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Abstract: With the general progression of small communities toward greater industrialization, energy
consumption in this sector has increased. The continued growth of energy consumption seen in Iran,
along with the low efficiency of production, transmission, and the distribution of energy, has led to
the projection of an unfavorable future for this sector. The purpose of this study is to reduce fuel
consumption and increase system efficiency by considering the optimal position of the turbine. In
this regard, turbine modeling has been performed by considering different positioning scenarios.
Afterward, the result from applying each scenario was compared with another scenario in terms of
the parameters of electrical energy production, gas consumption, the final energy produced by the
system, and the ratio of energy produced to overall gas consumption. After comparing different
scenarios, considering all 4 parameters, Scenario 7 was selected as the most suitable positioning
for gas turbine placement. Scenario 7 showed the highest gas consumption; of course, high power
generation is the most desirable, the most reliable and, ultimately, the most profitable outcome of
energy production. According to our results, the amount of electrical energy produced in the selected
scenario is 4,991,160.3 kWh; the gas consumption in this case is 0.22972 kg/s.

Keywords: CHP; textile industry; gas turbine; optimization

1. Introduction

Given the importance of energy-saving issues and the high share of energy consump-
tion in the industrial sector, the use of effective methods will have significant effects on
progress and development around the world. Combined heat and power (CHP), as an
efficient way to reduce energy consumption, is currently on the agenda of many developed
countries and a significant share of electricity and heat production in these countries is pro-
vided by this method [1,2]. In our country, Iran, various factors such as a lack of sufficient
information and the low prices of various energy carriers have led to a lack of development
of these solutions and the wastage of large amounts of energy in various consumer sectors,
including that of industry [2,3].

The limitation and pollution problems associated with fossil fuel resources necessitate
the need to optimize energy consumption since doing so will bring significant advantages,
such as energy management, reducing costs, reducing investment, and improving the
environment [4,5].

The potential for savings in the industrial sector, based on energy consumption statis-
tics in the world and in Iran in particular, is optimistically 38% and, conservatively, 24%.
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However, the savings potential is estimated to be between 10% and 15% relative to na-
tional standard values, and 15% to 25% relative to global standard values. To save energy
consumption, understanding energy-intensive industries and increasing the efficiency
of energy-consuming equipment is one of the first necessary measures [6,7]. Given that
industry accounts for a relatively high share of total global energy consumption, energy
consumption optimization and using CHP systems are of particular importance [8,9].

Due to the amount of energy wasted in different industries, the application of CHP in
the textile industry can be considered to be one of the requirements for reducing energy
consumption, fuel usage, and costs [10,11]. The importance of cogeneration stems from
financial issues and energy savings. Any unit that consumes electrical power and needs
thermal energy is a candidate for cogeneration [12,13]. CHP systems represent a combined
cycle in which a fuel generator typically generates electricity and the exhaust heat is used
to produce steam or heat in heat recovery boilers or to run a chiller compressor [4,5]. In
this type of system, at first, the initial energy required to move the electrical generator is
provided by fuel, and then the output heat from the generator is used to provide the energy
needed for the heat exchangers [12]. However, there is another type of cycle in which heat
is generated first and electricity, second [13,14].

More than 8% of the world’s electricity generation capacity depends on cogeneration.
This method is known as combined heat and power (CHP). The world’s cogeneration
plants generate a total of about 325,000 MW of electricity in installed facilities [15,16]. The
combination of heat and electricity recovers heat energy lost during power generation,
unlike conventional systems where heat is simply transferred to the environment. Energy
is wasted and more fuel must be used to generate the same amount of heat for industries
or buildings [16,17]. Another form of CHP generation captures energy used in industrial
processes and recovers it into electricity and thermal energy [18,19]. Coal-fired power plants
convert an average of 33% of their fuel into energy services [20,21]. The most efficient
power plants that are supplied by natural gas have an efficiency of 30–45%. In contrast,
CHP systems have an efficiency rating of 50–90%, and, due to the proximity of the generator
and the consumer, have fewer losses in the process of transmission and distribution of
electricity and heat [22,23]. Using a combination of heat and electricity is more efficient
than producing separate electricity and heat [24]. In addition to large-scale applications,
CHP can be used to supply electricity and heat to residential and commercial complexes
and buildings [25,26].

Because a large amount of energy is wasted during transmission, CHP power plants
must be located near the target market for efficient energy consumption [27,28]. Such
an ideal location is one near consumers who need power and heat for more than 5000 h
throughout the year. Industrial power plants offer an ideal location for these facilities, as
they already require a constant source of electricity and heat, and this minimizes CHP
changes [29,30]. This method of simultaneous production is very economical in cold
regions such as Finland or densely populated areas [31,32]. More research is needed into
this relationship because the number of scientific studies is too low. In the introductory
sections, more general information on the importance of research should also be provided
in order to emphasize the state of the art. Some of the past work can be seen in Table 1.

