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In this paper, a Rankin cycle-based heat and power generation system is simulated. The input
energy of the system is supplied by the combustion of natural gas in the boiler. Condenser
heat recovery is used to supply thermal energy and on the other hand, the power generated by
the turbine is used to supply electricity demand. The first and second laws of thermodynamics
and the law of conservation of mass are used to analyze the energy and exergy performance
of the system. Finally, the effect of changing each of the performance parameters on the
energy and CO2 emission of the system is investigated. According to the results, the turbine
output power, net power production, electrical efficiency, energy efficiency, exergy efficiency,
and CO2 production is obtained as 354.63 kW, 353.53 kW, 24.23%, 94.92%, 74.38%, and
81.1 g/s, respectively. Furthermore, the simulation results show that increasing the turbine
inlet temperature increases electrical efficiency and exergy. Increasing the condenser outlet
temperature also reduces electrical and exergy efficiency. On the other hand, increasing natural
gas consumption only increases CO2 production and does not affect electrical, energy, and exergy
efficiencies. © 2022 Journal of Energy Management and Technology
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1. INTRODUCTION
Global warming and declining fossil fuels are the two main
concerns of energy producers. Carbon dioxide emissions
are constantly increasing, although some policies have been
implemented to limit their emissions. For example, from
1990 to 2007, carbon dioxide emissions in the United States
increased by 17 percent [1]. Besides, global energy consumption
is expected to increase by about 40% between 2006 and 2030
[12]. Therefore, finding energy-efficient systems is now much
more important than ever. Potentially efficient technology
is the cogeneration system. Many researchers have focused
on the simulation and optimization of cogeneration systems.
Some of these research papers are described below.

Al-Sulaiman et al. [3] developed a CCHP system from the
point of view of exergy in three modes: only power generation,
power and heat generation, and power and heat and cooling
generation. The results showed that solar collectors and

evaporators are the main cause of exergy destruction in the
system. Besides, it was revealed that the exergy efficiency is
much higher in the third model. Al-Sulaiman et al. [4] proposed
a CCHP system that consisted of an absorption refrigeration
subsystem, an organic Rankin turbine, a heat exchanger for
heating, and a biomass burner. The system uses octane and
sawdust as fuel. The effect of three parameters including
evaporator pinch temperature, pump inlet temperature, and
turbine inlet pressure on energy efficiency, exergy efficiency,
net power, the power to cooling ratio, and power to heating
ratio was investigated. The results showed that the efficiency
of the trigeneration system is much higher than the case
where only power or power and heating are produced. This
efficiency in some cases reached up to 88%. Ebrahimi et al.
[5] proposed a CCHP system for a residential building and
analyzed its heating and cooling performance. The proposed
system included ejector refrigeration, steam turbine, and steam
generator, and its working fluid was water. The results of their
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study showed that cogeneration is always superior in terms of
energy saving compared to the case where there is a separate
production of power, heat, and cold. The exergy destruction
of each element was calculated and it was observed that the
steam generator has the highest rate of exergy destruction in
both winter and summer. Besides, the results of the system
optimization using the GA algorithm showed that the highest
efficiency in summer reaches 22.82%, and in winter reaches
62.15%. Al-Sulaiman et al. [6] analyzed three biomass, fuel
cell, and solar cogeneration systems, all based on the organic
Rankin cycle. They first modeled the exergy of all three
systems, then used thermoeconomic analysis of the systems
using the Specific Exergy Costing (SPECO) method and
fuel-product laws. This study deals with the application
of thermoeconomic analysis methods to the optimization of
cogeneration systems. Liu et al. [7] introduced a CCHP system
as an example of a distributed energy production system to
study the types of these systems. In the first part of the
research, they explained how these systems work what are the
advantages of the components required in these systems. In the
second part, different structures, design methods, management,
control, and optimization of these systems are discussed. In the
last section, the development history of these systems in the
United States, Britain, and China are analyzed and the use of
renewable energy, including wind and solar energy, is predicted
in the near future. Pirkandi et al. [8] simulated and optimized
a combined heat and power (CHP) system integrated with
a micro-gas turbine. They used MATLAB code to simulate
and optimize the integrated system. They also carried out
a sensitivity analysis to have a good insight into their study.
Finally, they optimized the system performance based on the
exergy analysis and utilization of economic and environmental
functions. Khoshbazan et al. [9] studied a small power and
heat generation system equipped with a solar sterling motor
to supply electricity and heat required for a building in three
different cities of Iran according to climatic conditions. Their
study showed that the highest efficiency of solar Stirling engine
was obtained in Mashhad with approximately 44%. Besides,
the maximum carbon dioxide reduction by utilizing this system
is obtained in Tehran. Kazagic et al. [10] optimized a modular
district heating solution based on CHP and Renewable Energy
Source (RES) systems. In the results of this analysis, suitable
indicators for economic and environmental sustainability have
been identified. Olympios et al. [11] designed and implemented
a fact-based multi-objective function, taking into account the
risk-return transactions due to the uncertainty of the exported
electricity price, to control a combined heat and power system.
In this study, a lot of effort has been made to understand
the real challenges and assess the impact of uncertainty in
the use of advanced algorithms in the real world. The model
presented in this study applies a two-stage control structure
including an optimization framework for the real-time CHP
heat and power system operating program including intelligent
communication between two controllers for continuous motor
monitoring and control. Electricity price uncertainty is reduced
at intervals by the use of production forecast balances. The
use of this model in a study sample for 40 days of experience
confirms that the predicted electricity price is almost realized,
saving 23% in this period and saving up to 35% in the energy
costs of the complex in the one-day modeling period. B.
Azizimehr et al. [12] analysis and optimization of a solar micro
combined cooling, heating, and power system by using the
Teaching–Learning-Based Optimization (TLBO) algorithm

