effective [10, 11]. The results could be used in order to build
an intelligent controller, which could find the maximum
power point (MPP) [12–14]. The controller would find the
MPP according to the ANN prediction when the radiation
decreases caused by sudden cloud coverage. The regions
with wet climatic conditions with cloudy skies, such as the
Mediterranean or the north of Iran, are suitable for study
by this approach in order to optimize the output energy
prediction of the panels.

Themain objective of this studywas to pursue a simplified
simulationmodel, with acceptable levels of precision, in order
to predict the output power of PV modules under different
operating conditions, giving particular consideration to the
sudden occurrence of clouds. For this purpose, the classifi-
cation method was applied and data was divided into two
groups: cloudy data and sunny data. The financial indexes of
a 20-year life cycle of the PV power plant, considering sunny
days and cloudy periods, were calculated and compared. In
this paper, MLP-ABC algorithms were used to predict the
output energy of solar panels. The obtained results show
that these methods can be used instead of time-consuming
experimental tests to determine the PV panels’ output energy
with a desirable level of accuracy. A detailed economic
analysis was also carried out using COMFAR III software.

2. Material and Method

2.1. Data. Data was measured and registered by data loggers
at five-minute intervals and was taken from the Tehran
University Photovoltaic Power Plant, located in Tehran, Iran,

at a longitude of N∘ 37.51, latitude of E∘ 47.35, and an altitude
of 1548 meters (see Figure 1).

In this study, ambient temperature, relative humidity,
incoming radiation, and PV output power between Septem-
ber 22nd, 2012, and January 14th, 2013, was used. The valida-
tion test was done on the data to verify the accuracy of the
data’s registration. To accomplish this, incoming radiations
were compared with extraterrestrial radiation.The measured
power was integrated to calculate the total obtained energy
within each day and the nominal power values of PVmodules
were then compared to one another.

3. MLP (Multilayer Perceptron)
Neural Network

An MLP neural network was used for data classification.
MLPs are composed of input layers, hidden layers, and output
layers, which contain certain neurons (see Figure 2). This
MLP build, to calculate the power of the solar array, had
an output layer comprising of two neurons for calculating
the MPP that represent the output voltage and current,
corresponding to the maximum power point of the array.
We used 215 samples for training and 104 samples for testing
the network. In the MLP neural network training process
for data classification categories, the ultimate goal is to find
the best neural network weights that could be terminated
to the smallest Mean Square Error (MSE). In this paper,
the reduced gradient method was proposed for finding
the optimal weights for the neural network. The outputs
corresponding to these inputs are compared with outputs
from the network. If the difference between these two values
is lesser, the network will be better trained.

4. MLP-ABC (Multilayer Perceptron Neural
Network with ABC Algorithm)

Thebee colony algorithmwas proposed in 2005 by Karaboga.
This algorithm was inspired by the exploratory behavior
of bee colonies, which is similar to other intelligent group
methods. It uses a collection of certain individuals within
a group that alone have not been specifically intelligent.
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Figure 2: Data selection method, preparation for feed-forward neural network, and output result.

Both employed and scot bees work together to find the
best solution to the problems. The first one works on the
current solution and those around it hoping for an improved
result. In the case of no acceptable result, an employed bee
becomes a scot and tries to look for another solution in areas
farther away. The ABC algorithm is used to solve continuous
optimization problems and find the optimum of a function
or a combination of multiple scalar functions [15]. The main
steps of the ABC algorithm are used as per Aryan et al. [16].

MLP finds its best weights via a gradient descent
approach, in which they are computed by backpropagation
of errors (different between the network outputs and the
desired ones) through the network. However, since it is

a problem of optimization, ABC can be utilized instead of
the backpropagation approach. In MLP-ABC, weights are
computed by collection of bee agents. They look for the
optimum combination of weights in the solution space that
results in the best network for the problem.

In order to apply the MLP-ABC model, input parameters
are air temperature (∘C), irradiance (W/m2), and relative
humidity (%) and the output is power. The model consists of
two hidden layers. The first layer has four neurons and the
second has two neurons.

4.1. The Underlying Assumption and Data Selection. Deter-
mining the cloudiness of the sky requires complex and costly
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Table 1: The statistical classification of cloud database.

Criteria Power (W) Solar radiation
(W/m2)

Ambient temperature
(∘C) Relative humidity (%)

Average 841 99.8 17.05 44.73
Maximum 2724 499.7 30.40 99.9
Minimum 0 5.03 −5.1 21.35
Standard deviation 718.7 86.3 7.83 18.16

devices. However, as it is well known, the incoming solar
radiation is directly related to the level of cloudiness. The
clearness index (𝐾

𝑡
) is the criteria (amount of the total

solar radiation on a horizontal surface at the surface of
the Earth, divided by the corresponding irradiance available
outside of the atmosphere) for determining the sudden cloud
appearances. The key point is that the clear index changes
during a sunny day. For instance, the color index is 0.25 at
the 7:00 solar time, but it becomes 0.65 at the 12:00 solar time.
The average of𝐾

𝑡
was therefore calculated for different times

in a day. It is assumed that in any given moment, whenever
𝐾
𝑡
becomes 40% lower than the long-term average of𝐾

𝑡
, it is

considered that cloud coverage is occurring.
As a more precise criterion, if, in a short time period (less

than 5 minutes), the irradiance decreases and then increases,
this time period is supposed to be the shade effect on the
photovoltaic panel. This assumption may lead to errors in
determining the correct time of sudden clouds. Dust, fleeting
shadows, and other factors could also cause such situations.
To minimize this error, both of the above criteria were
used simultaneously. This means that whenever𝐾

𝑡
decreases

while the amount of radiation fluctuates, the conditions are
considered to be cloudy. With regard to this fact, 3,090
sets of data demonstrated cloudy conditions. However, since
the aim was to predict the effect of cloudy conditions on
decreasing irradiance and output of the panel, the assumption
is acceptable.