In the textile industry, energy is used in various ways at all stages of production. This
is one of the processing industries in which steam is used in all its various stages, especially
in the areas of dyeing, printing, and finishing (wet process). In this research, the goal is to
establish the optimal location of the turbine by considering various economic and energy
factors. In this regard, the effect of different turbine locations on fuel consumption and
system efficiency has been evaluated.
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Table 1. Past research related to the present study.

Objective Method Location Reference

Electric load supply at peak load first and second law of thermodynamics Iran [33]

New software provided in Matlab new advanced teaching-learning-based
optimization algorithm (ATLBO) Iran [34]

Maximizing the generation of electricity Ceramic tile efficiency management Italy [35]
Gas turbines as the most appropriate

technology for paper industry processes Paper industry Italy [36]

Satisfying microgrid operation Economic feasibility of the sugarcane
industry, through a cost analysis Brazil [37]

2. Materials and Method
2.1. System Modeling for the Studied Industrial Unit

The proposed system uses a gas turbine to function. The gas turbine consists of an
axial flow compressor, an annular combustor, and an axial flow turbo-expander. In the
proposed system, dry air first enters the compressor via an inlet. After being compressed
in the compressor, the air flows to the combustion chamber. The gas turbine uses natural
gas of a specific composition as fuel. After the combustion of natural gas with the dry air,
due to the calorific value of the combustion reaction, a great deal of heat is formed in the
combustion chamber, which increases the kinetic energy of the flue gases. The flue gas
flows into the turbo-expander space at very high heat, causing the turbine blades to move.
With the activation of the turbo-expander, the kinetic energy in the flue gases has been
converted into mechanical energy (torque). The gas turbine will have two outputs; one is
the production of mechanical energy (torque) and the other is the emission of flue gases
from its exhaust. By connecting a power generator to axis 1 of a gas turbine, the resulting
mechanical energy is used to generate electricity. The mechanical energy generated can
also be used to circulate a compressor in order to compress a gaseous substance or to move
a pump, to increase the pressure of a liquid.

Although most of the kinetic energy in the flue gases is converted to mechanical
energy by the turbo-expander, it still holds a great deal of heat. If this heat is not recovered
from the flue gas outlet of the gas turbine, all the energy in it is merely discharged into
the atmosphere, and, in addition to wasting large amounts of energy, this will also lead to
numerous environmental problems. To prevent this, the heat in the flue gases of the gas
turbine is converted into hot water or steam, using heat recovery boilers or heat exchangers
that can be used for cooling and heating purposes. If it is not possible to recover the heat
contained in the flue gases, a boiler that uses natural gas separately as fuel should be used
to generate hot water and steam. Figure 1 shows an overview of the composition of the
proposed system.

Figure 1. The proposed combined heat and power (CHP) system.
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In this study, different scenarios for using flue gas from a gas turbine are defined.
Scenarios have also been defined that assume it is not possible to employ flue gas to use
boilers next to a gas turbine.

2.2. Gas Turbine Modeling

Each gas turbine is based on the Brighton cycle but operates with different variables.
The number of stages or its arrangement can change, but it is always the case that the stages
of increasing pressure, combustion (increasing heat), and finally, the spread of fluid (hot
and condensed exhaust) in succession and in the same way to all turbines generates power.
This set may seem a bit complicated at first, but by describing the relevant cases, all its
behaviors will be determined.

2.2.1. Turbo-Expander Modeling

Figure 2 shows how energy flows in and out of a turbo-expander:

Figure 2. Energy flowing in and out of a turbo-expander [38].

2.2.2. Ideal Turbine Work

The high-temperature flue gases leaving the combustor enter the turbine, causing
the turbine blades to move, which in turn generates work via the torque generated. It is
assumed that the expansion of compressed and hot gases in the turbine occurs adiabatically.
From the ideal enthalpy difference of the mass flow of the flue gas at the inlet and outlet of
the turbine, the amount of ideal work can be calculated using the following formula [38]:

W
′
T = ṁT.in

(
h
′
T.in − h

′
T.out

)
(1)

2.2.3. Temperature and Enthalpy of Turbine Output in Ideal Conditions

The turbine is assumed to operate in adiabatic conditions; the outlet temperature of
the turbine under ideal conditions (TT.out) depends on the values of the inlet air temperature
(TT.in) and the specific heat ratio (k). Therefore, the outlet temperature of the turbine in
ideal conditions can be calculated from the following formula:

T
′
T.out = T

′
T.in/r(k−1)/k

P (2)

where TT.in is the inlet temperature entering the turbine in ideal conditions and is obtained
according to the value of hT.in. By obtaining the ideal temperature value of the turbine
outlet, the ideal enthalpy value of the turbine outlet can be calculated using Equation (2).