for domestic application. They added a storage tank to the
system for stability. For single-objective and multi-objective
optimization, they used the TLBO algorithm, which increased
thermal efficiency by 27.85% and exergy efficiency by 27.66%,
respectively. In other research, they used the PSO algorithm
for the same system which improved 27.65% thermal efficiency,
27.46% exergy efficiency, and reduced 11.98% of the system
cost rate [13]. V.V.Klimenko et al. [14] evaluated the
combined heat and power system performance under the
warming climate. The most striking result was that the CHP
efficiency drop may be leveled by an adjustment of the extreme
cold temperature values according to the observed climate
dynamics when designing the CHP plants. R. Asadi et al.
[15] reviewed optimization algorithms for combined cooling,
heating, and power (CCHP) systems incorporating solar and
geothermal energy. Their results showed that the utilization of
CCHP systems is more efficient than simple single objective
production systems. Furthermore, the use of Nano-fluids in
solar collectors instead of water increases the heat transfer
efficiency, and specifically those of SiO2, CuO, AL2O3, and
TiO2 lead to high performance.

In the present study, the results of a simulation of a Rankine
cycle heat and power generation system are presented. Three
parameters of energy efficiency, exergy efficiency, electrical effi-
ciency, and CO2 emission are used to evaluate the performance
of the system. First, the studied system is investigated ther-
modynamically, and finally, the effect of changing functional
parameters on thermodynamic and environmental performance
is investigated.

2. METHODOLOGY
The heat generated from the combustion of natural gas in the
boiler is transferred to the working fluid of the cycle (water)
and converts its state to saturated steam. Saturated steam
enters the turbine at a lower temperature as its pressure
decreases. In the condenser, the fluid state reaches the
saturated liquid and then enters the pump to increase the
pressure. By continuing this cycle, the required electrical
power and heat are produced. The mechanical power generated
by the steam turbine is converted into electrical power using
the electric generator. Condenser heat recovery also provides
the required thermal energy (Figure 1). The input data for the
system simulation is shown in Table 1.

A. Energy analysis
In the energy analysis of the system, the law of conservation
of mass and energy has been used. Each component in the
system is considered a control volume. For a control volume
with input i and output o, mass and energy conservation can
be written as follows [12, 13]:∑

ṁi =
∑

ṁo (1)

∑
Q̇ −

∑ ˙QW =
∑

ṁoho (2)

The following assumptions are considered in energy analysis:

✓ The system is in stable condition and pressure drop in
pipes, boilers, and heat exchangers is ignored.
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Fig. 1. Scheme of the cogeneration system.