Table 1 indicates the statistical classification of cloud
databases. Daily data analysis indicates that in days of
clear sky with neither cloud nor dust, solar radiation at
12:00 (which is considered as the maximum irradiance that
could be achieved) varies between 850W and 1100W. The
data during cloudy days shows the maximum irradiance
as 499.7W, which indicates the impact of clouds on the
incidental radiation. Consequently, when the irradiance is
associated with abnormal fluctuation, it could be considered
the result of cloud occurrence over the panel. The idea of this
research is not only to forecast the output power and energy
of PV panels, but also to build a control system for these
conditions. It could be a great help to optimize output power
of PV panels when sudden cloud coverage occurs.

5. Data Preparation

The data was normalized between 0 and 1 for better network
learning by the following equation:

𝐹 (𝑥) =
𝑋 − 𝑋min
𝑋max − 𝑋min

, (1)

Table 2: Comparison of results between two conditions (COMFAR’s
report).

Economic index Model #1 Model #2
Total fixed investment ($) 150000000 150000000
Net present value (NPV) ($)
(discounting rate: 4%) 10641,71 9914,05

Internal rate of return (IRR) 35,13% 32,25%
Break-even ratio (%) 17.40% 18.29%
Normal payback period 3.83 years 4.08 years
Dynamic payback period 4.07 years 4.36 years

where 𝐹(𝑥) indicates the normalized value and 𝑥 indicates
the actual value. The data was gathered over approximately
four months. However, after applying data preprocessing,
only 6,895 collections of “sunny” data and 3,090 collections
of “cloudy” data remained for creating the MLP-ABC and
680 pieces of data for the testing of the networks. The mean
absolute percentage error (MAPE) was used to compare the
models. It is a measure of the accuracy of a method for
constructing fitted time series values in statistics, specifically
in trend estimation [17]. It usually expresses accuracy as a
percentage which is defined as follows:

MAPE = 1
𝑁

𝑁

∑

𝑖=1

(𝑋
𝑖−𝑥𝑖
)

𝑥
𝑖

. (2)

Mean bias error (MBE) and correlation coefficient (𝑅2) were
calculated by the following:

MBE =
𝑁

∑

𝑖=1

(𝑋
𝑖−𝑥𝑖
)

𝑥
𝑖

,

𝑅
2
=

∑
𝑁

𝑖=1
(𝑥
𝑖
− 𝑋) (𝑋

𝑖
− 𝑋)

(√∑
𝑁

𝑖=1
(𝑥
𝑖
− 𝑋)) × (√∑

𝑁

𝑖=1
(𝑋
𝑖
− 𝑋))

.

(3)

6. Economic Analysis

In this case study, the lifetime economic analyses of PVpanels
using MLP-ABC algorithms for sunny and cloudy periods
were compared.

Net present value (NPV), internal rate of return (IRR),
payback period (PBP), and the balance sheet of the project
were prepared according to accepted standards based on a 20-
year useful life. The details can be found in the full version of
COMFAR’s report; however, a brief summary is presented in
Table 2.
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Figure 3: Break-even analysis for Model #1.
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Figure 4: Break-even analysis for Model #2.

A useful tool in tracking the cash flow of a business is
a break-even analysis. This point is important to determine
the price of power in order for the PV to still generate a
contribution. The break-even analysis of the investment is
performed to determine how many years it takes to generate
enough contribution to cover the fixed and variable costs [18].
As the goal is to lower the break-even point and generate
profit, it is important to understand this concept. Figures 3
and 4 show the break-even analysis for cloudy periods and
sunny days, respectively. In this study, the best efficiency
points (BEP) for sunny and cloudy periods are 17.40% and
18.29%, respectively.

The internal rate of return, or discounted cash flow rate
of return, offers analysts a way to quantify the rate of return
provided by an investment. The COMFAR report shows that

Table 3: The generated error in PV panels’ power prediction using
MLP-ABC.

Model number Model MAPE (%) 𝑅2 (%) MBE (W)

1
Sunny and
cloudy

(separately)
3.7 94.7 3.1

2 All conditions
together 4.7 83.1 9.5

the project is sufficiently feasible as it generates an IRR of
35.13% for sunny days. This is considered an attractive rate of
return.The project IRR remains attractive even for the cloudy
days as 32.25%. Ultimately, IRR gives an investor the means
to compare alternative investments based on their yield.

The panels’ output power under cloudy conditions was
measured and recorded. The effective clouds on the panel
were divided into two categories: (1) clouds that cover the sky
and have an effect on the panel for more than 2 hours and (2)
parts of clouds that shade the panels for only a moment or
several minutes (see Figure 5).

7. Results and Discussion

This study proposes an analysis to exhibit what happens when
clouds pass over a solar power plant. The economic analysis,
which is presented throughout this study, demonstrates
the economic losses caused by sudden cloud coverage and
shadows over the panel.

In this research, the effect of cloudy sky conditions
on the energy produced by the panels is investigated. The
energy generated by the panels during cloudy and sunny
climatic conditions was separately predicted by artificial
neural methods (MLP-ABC).

Two separatemodels were developed in different ways for
the cloudy and sunny weather conditions. Error calculation
and the evaluation of results showed that the first model
for different conditions could significantly reduce errors
(Table 3).