2.2.4. Temperature and Enthalpy of Turbine Output in Real Conditions

In real conditions, due to factors such as friction, the amount of work produced by the
turbine is less than the ideal state. According to the definition of the isentropic efficiency of
a turbine (h′T), the enthalpy value of the turbine output can be calculated in real conditions;
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then, the actual output temperature of the turbine can be calculated using the following
formula [38]:

h
′
T.out = h

′
T.in − ηT

(
h
′
T.in − h

′
T.out

)
(3)

2.2.5. The Actual Work of the Turbine

The amount of work that a gas turbine produces can be calculated according to the
actual amounts of energy flow in and out of it. By calculating the actual enthalpy value
of the turbine output, the amount of work generated in the turbine in the real state can be
calculated using Equation (4) [38]:

W
′
T = ṁT.in

(
h
′
T.in − h

′
T.out

)
(4)

2.3. Compressor Modeling

In the Brighton cycle, one of the basic processes is to increase the operating fluid
pressure by the compressor. In other words, since the fluid passing through the turbine will
expand, the required pressure ratio, which is usually the work of the compressor, needs to
be provided. The flow of air energy is shown in Figure 3:

Figure 3. Flow and energy flow in the compressor [10].

2.3.1. Compressor Consumption in Ideal Conditions

The compressor will need to use mechanical energy (work) to compress the air; this
is supplied by the shaft connected to the turbo-expander. Compressor efficiency is very
effective in the overall performance of the gas turbine because 55 to 61% of the turbine
production capacity is consumed by the compressor. The compressor’s performance
calculation, according to the amount of air that it compresses, is obtained by the enthalpy
difference of the mass flow of air in the inlet and discharge sections [10]:

W
′
C = ṁair

(
h
′
C.out − h

′
C.in

)
(5)

where hC.in is the enthalpy of the air entering the compressor, hC.out is the enthalpy of the
air coming out of the compressor in the all-state state, and ṁair is the mass flow of the air
entering the compressor.

2.3.2. Temperature and Enthalpy of the Air Entering the Compressor

Gas turbines are machines that draw air in directly from the environment. Therefore,
any action that changes the incoming air conditions will change the performance of the
turbine. One of those factors is the temperature of the air entering the compressor. The
air entering the compressor has initial energy (enthalpy) according to its temperature.
According to the enthalpy definition, the following general formula is offered:

h = CPT (6)
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From the general enthalpy formula, the enthalpy value of the air entering the com-
pressor can also be calculated using the following formula [10]:

hC.in = CP.airTC.in (7)

CP.air is the specific heat capacity of the air and TC.in is the temperature of the air
entering the compressor. Since the compressor is a turbomachine, its performance can be
considered as adiabatic. The ideal model of compressor operation is the isentropic mode.

2.3.3. Temperature and Enthalpy of the Compressor’s Output

When the air is compressed by the compressor, in addition to increasing the pressure,
we also see an increase in air temperature. In other words, an increase in pressure is equal
to an increase in temperature. As the air temperature increases, its enthalpy will also
increase. Considering the adiabatic nature of the air compression process, the enthalpy of
the exhaust air from the compressor is also calculated using the following formula [10]:

h
′
C.out = hC.inr(k−1)/k

P (8)

where rP is the compressor density ratio and k is the specific heat ratio. It should be noted
that the enthalpy obtained is in ideal conditions. The following formula can be used to
calculate the actual enthalpy of the compressor outlet air by establishing the compressor
efficiency:

hC.out =
h
′
C.out − h

′
C.in

ηC
+ hC.in (9)

The enthalpy of the air entering the compressor (hC.in) is ideally equal to that in reality
(hC.in). The above variable ηC is the compressor efficiency. By obtaining the real enthalpy
value of the air leaving the compressor and by using Equation (9) and the amount of
specific heat capacity of the air, the temperature of the air leaving the compressor can also
be calculated.

2.3.4. Compressor Work in Real Mode

By obtaining the actual amount of enthalpy of the air coming out of the compressor,
the amount of compressor work in real conditions can also be obtained.

WC = ṁair(hC.out − hC.in) (10)

2.4. Combustor Modeling
Thermal Balance in the Combustion Chamber

To calculate the amount of energy produced by combustion (output enthalpy) in the
combustor, the energy balance in the chamber must be used. Assuming that the combustor
is adiabatic and that its efficiency is 100%, the energy balance for this part of the gas turbine
will be as follows. Figure 4 shows the energy balance of the combustion chamber.