Table 1. Input data
Parameter Unit Value

Inlet natural gas Mol 2

Boiler efficiency (ηb) % 80

Generator efficiency (ηgen) % 95

Heat exchanger efficiency (ηHE) % 95

Turbine isentropic efficiency (ηT urbine,ise) % 85

Pump isentropic efficiency (ηP ump,ise) % 75

Turbine inlet temperature (T1)
◦C 200

Condenser outlet temperature (T3)
◦C 40

The cooling water inlet temperature (T6)
◦C 25

Cooling water pressure (P5, P6) kPa 100

Dead state temperature (T0)
◦C 25

Dead state pressure (P0) kPa 100

✓ Isentropic efficiencies are considered for the turbine and
pump.

✓ The condenser output and turbine inlet states are consid-
ered saturated liquid and saturated vapor, respectively.

✓ Potential and kinetic energies are ignored.

Energy and mass balance equations for different components
of the cogeneration system are written as follows:
Boiler:

m1 (h1 − h4) = Qbηb

m1 = m4
(3)

Turbine:
WT = m1 (h1 − h2)

m1 = m2

ηTurbine , ise =
h2 − h1

h2,s − h1

(4)

Condenser:

m2 (h2 − h3) =
m5 (h5 − h6)

ηcondenser
m5 = m6

(5)

Pump:
Wp = m3 (h4 − h3)

m3 = m4

ηPump,ise =
h3 − h4,s
h3 − h4

(6)

B. Exergy analysis
Exergy means the maximum amount of work that can be
obtained from a given amount of energy. In other words, this
is one of the characteristics of the system and the environment
[19]:

Ψ = (htot − T0s) − (htot ,0 − T0s0) =(
h − T0s +

1
2V 2 + gZ

)
− (h0 − T0s0 + gZ0)

(7)

This equation is written in the absence of the effects of
nuclear, magnetic, electrical, and surface tension energies. The
total enthalpy represents the terms of potential and kinetic
energy. The flow in the environment has zero exergy. On
the other hand, the amount of exergy can be defined as the
difference between work and heat in terms of irreversibility, or
change in energy quality. In the exergy analysis of the present
study, the following assumptions are taken into account:

✓ Only physical exergies are considered for the flows.

✓ Potential and kinetic exergies are ignored because velocity
changes are negligible.

✓ The chemical exergy of the material is ignored.

By applying the first and second laws of thermodynamics,
exergy equations are obtained as follows [17]:

ĖQ +
∑

i ṁiei =
∑

e ṁeee + ĖW + ĖD (8)

ĖQ =
(
1 − T0

T

)
Q̇ (9)

ĖW = Ẇ (10)

where ĖQ and ĖW are the heat transfer exergies and work that
cross the boundaries of the control volume, respectively.

C. Boiler system analysis
A boiler in the studied system is a control volume in which
water enters with ambient temperature and pressure and exits
with high temperature as a saturated vapor. The most common
boilers that use natural gas for combustion are water tube boil-
ers. In this type of boiler, water flows inside the pipes and direct
fire hits the pipes. These boilers can be made up to pressures
above 100 bar. The schematic of the combustion chamber and
the heat transfer of the boiler is shown in Figure 2. According
to this schematic, the hot flame from the combustion of fuel and
air in the combustion chamber directly hits the pipes containing
water, and the water inside the pipes is heated and reaches the
state of saturated vapor. Table 2 shows the molar percentage
of components of the natural gas in the boiler. Table 3 also
shows the molar percentage of air components at 1 atmospheric
pressure and 60% relative humidity. The balanced equation of
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Fig. 2. Scheme of the combustion chamber and heat transfer
of the boiler.