As mentioned, a more accurate output energy prediction
of PV panels could increase the precision of energy supply
planning and the design accuracy of control systems. Figures
6, 7, 8, and 9 show the output power prediction of PV panels
using the referred methods.

Figures 6 and 8 show the comparison between the
predicted power by Model 1 and the measured power. As
shown, this model also tracks the fluctuations of the clouds.
Looking on a precise level, small fluctuations have occurred
in the measured data where the power gets close to its
maximum level. The developed model faces some difficulties
in tracking these fluctuations. However, these fluctuations are
not caused by cloud or external factors, and their value is very
low. Thus, it is reasonable to ignore it.

Comparisons between Figures 7 and 9 show the effect of
privatization data in order to reduce errors for sunny and
cloudy conditions. The method that was demonstrated in
the economic analysis section was used to determine the
energy loss. Data was collected from September 22nd, 2012,
to January 14th, 2013.
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Figure 5: The method of determining the amount of power generated if the panel is not affected by clouds.
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Figure 6: Output power prediction for Model #1, which selects
sunny and cloudy data randomly.

8. Conclusions

In this paper, the output energy of a 3.2 kW PV solar
power plant was predicted using anMLP-ABC algorithm and
the results were compared with the experimental data. The
ambient temperature, irradiance on the horizontal surface,
and PV power (by multiplying current and voltage) were
collected in the photovoltaic laboratory of Tehran University
between September 22nd, 2012, and January 14th, 2013. 10,665
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Figure 7: Output power prediction for Model #1, which selects
sunny and cloudy data randomly.

pieces of data were measured at five-minute intervals (over
approximately 35 days) after preprocessing.

To improve the performance of the neural network,
the sunny days were separated from the cloudy days. For
clearness index values less than 0.3, the day was considered as
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Figure 8: Output power prediction for Model #2, which selects
sunny and cloudy data separately.
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Figure 9: Output power prediction for Model #2, which selects
sunny and cloudy data separately.

sunny and if radiation fluctuation over a short time interval
occurred, it was considered as cloudy time.

The output energy was predicted by two methods. In
the first method, all sunny and cloudy data were used and
acceptable results were obtained (MAPE = 4.7%, 𝑅2 = 83.1%,
MBE = 9.5). In the second method, forecasting precision was
improved significantly by separating the sunny and cloudy
data (MAPE = 3.7%, 𝑅2 = 94.7%, MBE = 3.1).

The hypothesis was that neural network data classi-
fications improve this model’s performance. It has been
concluded that with the weather forecast and the separation
of different weather conditions, output power prediction can
be done more accurately.

Within the period of this study, the solar power plant pro-
duced approximately 5237 kWh/year of electricity in sunny
weather conditions and 924 kWh/year in cloudy weather
conditions, with the energy loss due panel shading around
293 kWh/year.

The results show that the project is feasible because of
IRRs of 35.13% and 32.25% (for sunny and cloudy periods,
resp.). These are considered to be attractive rates of return in
capital markets. The investment has a payback period of 3.83
years in Model #1 and 4.08 years in Model #2.
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The use of biomass due to the reduction in greenhouse gas emissions and environmental impacts has attracted many researchers’
attention in the recent years. Access to an energy conversion system which is able to have the optimum performance for applying
valuable low heating value fuels has been considered by many practitioners and scholars. This paper focuses on the accurate
modeling of biomass gasification process and the optimal design of a multigeneration system (heating, cooling, electrical power,
and hydrogen as energy carrier) to take the advantage of this clean energy. In the process of gasificationmodeling, a thermodynamic
equilibrium model based on Gibbs energy minimization is used. Also, in the present study, a detailed parametric analysis of
multigeneration system for undersigning the behavior of objective functions with changing design parameters and obtaining the
optimal design parameters of the system is done as well. The results show that with exergy efficiency as an objective function this
parameter can increase from 19.6% in base case to 21.89% in the optimized case. Also, for the total cost rate of system as an objective
function it can decrease from 154.4 $/h to 145.1 $/h.

1. Introduction

One important issue which has attracted the attention of
researchers in the recent years is the environmental problems
and use of renewable energy sources to mitigate the global
warming effects in energy conversion systems. The use of
biomass as a clean fuel with organism sources as a suitable
fuel with high conversion efficiency has been considered by
many researchers.

Reducing fossil fuels dependency by utilizing new ener-
gies such as biomass is possible. The use of renewable fuels
can significantly help reduce the effects of greenhouse gases
and global warming phenomenon. Amultigeneration system
can generate some output products using one or more input
energy. The main objectives of a multigeneration system
include increase in efficiency, reduction in the environmental
impacts, and reduction in final cost rate of products. In recent
years, some studies have been done on trigeneration systems
as a type ofmultigeneration and the use of renewable energies
as the prime mover of such systems.

Li et al. [1] carried out a thermal-economic optimization
for a distributed multigeneration energy system. They find
the optimum system configuration, design, and operation
under different economic and environmental legislation.

Al-Sulaiman et al. [2] modeled a trigeneration system
including an Organic Rankine Cycle, a single effect absorp-
tion chiller, and a biomass burning unit and carried out an
exergy and exergoeconomic analysis for the proposed system.
The analysis of the system showed that biomass burner
with 55% exergy destruction rate and organic Rankine Cycle
evaporator with 38% have the maximum exergy destruction
rate in the system. Chicco and Mancarella [3] investigated
polygeneration system from thermodynamic and environ-
mental impact point of view. In another study, Huang et al.
[4] examined key, technical, and economic characteristics of
a system combined with Organic Rankine Cycle and direct
combustion of biomass. This study was performed for ash
content of biomass from 0.57% to 14.26% and moisture
content of 10.6. The results showed that, in the pure electric
generation mode, maximum efficiency and final cost rate are
221 m/kWh and 11.1%, respectively. Also, for cogeneration heat
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Figure 1: Schematic diagram of multigeneration system.

and power, maximum efficiency and cost rate were 87 m/kWh
and 85%, and for trigeneration, maximum efficiency and cost
rate were 103 m/kWh and 71.7%, respectively.