Figure 4. Energy balance in the combustion chamber [4].
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In this case, the flow of energy entering the chamber is equal to the flow of energy
leaving it [4]:

ṁT.inhT.in = ṁairhC.out + (NG.LHV) (11)

The amount of enthalpy output from the combustor or input enthalpy to the turbo-
expander can be calculated using the following formula [4]:

hT.in = (ṁairhC.out + (NG.LHV)/ṁT.in (12)

In this formula, ṁT.in and hT.in are the mass flow and enthalpy of the flue gas at the
turbine inlet, respectively, which are equal to the mass flow and the outlet temperature
of the combustion chamber. NG and LHV represent the mass flow rate of natural gas
entering the chamber and its low heating value, respectively. By placing the actual amount
of enthalpy output from the compressor into this formula, the enthalpy at the turbine inlet
(hT.in) can be obtained. By placing the ideal enthalpy value of the compressor output in the
formula, the ideal value can be established at the turbine inlet.

2.5. Energy Efficiency (EE)

The amount of energy taken from the fuel consumed varies in each scenario. For
boilers, efficiency is defined separately; in cooling units, instead of efficiency, the concept
of a performance coefficient is used. Therefore, the total efficiency of the system can be
considered equal to the productive use of fuel consumed in the gas turbine. Using the
following formula, energy efficiency in each scenario can be achieved:

EE = Wnet +
∑ Qg

LHV.NG
(13)

2.6. Used Energy, Utility and Utility Fuel Ratio

The defined scenarios use a certain amount of natural gas as fuel consumption; in
each scenario, a certain amount of intermediate energy and final energy is produced by
consuming fuel. By comparing energy efficiency in the defined scenarios, it is not possible
to fully examine the performance of energy production in the system. Therefore, to be
able to compare the energies produced in each scenario with other scenarios in the field
of energy production and to determine the efficiency of fuel consumption in them, the
parameters of used energy, utility, and utility fuel ratio are defined, each of which examines
fuel efficiency from various aspects.

2.7. Used Energy (UE)

The fuel used in each scenario is employed to generate mechanical energy and produce
steam, both of which use a kind of intermediate energy stage to produce the final energy
needed by the consumer. To better understand the energies produced in each scenario, a
parameter called “energy used” can be defined, which is equal to the sum of the energies
used from the fuel consumed in each scenario. The energies used by the system are
calculated using Equation (14):

UE = Wnet + ∑ Qg (14)

2.8. Utility

Intermediate energies change in a way that can be used in general applications. In
this section, the final converted energy required to fulfill the consumers’ needs (work,
heating, and cooling) is determined for each scenario, which is different from the UE. This
parameter is defined as utility, which determines the amount used in the final operation of
the system.

Utility = Wnet + QCooling + QHeating (15)
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2.9. Utility Fuel Ratio (UFR)

The ratio of fuel utility can be defined to better compare the performance of the various
scenarios. The utility fuel ratio refers to energy in nature and indicates how much utility
energy is produced per kilogram of fuel. The utility fuel ratio can be calculated by dividing
the utility value by the amount of fuel consumed in each scenario:

UFR = ∑ Utility/ ∑ NG (16)

2.10. CO2 Utility Ratio (CUR)

Along with the consumption of natural gas in each scenario, in addition to energy
production, carbon dioxide (CO2) is also produced. With the same fuel consumption being
set in some scenarios, the amount of this pollutant is also the same. Therefore, it is not
possible to compare the amount of pollution and determine which scenario in energy
production is the cleanest system of choice. This is also understandable when analyzing
other cogeneration systems. To better compare the scenarios regarding the production of
pollution against the production of useful energy consumption, a parameter called CUR is
defined; this shows how much CO2 is released in the production of each kilojoule of utility.
CUR can be calculated from the following formula:

CUR = CO2/Utility (17)

2.11. Gas Price Utility Fuel Ratio (GPUFR)

Comparing the economic efficiency of fuel consumption is not possible just by con-
sidering the amount of fuel consumed in each scenario. In scenarios where natural gas is
used only in microturbines, a different amount of utility has been produced. In this way,
the GPUFR parameter can be defined, indicating the cost paid to produce each kilojoule of
usable energy for utility. GPUFR can be calculated using the following formula:

GPUFR = ∑ GP/UFR (18)

In the above formula, GP (IRR/Kg) is the cost of natural gas used in the system, which
has been calculated according to the tariffs for the commercial and industrial consumption
of natural gas in Iran.