Table 2. The molar percentage of natural gas components in
the boiler

Compound Formula Molar fraction (%)

Methane CH4 47.5

Ethane C2H6 8.2

Propane C3H8 8.6

Butane C4H10 3.7

Pentane C5H12 0.8

Hydrogen H2 28

Nitrogen N2 3.2

Total - 100

the combustion in the mentioned conditions (pressure = 1atm,
relative humidity = 60%) is written as follows [18]:

47.5%CH4 + 8.2%C2H6

+8.6%C3H8 + 3.7%C4H10

+0.8%C5H12 + 28%H2 + 3.2%N2


+2.933 (O2 + 3.7N2 + 0.09026H2O) →

1.085CO2 + 2.323H2O+

11.27N2 + 0.8784O2

(11)

To calculate the amount of heat transferred to water in the
cycle, we need to calculate the low heating value (LHV) of the
fuel. To calculate the LHV of natural gas, which consists of

Table 3. The molar percentage of air components
(pressure=1atm, relative humidity=60%)

Compound Formula Molar fraction (%)

Oxygen O2 20.55

Nitrogen N2 76.62

Water H2O 1.88

Carbon dioxide CO2 0.3

Other - 0.92

Total - 100

 

Fig. 3. Temperature-enthalpy diagram of the cycle.

several different gases, according to the values in Table 2 and
the heating value of each gas, the LHV of the fuel is determined
by the following equation [19]:

LHVnaturalgas =
(802.3 × 475) + (1427.8 × 8.2)

+ (1926.4 × 8.6) + (2657 × 3.7)

+ (3272.1 × 0.8) + (241.8 × 28)


×1000/100 = 866146kJ/kmol

(12)

According to this equation, for burning one kilomole of natural
gas, 866146 kilojoules of thermal energy will be released. Some
of this heat in the boiler is lost in the form of losses or comes
out from the chimney. We determine the amount of effective
heat transferred to the water cycle with a boiler efficiency (in
this article equal to 80%).

Q̇b = ȷb × Q̇combustion (13)

3. RESULTS

A. System performance
The system is simulated in basic operating conditions (according
to the data in Table 1) and the results for the thermodynamic
characteristics of the fluid at different points of the cycle are
shown in Table 4. The thermodynamic properties of the fluid
are obtained in the temperature-entropy diagram according to
Figure 3. Table 5 also shows the operating parameters of the
system including turbine output power, pump power consump-
tion, total output power, energy or thermal efficiency, exergy
efficiency, and CO2 emissions for the base state. In this table,
the energy efficiency include both electrical and non-electrical
energy. Also, If we reduce the pump power consumption from
the turbine power generation, the net power is obtained. To
analyze the performance of the system in different operating
conditions, the effect of changing the effective parameters such
as turbine inlet temperature, condenser outlet temperature,
and natural gas molar rate on the system performance was
studied. The impact of these changes is discussed below.

B. Parametric analysis
Effect of the turbine inlet temperature: In this section, the
effect of turbine inlet temperature on energy efficiency, exergy
efficiency, electrical efficiency, and CO2 emission is investigated.
As shown in Figure 4, increasing the turbine inlet temperature
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Table 4. Thermodynamic properties of the fluid at different points of the cycle
Point Temperature (K) Pressure (kPa) Enthalpy (kJ/kg) Entropy (kJ/kg.K) Exergy (kJ) Mass flow rate (kg/s)

1 473.16 1555.3 2792.0 6.430 464.36 0.528

2 313.16 7.3 2120.4 6.808 50.15 0.528

3 313.16 7.3 1675.7 0.572 0.75 0.528

4 313.32 1555.3 1696.5 0.574 1.59 0.528

5 303.32 100 1265.7 0.439 8.39 45.330

6 298.16 100 1046.9 0.367 0 45.330

Table 5. Values of system performance parameters
Parameter Unit Value

Turbine power production (kW) 354.63

Pump power consumption (kW) 1.09

Net power (kW) 353.53

Electrical efficiency (%) 24.23

Energy efficiency (%) 94.92

Exergy efficiency (%) 74.38

CO2 emission (g/s) 81.10

 

Fig. 4. The effect of turbine inlet temperature on system
performance.