Rubio-Maya et al. [5] proposed a procedure based on the
superstructure definition containing possible configurations
of polygeneration system to produce electricity, heat, cool,
and fresh water. They used an optimization procedure which
included three important criteria, namely, energy saving
aspects, greenhouse gas (GHG) emission, and economic fac-
tors. Hosseini et al. [6] investigated an integrated solid oxide
fuel cell and a microgas turbine for desalination purposes.
The results showed that the fuel cell stack pressure has a
significant effect on the hybrid system and increase in the
stack pressure increases the output power and fresh water
capacity. Huang et al. [7] in their study examined a system
with biomass feed for a number of residential buildings. In
this study, a downdraft gasifier anddifferent type of biomasses
were used. They concluded that trigeneration system with
heat to power ratio of 0.5 is suitable in residential buildings
application. Furthermore, specific investment costs show that
trigeneration system with biomass fuel for small units ranges
from 2520 m/kWh to 2579 m/kWh. As the literature review
shows, there is a gap in the multiobjective optimization of

multigeneration systems integrated with biomass gasifica-
tion. The present study attempts to give a precise model of
biomass gasification process using a thermodynamic equi-
librium model based on Gibbs free energy minimization.
Also, this exact model is used in a multigeneration system
for cooling, heating, electric power generation, and hydrogen
energy as an energy carrier. To obtain the optimum design
parameters, an optimization procedure based on defined
objectives is performed.

2. System Description

Figure 1 shows a schematic of the multigeneration system
integrated with biomass gasification. The system consists of
a gas turbine to be launched by hot air. A gasifier produces
syngas using gasification of dry biomass. Produced syngas
is combined with air exiting the gas turbine and generates
combustion products at 1450K in combustion chamber. Part
of the combustion products after passing through ceramic
heat exchanger enters an organic evaporator to run an
Organic Rankin Cycle and after that by entering a double
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Table 1: Thermodynamic properties of modeled system.

Point Mass flow
rate (kg/s)

Pressure
(kPa)

Temperature
(K)

Enthalpy
(kJ/kg)

1 6.689 100 298.2 305.8
2 6.689 911.9 601 623.3
3 6.689 884.5 1250 1370
4 6.689 101.8 667.2 785.4
5 8.581 106.63 1400 1614
6 8.581 101.3 940.3 1032
6a 1.716 101.3 940.3 1032
6b 6.865 101.3 940.3 1032
6c 6.865 101.3 400 414.3
6d 6.865 101.3 373 385.5
7 1.716 101.3 400 414.3
1R 20.08 130.7 308 236.6
2R 20.08 1000 308.4 237.7
3R 20.08 1000 384.1 448.4
4R 20.08 130.7 326.4 417.6
D1 42.23 200 308 146.6
D2 42.23 200 338 272.1

effect absorption chiller discharge to environment. Remain-
ing combustion products enter into a heat exchanger with
a lower temperature for generation of hot water and finally
will be released in environment at 110∘C. A proton exchange
membrane (PEM) uses a part of electrical output of ORC to
produce hydrogen as an energy carrier.

Table 1 shows some thermodynamic properties of multi-
generation system.

3. Modeling

3.1. Thermodynamic Modeling

3.1.1. Gasifier. Thermodynamic equilibrium equations have
been used for modeling the gasification process which take
place in the gasifier.The general form of chemical reaction in
the gas producer is assumed as [13]

CH
𝑥
O
𝑦
N
𝑧
+ 𝑤H

2
O + 𝑚 (O

2
+ 3.76N

2
) →

𝑥
1
H
2
+ 𝑥
2
CO + 𝑥

3
H
2
O + 𝑥

4
CO
2
+ 𝑥
5
CH
4
+ 𝑥
6
N
2

(1)

Here, CH
𝑥
O
𝑦
N
𝑧
indicate the biomass chemical formula

and 𝑤 is the amount of water per kmol of biomass. All
coefficients 𝑥

1
to 𝑥
6
can be obtained from atomic balance and

using equilibrium constant equations. The procedure can be
expressed as

𝑥
2
+ 𝑥
4
+ 𝑥
5
= 1,

2𝑥
1
+ 2𝑥
3
+ 4𝑥
5
= 𝑥 + 2𝑤,

𝑥
2
+ 𝑥
3
+ 2𝑥
4
= 𝑦 + 𝑤 + 2𝑚,

𝑥
2
+ 𝑥
3
+ 2𝑥
4
= 𝑦 + 2𝑚 + 𝑤.

(2)

The other equations can be obtained from equilibrium
reaction. As it is expected pyrolysis products before reaching
reduction region are fired and prior to emitting from gasifier
achieve equilibrium state; the reactions can be written as
follows:

C + CO
2
→ 2CO (3)

C +H
2
O → CO +H

2
(4)

Zainal et al. [12] and Higman and Van der Burgt [14] showed
that (3) and (4) can be combined to give the water-gas shift
reaction as follows:

CO +H
2
O → CO

2
+H
2

(5)

Another equilibrium reaction is methane reaction, which can
be expressed as

C + 2H
2
→ CH

4
(6)

The equilibrium constants for water-gas shift reaction and
methane reaction can be written as follows [11]:

𝐾
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,
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5
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2
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(7)

The equilibrium constant can be obtained using Gibbs func-
tion change for each reaction as [8]

ln𝐾 = −
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∘
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.