2.12. Desired Scenarios

In Scenario 1, the turbine is located in the fuel supply path of the oil boiler. First, in
order to estimate the amount of energy required and the amount of electricity generated by
the turbine intended for the oil boiler, the modeling of the scenario has been based on the
arrangement in Figure 5.

Figure 5. Scenario 1: Using a turbine to generate electricity and use its recycled heat in an oil boiler.
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In Scenario 2, the turbine is located in the fuel supply path of steam boiler 1, as shown
in Figure 6. In this scenario, as in the previous scenario, first, the amount of energy required
by the steam boiler is established, then we will check the amount of electricity produced.

Figure 6. Scenario 2: Using a turbine to generate electricity and then reusing its recycled heat in
steam boiler 1.

In Scenario 3, a turbine is considered to be connected to steam boiler 2, as shown in
Figure 7, so that we will be able to estimate the energy required by the boiler. Afterward,
we will examine the amount of electricity generated.

Figure 7. Scenario 3: Using a turbine to generate electricity, then its recycled heat in steam boiler 2.

In Scenario 4, the turbine is located in the path of two oil and steam boilers, as seen in
Figure 8. In this scenario, the output energy of the turbine will include a large amount of
fuel and the arrangement seems optimal compared to previous scenarios.

Figure 8. Scenario 4: Using a turbine to generate electricity and use its recycled heat in an oil boiler
and steam boiler 1.
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Scenario 5 is the same as Scenario 4, except that the turbine is located in the path of an
oil boiler and steam boiler 2, as shown in Figure 9. After supplying the required energy to
the boilers, we will then check the amount of electricity produced.

Figure 9. Scenario 5: Using a turbine to generate electricity and use its recycled heat in an oil boiler
and steam boiler 2.

In Scenario 6, as shown in Figure 10, the turbine is located in the path of steam boilers
1 and 2 to generate electricity, and after generating electricity, it will provide the amount of
energy required by these boilers.

Figure 10. Scenario 6: Using a turbine to generate electricity and use its recycled heat in steam boilers.

In Scenario 7, as can be seen in Figure 11, the turbine is located in the path of steam
boilers 1, 2, and 3 to generate electricity; after generating electricity, it will provide the
amount of energy required by these boilers.

Figure 11. Scenario 7: Using a turbine to generate electricity and use its recycled heat in oil and steam
boilers.
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2.13. Specifications of the System under Study

The specifications of the equipment used in this research, along with the number of
input parameters, can be found in Tables 2–5.

Table 2. Specifications of unit fuel consumption (natural gas).

Fuel density (Kg/m3) 0.6607 $(NG)

Consumption fuel price (IRR/m3) 1150 GP

Calorific value of fuel consumed (Kj/Kg) 48,594 LHV

Total amount of natural gas consumed (kg/s) 0.142165 NG(b.T)

Total unit power consumption (kWh) 240,000 EC(P)

Table 3. Boiler specifications.

Boiler No. 3 Boiler No. 2 Boiler No. 1 Parameter

473.15 318.15 318.15 T1.w
523.15 443.15 443.15 T2.w

2.1 4.1813 4.1813 Cp.w
30.21 3.15 2.016 m(b1)
0.85 0.85 0.85
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3172.05 1646.387 1053.688 Q(b1)
0.076796 0.039859 0.02551 NG(b1)

Table 4. Air specifications at the compressor input.

PC.in (atm) TC.in (k) CP (kj/kg·k) hC.in (kj/kg) K = CP/CV

1 298.15 1.004 299.3426 1.41

Table 5. Air specifications at the compressor output.

PC.out TC.out (k) h¢C.out (kj/kg) hC.out (kj/kg)

11 651.806 654.413 601.152

3. Results
3.1. Gas Turbine Analysis

Table 4 shows the air specifications at the inlet to the compressor. By establishing the
specific heat ratio of the air and the compressor density ratio, the ideal enthalpy of the
compressor output can be calculated. The pressure ratio used in turbines that use an axial
flow compressor is between 5 to 1 and 15 to 1, and an optimal pressure ratio is 11 to 1.

Regarding the actual enthalpy of compressor output (hC.OUT), the isentropic efficiency
of the compressor is 85%, with which value the temperature of the exhaust gas from the
compressor is calculated. The following table shows the air specifications at the compressor
outlet.

The airflow to the compressor can be determined by the fuel consumption in the
combustion chamber. Table 6 shows the analysis of natural gas entering the combustion
chamber.
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Table 6. Flue gas analysis.