from 150 to 250 ◦C has little effect on total energy efficiency
and CO2 emission. Instead, increasing this temperature dra-
matically increases electrical efficiency and exergy efficiency. As
increasing the turbine inlet temperature increases the enthalpy
of fluid at the turbine inlet, it increases the turbine output
capacity and increases the electrical efficiency of the system.
As the production capacity of the cycle increases, the heat
energy recovered from the system decreases, and overall energy
efficiency remains unaffected by these changes. Increasing the
share of electrical energy in the total energy produced by the
system also naturally increases the exergy efficiency of the sys-
tem because the exergy of electricity is much greater than the
exergy of heat. Finally, because the increase in temperature
within the cycle does not change the amount of natural gas
consumed, the CO2 emission is not affected by these changes.

Effect of the condenser outlet temperature: In this section,
the effect of condenser outlet temperature on energy efficiency,

 

Fig. 5. The effect of condenser outlet temperature on system
performance.

exergy efficiency, electrical efficiency, and CO2 emission is in-
vestigated. As shown in Figure 5, increasing the condenser
outlet temperature from 20 to 40 ◦C, as described before, has
little effect on the total energy efficiency and CO2 emission.
However, increasing this temperature reduces the electrical effi-
ciency and exergy efficiency. As increasing the condenser outlet
temperature reduces the system’s output power, the system’s
electrical efficiency decreases. By reducing the production ca-
pacity of the cycle, the heat energy recovered from the system
increases and overall energy efficiency remains unaffected by
these changes. Reducing the share of electrical energy in the
total energy produced by the system also naturally reduces the
system’s exergy efficiency. According to the previous argument,
because the increase in temperature within the cycle does not
change the amount of natural gas consumed, the CO2 emission
is not affected by these changes.
Effect of natural gas consumption: In this section, the effect of

natural gas consumption on energy efficiency, exergy efficiency,
electrical efficiency, and CO2 emission is investigated. As shown
in Figure 6, an increase in natural gas consumption does not
affect electrical, energy, or exergy efficiencies other than an
increase in CO2 emission. Electrical, energy, and exergy ef-
ficiencies are a function of the thermodynamic conditions of
the cycle and are not dependent on the amount of natural gas
consumed. Changes in natural gas consumption (despite the
constant conditions of the boiler in terms of temperature and
pressure) only change the amount of heat transferred to the
cycle and the cycle flow changes in proportion to its input.
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Fig. 6. The effect of natural gas consumption on system
performance.

4. CONCLUSION
In this paper, a cogeneration system was investigated in terms
of thermodynamics and the environment. The system con-
sisted of a Rankin cycle that uses thermal energy from the
combustion of natural gas in the boiler as its input energy. The
first law and the second law of thermodynamics with mass
conservation were used to simulate the system. To analyze
the system performance, the effect of changing important pa-
rameters such as turbine inlet temperature, condenser outlet
temperature, and natural gas consumption on system perfor-
mance including electrical efficiency, energy efficiency, exergy
efficiency, and CO2 emission was investigated. The main result
was that increasing the turbine inlet temperature increases
electrical efficiency and exergy. Increasing the condenser out-
let temperature also reduces electrical and exergy efficiency.
On the other hand, increasing natural gas consumption only
increases CO2 emission and does not affect electrical, energy,
and exergy efficiencies. Exercoeconomic analysis of the system
and multi-objective optimization of system performance can be
considered a continuation of this work.

REFERENCES
1. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2007

| US EPA n.d.
2. World Energy Outlook 2009 – Analysis - IEA n.d.
3. Al-Sulaiman FA, Dincer I, Hamdullahpur F. Exergy modeling of a

new solar driven trigeneration system. Sol Energy 2011;85:2228–43.
https://doi.org/10.1016/J.SOLENER.2011.06.009.

4. Al-Sulaiman FA, Dincer I, Hamdullahpur F. Energy and
exergy analyses of a biomass trigeneration system us-
ing an organic Rankine cycle. Energy 2012;45:975–85.
https://doi.org/10.1016/J.ENERGY.2012.06.060.