(8)

Here, Δ𝐺∘
𝑇

is the standard Gibbs free energy of reaction, and
Δ𝑔
∘

𝑓,𝑇,𝑖

shows the standard Gibbs function of formation at
the given temperature 𝑇 for the gas species 𝑖 and 𝑅 is the
universal gas constant, 8.314 kJ/(kmol⋅K). Finally, an energy
balance is utilized to evaluate the gasification temperature
(𝑇
𝑔
) as follows [8]:
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ℎ

∘

𝑓

is the formation enthalpy in terms of kJ/kmol, and Δℎ
∘

is
enthalpy difference for the given state with reference state. ℎ

∘

𝑓
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is the enthalpies of the formation of the biomass, moisture,
hydrogen, carbonmonoxide, water, carbon dioxide,methane,
and nitrogen, respectively. To calculate LHV, the experimen-
tal relation used by Channiwala and Parikh [15] has been
used:

HHV = 0.3491C + 1.1783H + 0.1005S − 0.1034O

− 0.0151N − 0.0211Ash,

LHV = HHV − 9𝑚Hℎ𝑓𝑔.

(10)

The coefficients ASH, N, O, S, and H are the weight percent
of the components of solid fuel, 𝑚H is the weight percent of
hydrogen in fuel, and ℎ

𝑓𝑔
is the water vapor enthalpy.

3.1.2. Organic Rankine Cycle. As it can be seen in Figure 1,
the combustion products enter the Organic Rankine Cycle
evaporator at 6b point and launch this cycle. The governing
equations of the Organic Rankine Cycle at steady state
condition are mass balance and energy balance; more detail
can be found in [16].

3.1.3. Proton Exchange Membrane (PEM) Electrolyzer. In this
research hydrogen is used as our energy carrier. Thus, a PEM
electrolyzer for hydrogen production is used. The electricity
and heat are fed to the electrolyzer to drive the electrochem-
ical reactions in PEM electrolyzer. As shown in Figure 1,
liquid water at ambient temperature enters a heat exchanger
that heats it to the PEM electrolyzer temperature before it
enters the electrolyzer. Leaving the cathode at the reference
temperature, the hydrogen produced is stored in a storage
tank. The oxygen gas produced at the anode is separated
from the water and oxygen mixture and then cooled to the
reference environment temperature. The remaining water is
returned to the water supply stream for the next hydrogen
production cycle. The overall PEM electrolysis reaction is
water splitting; that is, electricity and heat are used to separate
water into hydrogen and oxygen.

The mass flow rate of hydrogen produced from PEM
electrolyzer can be calculated as

�̇�H
2

= 𝜂elec
�̇�net,ORC

HHVH
2

. (11)

Here 𝜂elec is efficiency of the electrolyzer which is about 60%
and HHVH

2

is the higher heating value of hydrogen which
is 142.19 × 10

6 J/kg. The exergy of hydrogen stream can be
calculated as

exH
2

= exph,H
2

+ exch,H
2

. (12)

The physical and chemical exergy of hydrogen are given as
[17]
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(13)

More details about thermochemical modeling of the PEM
electrolyzer are given elsewhere [18].
3.1.4. Gas Turbine. Thegoverning equation on the gas turbine
cycle that is used for the thermodynamic modeling of the
system components is as follows:
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5
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5
.

(14)

To calculate the chemical exergy of the fuel, lower heating
value and the coefficient 𝛽 are required and written as follows
[19, 20]:

exbiomass = 𝛽LHVwood,

HHV (kJ/kg) = 349.1C + 1178.3H + 100.5S − 103.4O − 15.1N − 21.1ASH,

𝛽 =

1.044 + 016 (𝑍H/𝑍C) − .34493 (𝑍O/𝑍C) (1 + .0531 (𝑍H/𝑍C))

1 − 0.4124 (𝑍O/𝑍C)
.

(15)

𝑍O, 𝑍H, and 𝑍C are the mass components of carbon,
hydrogen, oxygen, and nitrogen in biomass. For the studied
biomass with the presented chemical formula and the above
equation, the higher heating value of fuel is 19980 kJ/kg. Also,
the lower heating value of the biomass can be calculated by
the following equation and given that ℎ

𝑓𝑔
= 2258 kJ/kg [20]:

LHV (kJ/kg) = HHV − ℎ
𝑓𝑔
(

9H
100

+

M
100

) . (16)

In the above equation, H and M are the percent of hydrogen
and moisture content, respectively.

3.1.5. Double Effect Absorption Chiller. This type of chiller
can be used for ventilation and cooling purposes. Compared
to the compressed cooling system, this system requires less
shaft work for cooling generation. Water-ammonium is a
widely used working fluid and is used in absorption systems
and multigeneration objectives. In the system analysis, the



International Journal of Chemical Engineering 5

mass conservation law and energy balance are used for each
component of double effect absorption chiller as a control
volume. The law of conservation of mass for the overall
mass and component conservation for each component of the
solution in a steady mode and constant current is written as
follows:

∑�̇�
𝑖
= ∑�̇�

𝑜
,

∑ (�̇�𝑥)
𝑖
= ∑(�̇�𝑥)

𝑜
.