CO2 Produced N2 Produced H2O Produced O2 Required Component

- 0.14 - - N2
- - - - CO2

84.7 636.94 169.4 169.4 CH4
19.94 131.2 29.91 34.89 C2H6
10.86 68.05 14.48 18.1 C3H8
1.44 8.79 1.8 2.34 i-C4H10
2.6 15.88 3.25 4.22 n-C4H10
0.4 2.41 0.48 0.64 i-C5H12

0.35 2.1 0.42 0.56 n-C5H12
120.7 865.51 219.74 230.15 Total

Using the information in Table 7, the molecular weight of natural gas is 19.1 (kg/kmol).
In this study, the amount of natural gas required to generate electricity is 0.01885 (kg/s).
According to the natural gas flow, the airflow required to complete the combustion process
can be obtained from stoichiometric relations, which will be equal to 0.3131 (kg/s). Thus,
so far, the flue gas flow from the combustor is equal to the sum of the required airflow rates
of combustion and natural gas flow. After combustion, the flue gas contains only N2, O2,
and CO2, the production values of which are given in Table 7 for each of the natural gas
constituents.

Table 7. The analysis of natural gas entering the combustion chamber.

LHV (kj/kg) Molecular Weight Mole Percentage Component

48,594

28 0.14 N2
46 0.41 CO2

16.04 84.7 CH4
30.07 9.97 C2H6
44.09 3.62 C3H8
58.12 0.36 i-C4H10
58.12 0.65 n-C4H10
72.15 0.08 i-C5H12
72.15 0.07 n-C5H12

100 Total

From Table 8, we can see that the specific heat capacity of the flue gas CP.mix is equal to
1.17 kJ/kg·k. Therefore, the inlet temperature to the turbine will ideally be 2835.34 Kelvin,
which is a very large amount, because if gas enters the turbine at such a temperature, due to
high operating stress, the turbine components will deform or creep. Considering that in real
conditions, the optimal temperature for air entering the turbine is equal to 1623/15 Kelvin,
for the ideal state, this value is assumed to be 1573/14 because the actual temperature is
higher than the ideal temperature. To reduce the inlet temperature to the turbine, excess air
must enter the compressor and then enter the combustion chamber.

Table 8. Material and energy balance.

CPi (Kj/Kg·k) Mole Percentage (%) Component

1.042 72 N2
0.842 10 CO2
1.872 18 H2O
0.922 - O2

By trying out scenarios and dealing with errors several times, the exact amount of
excess air entering the compressor can be established to find the optimal inlet temperature
for the turbine. It should be noted that the gas turbine is modeled in Excel and calculations
are performed accordingly. Figure 12 shows the temperature changes of the flue gas of the
turbine inlet in relation to the changes of the excess air entering the compressor.
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Figure 12. The temperature changes of the flue gas at the turbine inlet.

By changing the amount of air entering the combustion chamber, in addition to the
outlet temperature, the flue gas composition also changes, and, by changing that, CP.mix
also changes. Figure 13 shows the changes in CP.mix relative to the excess air changes.

Figure 13. Changes in CP.mix relative to the excess air changes.

Finally, with the entry of 156.6618% of excess air into the gas turbine, the inlet tem-
perature to the turbine section is optimized and the flue gas analysis will be as shown in
Table 9.

Table 9. Analysis of the excess inlet air.

Mole Percentage (%) Component

76.01 N2
4.13 CO2
7.52 H2O
12.34 O2

The temperature of the flue gas entering the turbine is equal to 1621/165 Kelvin;
this does not pose a problem for the turbine because, in fact, the maximum allowable
temperature is 1623.15 Kelvin. After the flue gas enters the turbine and the turbine blades
are moved, its temperature at the turbine outlet decreases. The performance of the gas
turbine per fuel unit consumed is given in Table 10.
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Table 10. Gas turbine energy production performance.

NG (kg/s) Went (kW) UE (kW) Utility (kW) EE (%) UFR (kW)

0.018848 311.683 311.683 311.683 34 16536.66

According to data on the fuel used in gas turbines, its performance in pollution and
fuel costs is as follows (Table 11).

Table 11. Gas turbine pollution.

CO2 (g/s) GP (IRR/S) CUR (g/kj) GPUFR (IRR/kj)

54.47072 15.56609 0.174763 0.049942

According to the modeling, three types of converters have been designed to produce
the amount of heat required by the industrial unit. The specifications of the converters are
as follows (Tables 12–14).

Table 12. Specifications of heat exchanger No. 1.

1053.688 Q(b1) Heat required to produce 16,000 of steam (lb/h)
949.942 T(1.FG) Inlet flue gas temperature to converter (K)
408.15 T(2.FG) outlet flue gas temperature of the converter (K)

1.081343 Cp(FG) Specific heat capacity of flue gas (Kj/(Kg·K))

1.798522 m(FG.1) Mass flow of flue gas required for heat supply in the
production of 16,000 pounds of steam (Kg/s)

Table 13. Specifications of heat exchanger No. 2.