5. Ebrahimi M, Keshavarz A. Climate impact on the
prime mover size and design of a CCHP system for
the residential building. Energy Build 2012;54:283–9.
https://doi.org/10.1016/J.ENBUILD.2012.06.029.

6. Al-Sulaiman FA, Dincer I, Hamdullahpur F. Thermoeconomic opti-
mization of three trigeneration systems using organic Rankine cycles:
Part I - Formulations. Energy Convers Manag 2013;69:199–208.
https://doi.org/10.1016/J.ENCONMAN.2012.12.030.

7. Liu M, Shi Y, Fang F. Combined cooling, heating and power
systems: A survey. Renew Sustain Energy Rev 2014;35:1–22.
https://doi.org/10.1016/J.RSER.2014.03.054.

8. Pirkandi J, Jokar MA, Sameti M, Kasaeian A, Kasaeian F. Sim-
ulation and multi-objective optimization of a combined heat and

power (CHP) system integrated with low-energy buildings. J Build
Eng 2016;5:13–23. https://doi.org/10.1016/J.JOBE.2015.10.004.

9. Khoshbazan M, Ahmadi MH, Ming T, Arjmand JT, Rahimzadeh
M. Thermo-economic analysis and multiobjective opti-
mization of micro-CHP Stirling system for different cli-
mates of Iran. Int J Low-Carbon Technol 2018;13:388–403.
https://doi.org/10.1093/IJLCT/CTY050.

10. Kazagic A, Merzic A, Redzic E, Tresnjo D. Optimization of modular
district heating solution based on CHP and RES - Demonstra-
tion case of the Municipality of Visoko. Energy 2019;181:56–65.
https://doi.org/10.1016/J.ENERGY.2019.05.132.

11. Olympios A V., Le Brun N, Acha S, Shah N, Markides CN. Stochas-
tic real-time operation control of a combined heat and power (CHP)
system under uncertainty. Energy Convers Manag 2020;216:112916.
https://doi.org/10.1016/J.ENCONMAN.2020.112916.

12. Azizimehr B, Assareh E, Moltames R. Thermoeco-
nomic analysis and optimization of a solar micro CCHP
by using TLBO algorithm for domestic application.
Https://DoiOrg/101080/1556703620191604883 2019;42:1747–61.
https://doi.org/10.1080/15567036.2019.1604883.

13. Moltames, R., Azizimehr, B., Assareh, E. (2019). ’Energy and Ex-
ergy Efficiency Improvement of a Solar Driven Trigeneration System
Using Particle Swarm Optimization Algorithm’, Journal of Solar
Energy Research, 4(1), pp. 31-39. doi: 10.22059/jser.2019.70905.

14. Klimenko, V. V., Krasheninnikov S. M., AchaFedotova E. V. CHP
performance under the warming climate: a case study for Russia.
Energy 2022:224 https://doi.org/10.1016/j.energy.2022.123099.

15. Asadi R., Assareh E., Moltames R., Olazar O., Nedaei M., Parvaz
F. Optimisation of combined cooling, heating and power (CCHP)
systems incorporating the solar and geothermal energy: a review
study. International Journal of Ambient Energy 2019:43:1 DOI:
10.1080/01430750.2019.1630299.

16. Sonntag RE, Borgnakke C, Van Wylen GJ. Fundamentals of Ther-
modynamics by Richard E. Sonntag — Reviews, Discussion, Book-
clubs, Lists 2002.

17. Michael J. Moran, Howard N. Shapiro, Daisie D. Boettner MBB.
Fundamentals of Engineering Thermodynamics, 9th Edition | Wiley
2018.

18. Sato N. Chemical Energy and Exergy: An Introduction to Chemical
Thermodynamics for Engineers. Chem Energy Exergy An Introd to
Chem Thermodyn Eng 2004:1–149.

19. Winterbone DE, Turan A. Advanced Thermodynamics for Engi-
neers: Second Edition. Adv Thermodyn Eng Second Ed 2015:1–551.
https://doi.org/10.1016/C2013-0-13437-X.


	Introduction
	Methodology
	Energy analysis
	Exergy analysis
	Boiler system analysis

	Results
	System performance
	Parametric analysis

	Conclusion