(17)

Here, �̇� is the mass flow rate of working fluid and 𝑥 is
the concentration of ammonium in the solution. The energy
equilibrium for the system components is written as follows
[21]:

�̇� − �̇� = ∑

𝑜

�̇�
𝑜
ℎ
𝑜
−∑

𝑖

�̇�
𝑖
ℎ
𝑖
. (18)

(a) Exergy Analysis. To obtain the exergy of each point of the
cycle, by considering the control volume for each component
in the steady state, the exergy balance equation is as follows:

∑

𝑖

�̇�
𝑖
ex
𝑖
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𝑜

�̇�
𝑜
ex
𝑜
+ �̇�. (19)

The exergy of different points is composed of two parts
including physical exergy and chemical exergy:

ex = exph + exch. (20)

The chemical exergy of each state depends on its pressure
and temperature that is shown as follows:

exph = (ℎ − ℎ
∘
) − 𝑇
∘
(𝑠 − 𝑠
∘
) . (21)

In general, the chemical exergy for a gas mixture can be
obtained by the following equation:

exch = ∑
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where 𝑥
𝑖
is the molar fraction of the 𝑖th component and

exch
𝑜,𝑖

is the standard exergy of the 𝑖th pure material. In the
absorption chiller, as ammonium water solution is not ideal,
the following equation is used for calculating the chemical
exergy:
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With the extension of the above equation for the ammonium
water solution, the following can be written:
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(24)

where 𝑎H
2
O is water activity and is the ratio of water

vapor pressure in the mixture to pure water pressure and

𝑎NH
3

is ammonium activity which is considered as ratio of
ammonium vapor pressure in themixture to pure water pres-
sure. This equation is composed of two parts: the standard
chemical exergy of the pure material and the exergy caused
by separation process as follows:
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where 𝑦
𝑖
as a molar fraction is as follows:
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And 𝑥
1𝑤

is defined as follows:

𝑥
1𝑤

=

𝑥NH
3

100

, (27)

where𝑥NH
3

is the concentration of ammoniumwater concen-
tration in a percent form and𝑀NH

3

and𝑀H
2
O are 17 kg/kmol

and 18 kg/kmol, respectively.

(b) Economic Analysis. The main aim of the economic
modeling is to obtain the cost functions of each component
and a calculation of the final cost rate of the system.There are
various methods for determining purchase equipment cost
in terms of the designed parameters. Here, the function is
presented by Bejan andMoran [22], Ahmadi [23], and Soltani
et al. [24], with some modifications done in accordance
with local conditions and interest rate in Iran. Table 2 shows
the cost functions for each component of the trigeneration
system in terms of design parameters.

(c) System Assessment. To perform an exact evaluation of
the system and the impact of the design parameters on
thermodynamic and economic performance, the exergy effi-
ciency and the final cost rate are considered as two objective
functions. These objective functions are defined as follows:

𝜓 =

Ėx
𝑄,domestic + ĖxCooling + �̇�net + �̇�H

2

exH
2

Ėxbiomass
, (28)

�̇�total =
̇
𝑍total + �̇�biomass, (29)

̇
𝑍total =

̇
𝑍comp +

̇
𝑍GT +

̇
𝑍AP +

̇
𝑍CC +

̇
𝑍DHW +

̇
𝑍Chiller

+
̇
𝑍Pump,R +

̇
𝑍Eva,R +

̇
𝑍Tur,R +

̇
𝑍Cond,R

+
̇
𝑍PEM.

(30)

In the above equation �̇�biomass is the biomass cost which
is obtained from an analysis of local data and wood purchase
costs.
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Table 2: The cost function for each composition of the multigeneration system in terms of design parameters [8, 9].

Component Cost function

Air compressor 𝑍AC = (

𝐶
11

𝐶
12

− 𝜂sc
) 𝑟
𝑝

ln (𝑟
𝑝

)
𝐶
11

= 71.1 $/(kgs−1)
𝐶
12

= 0.9

Combustion chamber 𝑍CC = (

𝐶
21

�̇�
𝑎

𝐶
22

− 0.98

) (1 + exp (C
32

𝑇comb − 𝐶24))
𝐶
21

= 46.08, 𝐶
22

= 0.995

𝐶
23

= 0.018, 𝐶
24

= 26.4

Gas turbine 𝑍GT = (

𝐶
31

�̇�
𝑔

𝐶
32

− 𝜂GT
) ln(𝑃4

𝑃
3

) (1 + exp (𝐶
33

𝑇
3

− 𝐶
34

))
𝐶
31

= 479.34, 𝐶
32

= 0.92

𝐶
33

= 0.036, 𝐶
34

= 54.4

Air preheater 𝑍AP = 𝐶
41

(

�̇�
5

(ℎ
5

− ℎ
6

)

𝑈Δ𝑇LM
)

0.6

𝑈 = 6, 𝐶
41

= 4122

Gasifier 𝑍gasif = 1600 (3600 × �̇�biomass)
0.67 —

Domestic hot water 𝑍DHW = 0.3�̇�DHW —
ORC evaporator 𝑍Eva = 309.14 (𝐴Eva)

0.85 —
ORC pump 𝑍Pump = 200 (�̇�Pump)

0.65

—
ORC turbine 𝑍Tur = 4750 (�̇�Tur)

0.75

—
ORC condenser 𝑍Condnser = 516.62 (𝐴Condnser)

0.6 —
Double effect absorption chiller 𝑍Chiller = 1144.3 (�̇�Eva)

0.67

—
PEM electrolyzer 𝑍PEM = 1000 (�̇�PEM,in) —

Table 3: A comparison of the modeling syngas composition and experimental result.