1646.385 Q(b2) Heat required to produce 25,000 of steam (lb/h)
949.942 T(1.FG) Inlet flue gas temperature to converter (K)
408.15 T(2.FG) Outlet flue gas temperature of the converter (K)

1.081343 Cp(FG) Specific heat capacity of flue gas (Kj/(Kg·K))

2.81019 m(FG.1) Mass flow of flue gas required for heat supply in the
production of 25,000 pounds of steam (Kg/s)

Table 14. Specifications of heat exchanger No. 3.

3172.05 Q(b3) Heat required to raise the temperature of oil by 125 (m3/h)
949.942 T(1.FG) Inlet flue gas temperature to converter (K)
408.15 T(2.FG) Outlet flue gas temperature of the converter (K)

1.081343 Cp(FG) Specific heat capacity of flue gas (Kj/(Kg·K))

5.414319 m(FG.1) Mass flow of flue gas required to increase the temperature
of cubic meters of oil by 125 (Kg/s)

3.2. Scenario Analysis

After the previous steps, we will reach the stages of energy supply assessment and
review the amount of electricity generated by each of the defined scenarios, and in Table 15,
the results obtained from the comparisons can be seen.

Table 15. Comparison of scenarios.

Scenarios 1 2 3 4 5 6 7

Total amount of natural gas consumed (kg/s) 0.18594 0.159672 0.168428 0.203452 0.212208 0.194696 0.22972

Total amount of electricity generated by unit (Kwh) 361,195.3 139,280.4 285,421.1 768,351.8 1,561,292.7 541,922.7 4,991,160.3

Final energy produced in the system (Kg/s) 7771.08 6631.62 7011.59 8530.72 8910.56 8150.91 9670.97

Ratio of final energy to fuel consumption (Kj/Kg) 41,793.4 41,532.7 41,629.5 41,929.9 41,989.5 41,896.8 42,098.8
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Scenario 1: In Scenario 1, natural gas consumption is equal to 0.18594 kg per second.
Considering the amount of heat required for the oil boiler, the amount of electricity gen-
erated from the turbine in this scenario is equal to 361,195.3 kWh and the final energy
produced is 7771.08 kg/s. The scale value of the scenario, which is the ratio of final energy
to fuel consumption, will be 41,793.4 kJ/kg. Given the amount of electricity generated
and energy supplied, this scenario seems to support a small percentage of the project’s
expectations.

Scenario 2: In Scenario 2, natural gas consumption is equal to 0.159672 kg/s. According
to the previous scenario, due to the reduction of the heat demand of steam boiler 1 compared
to the oil boiler that was supplied in Scenario 1, fuel consumption, as well as electricity
generation, has also decreased. Due to the supply of heat required for steam boiler 1, the
amount of electricity generated from the turbine in this scenario is equal to 139,280.4 kWh
and the final energy produced is 6631.62 kg/s. Finally, the scale of the value of the scenario
will be equal to 41,532.7 kJ/kg, which is less than the previous scenario; therefore, the
value of fuel produced will be less than Scenario 1, according to the amount of electricity
production and energy supply. This scenario also seems to support a small percentage of
the project’s expectations.

Scenario 3: In Scenario 3, natural gas consumption is equal to 0.168428 kg/s, which
has increased compared to the previous scenario and has decreased compared to scenario 1,
due to the reduced heat demand of steam boiler 2 compared to the oil boiler, which in
Scenario 1 provides heat. The amount of fuel consumption, as well as the amount of
electricity production, has also decreased. Due to the supply of heat required for steam
boiler 2, the amount of electricity generated by the turbine in this scenario is equal to
28,542,121 kWh and the final energy produced is 7011.52 kg/s. Finally, the scale of the
value of the scenario will be equal to 41,629.5 kJ/kg, which is higher than the previous
scenario; as a result, the value of fuel produced will be less than Scenario 1. Given the
amount of electricity generated and energy supplied, this scenario also seems to support a
small percentage of the project’s expectations.

Scenario 4: In Scenario 4, natural gas consumption is equal to 0.203452 kg/s. As
in the previous scenarios, in this scenario of two oil and steam boilers, with one heated
simultaneously, the amount of fuel consumption and also the amount of production are
increased. The electricity needed has also increased. Due to the required supply of heat, the
amount of electricity generated from the turbine in this scenario is equal to 7,683,518 kWh,
and the final energy produced is 8530.72 kg/s. Finally, the value scale of the scenario will be
equal to 42,929.9 kJ/kg, which is more than in the previous scenarios; however, considering
the amount of electricity generated and the energy supplied, it seems that this scenario will
not be economical in terms of investment costs.