Composition The present model Experimental [10] Jarungthammachote and Dutta [11] Zainal et al. [12]
MC = 16%

H
2

24.52 17 18.03 21.06
CO 26.8 18.4 18.51 19.6
CO
2

11.03 10.6 11.43 12.01
CH
4

2.43 1.3 0.11 0.64
N
2

42 52.7 51.92 46.68

4. Result and Discussion

4.1. Model Validation. Biomass gasification process is the
most important part of the thermodynamic modeling of the
multigeneration system. To validate the developed thermo-
dynamic equilibrium model, the results are compared to
those of other studies. In order to determine the error of the
modeling, the root mean square error of syngas compounds
with compounds derived from experimental results [10]
and also other researchers’ modeling [11] is used. Table 3
shows the syngas compounds produced in the presentmodel,
experimental results also the work of others.

As it can be seen, there is a reasonable consistency
between the present modeling results and the experimental
results by Jayah et al. [10]. The maximum deviation from the
experimental results is related to methane. The calculations
indicate that root mean square error of the experimental
results and the present modeling is 6.9. Also, the error of the
present modeling results in the work by Jarungthammachote
andDutta [11] is 6.55. Figure 2 shows themole fraction of each
component of syngas.
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Figure 2: Mole fraction of syngas for present and other experimen-
tal and numerical studies.

4.2. Exergy Analysis Result. Table 4 presents the different
important parameters of multigeneration system under ini-
tial operation conditions. The results indicate that the exergy
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Table 4: Performance parameters of multigeneration system for the
initial state.

Parameter Unit Value
Fuel (biomass) flow rate kg/s 0.6
Exergy efficiency % 19.69
Energy efficiency % 19.36
Gasification air mass flow rate kg/s 1.04
Combustion air mass flow rate kg/s 6.68
ORC turbine output kW 616.6
Gas turbine output kW 1798
Domestic hot water flow rate kg/s 42.16
Gasifier purchase cost $/h 5.9
Compressor purchase cost $/h 4.16
Gas turbine cost rate $/h 2.08
Heat exchanger cost rate $/h 5.14
Combustion chamber cost rate $/h 0.47
Domestic water heater cost rate $/h 0.22
Organic Rankine Cycle cost rate $/h 11.53
Biomass fuel cost $/GJ 2

efficiency of multigeneration system is 19.69%. Also, the
domestic hot water flow rate in the initial state is 42.16 kg/s.
The economic results show that the ORC unit and gasifier
with 11.53 $/h and 5.9 $/h have the highest cost rate compared
with other components.

4.3. Parametric Analysis. In order to determine the effects of
the key parameters on the system performance, a parametric
study is done. Given that the gasification temperature can
significantly impact the percent of the syngas components,
to study the impacts of the change in such parameter, its
value has changed from 950K to 1250K. Figure 3 shows
the range of such changes. As it could be seen, increase in
the gasification temperature can reduce both overall system
efficiency and costs simultaneously. Given that changes in
gasification temperature can directly influence the percent
of the generated gases, it can influence the air required for
complete combustion in combustion chamber. By an increase
in the relevant range, it can be found that the air required for
combustion decreases from 7.57 kg/s to 5.88 kg/s.

Figure 4 shows the effect of this parameter on the main
output of the system. The results indicate that cooling
capacity and hot water output are not sensitive to change
the gasification temperature while electricity output of the
system decreases with an increment in the gasification tem-
perature. Also, the hydrogen production rate in changing
range of gasification temperature experiences an increment
and decrement trend. It should be noted that such behavior
is due to increment and decrement trend of electrical output
of ORC. When the gasification temperature increases, there
are two opposite effects.

To investigate the combustion temperature effects on the
systemperformance this parameter is changed from 1300K to
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Figure 3: The impact of the gasification temperature on the
objective functions.
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Figure 4: The impact of the gasification temperature on the main
outputs. 𝑄dw: domestic water heater. 𝑄cooling: absorption chiller
output.

1400K. It can be seen in the higher combustion temperature
that the exergy efficiency of the system and total cost rate of
the system experience lower values (Figure 5).

The changing of themain outputs of the systemwith vari-
ation of combustion temperature of syngas is illustrated in
Figure 6. As it can be seen the cooling capacity of the system
has no change with combustion temperature change, while
hydrogen production rate and domestic hot water increase
with combustion temperature increment. It can be found
that in the reasonable range of combustion temperature the
total electricity output decreases from 2534 kW to 2353 kW.
Since the decrement in the electricity output of the system is
higher than increment in the exergy of produced hydrogen,
the exergy efficiency decreases with raising the combustion
temperature.

One of the main parameters effective in the system
performance is compressor pressure ratio. The result shows
that increase in the compressor pressure ratio leads to energy
and exergy efficiency to a limited extent. Figure 7 presents
that for the pressure ratio higher than 9.5 the energy efficiency
will decrease. Since the higher pressure ratio imposes more
work to derive compressor, the exergy and energy efficiency
in higher pressure ratio show a decrement.
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Figure 5: The impact of the combustion temperature on the two
objective functions.
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Figure 6: The impact of the combustion temperature on the main
outputs. 𝑄dw: domestic water heater. 𝑄cooling: absorption chiller
output.
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Figure 7: The impact of the compressor pressure ratio on the cost
rate and efficiencies.

An important parameter which has a severe effect on the
ORC performance is the ORC maximum pressure. To exam-
ine the influence of this parameter, the maximum pressure
in the range of 800 kPa to 2000 kPa has been considered as
variable. As it can be seen in Figure 8 an increase in Organic
Rankine Cycle pressure simultaneously increases the overall
cost of the system, energy efficiency, and exergy efficiency.
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Figure 8: The impact of the compressor pressure ratio on the
maximum pressure of ORC.
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Figure 9: The impact of the inlet temperature to chiller on the
objective functions.