Scenario 5: In Scenario 5, natural gas consumption is equal to 0.212208 kg per second.
As in the previous scenarios, in this scenario, two oil and steam boilers are supplied with
heat simultaneously. The amount of fuel consumption and also the amount of produc-
tion have increased. Electricity has also increased. In terms of the supply of required
heat, the amount of electricity generated from the turbine in this scenario is equal to
1,561,292,222 kWh and the final energy produced is 8910.56 kg/s. Finally, the scale of the
value of the scenario will be equal to 49.54 kJ/kg, which is more than the previous scenarios;
however, considering the amount of electricity generated and energy supplied, it seems
that this scenario will not be economical in terms of investment costs.

Scenario 6: In Scenario 6, natural gas consumption is equal to 0.194696 kg/s. In
this scenario, two steam boilers are heated simultaneously. Fuel consumption, as well as
electricity generation, has increased. Due to the supply of the required heat, the amount
of electricity generated from the turbine in this scenario is equal to 54.1922222 kWh and
the final energy produced is 8150.91 kg/s. Finally, the scale value of the scenario will be
equal to 481,896.8 kJ/kg, which is less than the previous two scenarios; considering the
amount of electricity generated and energy supplied, it seems that this scenario will not be
economical in terms of investment costs.
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Scenario 7: This scenario is the most complete scenario, with the highest gas consump-
tion but high electricity generation, as well as more reliability; this is ultimately the most
profitable scenario. In this model, the required amount of heat can be provided for the
three boilers and a significant amount of electricity can be sold to the network or factories
of an industrial town; after a sufficient time has passed, this scenario will see a return on
the investment costs. Figures 14–17 show a comparison between different scenarios

Figure 14. The amount of gas consumed in the scenarios.

Figure 15. The amount of electricity generated by the scenarios.
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Figure 16. The final energy output produced by the system.

Figure 17. The ratio of the final energy produced by the system to the consumed gas.

4. Conclusions

For many years, developed industrialized countries have availed themselves of nu-
merous natural and industrial facilities for energy production, in addition to trying to
develop renewable energy resources (sun, wind, waves, etc.), They have placed the proper
use of energy at the top of their sustainable development goals. By setting these goals and
by setting guidelines and, in some cases, restrictive rules and regulations, they encourage,
guide, and even direct industry owners, craftsmen, managers of organizations to prevent
the further wasting of energy. In recent years, in our own country, the Iran Fuel Conserva-
tion Company has put in place various instructions to raise awareness in different sectors
of industry about the issue of energy consumption optimization. The textile industry is one
of the oldest industries in our country and considering that the textile industry accounts for
a relatively high share of the total energy consumption of the industrial sector; therefore,
optimizing energy consumption in this industry is of particular importance.

With regard to the obtained results, it is clear that most of the electricity generation
achieved is from Scenario 7, in which the turbine is located between the inlet fuel point and
the boilers, and the turbine is used for preheating the boiler inlet. In this study, the amount
of gas consumed is the same in all scenarios. According to the results, the amount of
electrical energy produced in the selected scenario is 4,991,160.3 kWh, the gas consumption
for this scenario is 0.22972 kg/s.
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Many works could constructively flesh out the work begun in this present study. The
following possibilities can be considered in future works:

1. Exergo-economic analysis may be performed.
2. Exergy and environmental analysis may be conducted.
3. Multi-objective optimization of the studied system could be achieved with intelligent

algorithms.
4. Pinch analysis could be utilized to identify points of thermal waste.
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Nomenclature

CHP Combined heat and power
EE Energy efficiency
UE Used energy
UFR Utility fuel ratio
CUR CO2 utility ratio
GPUFR Gas price utility fuel ratio
TT.out The outlet temperature of the turbine under ideal conditions
TT.in The values of the inlet air temperature
k The specific heat ratio
h/

T The isentropic efficiency of the turbine
hC.in The enthalpy of the air entering the compressor
hT.in The enthalpy at the turbine inlet
GP The cost of natural gas used in the system
ṁair The mass flow of the air entering the compressor
ρ(NG) Fuel density (Kg/m3)
GP Consumption fuel price (IRR/m3)
LHV Calorific value of fuel consumed (Kj/Kg)
NG(b.T) Total amount of natural gas consumed (kg/s)
EC(P) Total unit power consumption (kWh)
T1.w Inlet water temperature to the boiler (K)
T2.w Boiler outlet steam temperature (K)
Cp.w Specific heat capacity of water (Kj/(Kg·K))
m(b1) Production steam output in Boiler 1 (Kg/s)
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