The higher ORC maximum pressure leads to the higher
work output from organic turbine which results in increase in
the exergy and energy efficiency of the system. At the higher
ORC maximum pressure the cost of the ORC components
increases which leads to increase in the total cost rate of the
system as it can be seen in Figure 9.

Also, Figure 9 illustrates the effect of changing inlet
temperature to the chiller on the total cost rate, energy
efficiency, and exergy efficiency. The results exhibit that an
increment in the inlet temperature to chiller decreases energy
efficiency, exergy efficiency, and total cost rate of the system.
Increasing this parameter has two effects on the system.
Increasing this temperature could lead to increase in cooling
capacity and on the other hand decrease in the ORC power
output because of lower energy gain in the ORC evaporator.

Due to the change of molar fraction of syngas composi-
tion, the biomass moisture content can significantly impact
the system performance. As it could be seen in Figure 10, by
increasing themoisture from0.1 to 0.3, the systemoverall cost
rate and the second law efficiency are reduced substantially.

The ratio of the mass flow rate for ORC evaporator (�̇�
6b)

to themass flow rate of ceramic heat exchanger (�̇�
6
) is bypass

ratio. The result of bypass ratio variation demonstrates that
an increment in this parameter results in an increment in the
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Figure 10: The impact of the biomass moisture content on the
objective functions.
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Figure 11: The impact of the bypass ration on the objective
functions.

energy efficiency, exergy efficiency, and total cost rate of the
multigeneration system (Figure 11).

The parametric study of multigeneration system reveals
that the design parameters have different effects on the
thermodynamic and economic performance of the system.
To select the best value of design parameters an optimization
method should be done. In the following section the opti-
mization procedure is described.

5. Optimization Results

To optimize the performance of the system two objective
functions in (28) and (29) are defined. Seven decision vari-
ables, namely, gasification temperature, combustion tempera-
ture, compressor pressure ratio, moisture content of biomass,
temperature inlet to the chiller, bypass ratio, and maximum
pressure of ORC, are selected to carry out optimization.
Table 5 represents the reasonable range of decision variables.

In this study the genetic optimization option of EES
is used to find the optimized value of problem. Genetic
algorithm as a repetitive algorithm with random search
strategy and biological evolution modeling attempts to find
optimal solutions. Exergy efficiency and total cost rate are
selected separately as two objective functions. The result of
optimization is presented in Table 6.

Table 5: Reasonable range of decision variables.

Decision variables Lower bound Upper bound
Gasification temperature (K) 950 1150
Combustion temperature (K) 1300 1400
Compressor pressure ratio (—) 7 11
Moisture content of biomass (—) 0.1 0.6
Temperature inlet to the chiller (K) 383 460
Bypass ratio (—) 0.2 0.8
Maximum pressure of ORC (kPa) 800 1200

The result of optimization indicates that the exergy
efficiency of the system can increase to 21.89% and total cost
rate of the system can reduce to 145.1 $/h.

6. Conclusion

Biomass is clean and available and is a type of renew-
able energy source that is derived from biomass resources.
Biomass energy can be used for direct combustion or gasi-
fication process. Accurate modeling of biomass gasification
is highly important due to the complex reactions of the
gasification process. In this study a multigeneration sys-
tem integrated with biomass gasifier unit is investigated. A
parametric study and a single objective optimization are
carried out. The result of parametric study for seven decision
variables is presented. The optimization results reveal that
the exergy efficiency of the multigeneration system increases
about 2.29% and total cost rate of system can decrease 13.1 $/h
compared to the initial state of the system.

Nomenclature

�̇�: Cost rate ($/h)
DHW: Domestic hot water heater
ex: Exergy (kJ/kg)
HHV: Higher heating value (kJ/kg)
LHV: Lower heating value (kJ/kg)
𝑚: Number of moles required for firing per

kmol of wood
�̇�: Mass flow rate (kg/s)
ORC: Organic Rankine Cycle
𝑟
𝑝
: Pressure ratio

𝑇: Temperature
𝑤: Amount of water per kmol of biomass
𝑍: Cost of component.

Subscripts

AP: Air preheater
C: Carbon
CC: Combustion chamber
ch: Chemical
comb: Combustion
comp: Compressor
Cond,R: Organic condenser
Eva,R: Organic evaporator
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Table 6: Optimization results of multigeneration system.

𝑇gasif
(K)

𝑟ac
(—)

𝑃
2R

(kPa)
𝑥bypass
(—)

MC
(—)

𝑇comb
(K)

𝑇inlet,chiller
(K)

Exergy eff.
(%)

Total cost
rate ($/h)

Exergy efficiency as objective function
Design 1100 9 1000 0.8 0.6 1400 400 19.6 158.2
Optimum 1050 8.99 1125 0.54 0.1 1362 412 21.89 154.4
Variation −4.55 −0.11 12.5 −32.5 −83.3 −2.71 3 11.68 −2.4

Total cost rate as objective function
Optimum 1100 9 1125 0.44 0.3 1325 430 15.3 145.1
Variation 0 0 12.5 −45 −50 −5.4 7.5 −21.9 −8.3

𝑓: Formation
gasif: Gasification
GT: Gas turbine
ℎ: Enthalpy (kJ/kg)
𝐾: Equilibrium constant
ph: Physical
Prod: Product
Pump,R: Organic pump
𝑅: Universal gas constant (kJ/kg⋅K)
Tur,R: Organic turbine
∘: Reference state.

Greek Symbols

𝛽: Biomass exergy coefficient
𝜓: Exergy efficiency.
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