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A B S T R A C T

The cement industry’s rapid expansion has resulted in heightened environmental and economic issues due to 
significant greenhouse gas emissions and energy losses. Conventional manufacturing methods, which often 
release waste heat, significantly increase carbon emissions. This paper proposes an innovative combined cooling, 
heating, and power (CCHP) system that enables significant waste heat recovery. Through a Steam Rankine Cycle 
and a Li-Br absorption chiller, the system generates power, heating, and cooling, effectively repurposing thermal 
energy otherwise wasted. This study provides a comprehensive 4E (energy, exergy, economic, and environ
mental) analysis, demonstrating the system’s potential to significantly improve sustainability in cement pro
duction by enhancing resource efficiency and reducing carbon emissions. Our model, validated with accurate 
operational data and simulated through EES software, demonstrates significant improvements in energy and 
exergy efficiencies. Based on the input data and operational results, the proposed system recovers 3078 kW of 
helpful energy, including 945 kW of cooling and 2133 kW of heating. The system’s energy and exergy efficiency 
are 30.2 % and 28.69 %, respectively, and with an initial investment of $661,803, the payback period is 6.183 
years. Additionally, the sustainability index is 0.1216, and the exergoenvironmental index is 0.6928, reflecting 
the ecological and economic viability of the system.

Abbreviations

4E Energy, Exergy, Economic, and Environmental

CCHP Combined Cooling, Heat and Power
CCPPs Combined Cycle Power Plants
CHP Combined Heat and Power
CRF Capital Recovery Factor
CSI Cement Sustainability Initiative
DHW Domestic Hot Water
DUC Damage Unit Cost
EES Engineering Equation Solver
EXV1 Expansion Valve 1
EXV2 Expansion Valve 2
GHG Greenhouse Gases
HEX Heat Exchanger
HRSG Heat Recovery Steam Generator
IEA International Energy Agency
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4E Energy, Exergy, Economic, and Environmental

ORC Organic Rankine cycle
PB Payback Period
SPC Space Cooling
SPH Space Heating
SRC Steam Rankine cycle
WHR Waste Heat Recovery

Nomenclature
Ċenv Cost rate of environmental penalty ($/hr)

Ċf ,k Fuel cost rate of kth equipment ($/hr)

Ċp,k Product cost rate of kth equipment ($/hr)
cf,k Fuel cost of kth equipment ($)
ci,k Exergy cost of kth equipment ($)
cp,k Product cost of kth equipment ($)
cq,k Heat transfer exergy cost of kth equipment ($)
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(continued )

4E Energy, Exergy, Economic, and Environmental

cw,k Useful work exergy cost of kth equipment ($)
ĖCooling Output cooling generated rate (kJ/s)

ĖHeating Output heat generated rate (kJ/s)

Ėhot gas Hot gas energy rate (kJ/s)

Ėxch Chemical exergy rate (kJ/s)
ĖxCooling Cooling exergy rate (kJ/s)

ĖxD Exergy of destruction rate (kJ/s)
Ėxf ,k Fuel exergy rate of kth equipment (kJ/s)

ĖxHeating Heating exergy rate (kJ/s)

Ėxin Input exergy rate (kJ/s)
Ėxki Kinetic exergy rate (kJ/s)
Ėxp,k Product exergy rate of kth equipment (kJ/s)

Ėxph Physical exergy rate (kJ/s)

Ėxpo Potential exergy rate (kJ/s)

ĖxQ Exergy of heat transfer rate (kJ/s)
Ėxq,k Exergy of heat transfer rate of kth equipment (kJ/s)

Ėxtot Rate of total exergy (kJ/s)
ĖxW Exergy of work done rate (kJ/s)
exi Input exergy (kJ/kg)
exo Output exergy (kJ/kg)
exph Physical exergy (kJ/kg)
fei Exergo-environmental index
fes Exergo-environmental stability
hi Input enthalpy (kJ/kg)
ho Output enthalpy (kJ/kg)
ṁi Rate of input mass (kg/s)
ṁo Rate of output mass (kg/s)
P0 Standard reference pressure (kPa)
Q̇ Heat exchanged rate (kJ/s)
QL Heat loss (kJ)
T0 Standard reference temperature (◦C)
Ẇ Work done rate (kJ/s)
Ẇk Work done rate of kth equipment (kJ/s)
Ẇturb Output power generated rate (kJ/s)
Żk Capital investment cost of kth equipment rate ($/hr)
Zk Capital investment cost of kth equipment ($)

Greek
θei Exergo-environmental improvement
θest Exergo-environmental sustainability
εE Energy efficiency
εEx Exergy efficiency

1. Introduction

The cement industry stands as a cornerstone of global infrastructure, 
yet it is also a significant contributor to greenhouse gas (GHG) emis
sions, particularly carbon dioxide (CO2) [1,2]. In the GCAA report, 
different independent sources estimated that cement manufacturing 
caused between 5 % and 8 % of the global GHG emissions. As our 
population grows and urbanizes, the demand for cement is projected to 
increase substantially. According to the IEA CSI Cement Technology 
Roadmap, global cement production is expected to rise by 12–23 % by 
2050.

Modern industry relies on cement production, but it creates consid
erable environmental and economic challenges [3,4]. Waste heat 
generated during the production process is one of the significant issues. 
This heat, often released into the atmosphere, represents a substantial 
energy loss and contributes to the industry’s carbon footprint [5]. 
However, recovering and efficiently utilizing this wasted heat could 
transform the industry [6]. Waste heat recovery programs provide an 
innovative solution for reducing energy loss, lowering operational ex
penses, and minimizing environmental impact [7]. Heat recovery 
technologies can be categorized into three main categories: recovering 
heat for lower-quality applications, upgrading heat, and converting heat 
into electricity [8]. These technologies significantly improve energy 
efficiency and sustainability within the cement industry by capturing 
and recovering heat generated in cement plants [9].

Several studies have explored various aspects of WHR in cement 
plants, focusing on different technologies and methodologies [10]. For 
example, research on optimizing power generation assets in industrial 
settings has highlighted the economic benefits and enhanced efficiency 
of integrating advanced WHR strategies into existing infrastructures 
[11]. Similarly, studies on cogeneration plants, such as the 
power-augmented steam power plant in cement factories, illustrate 
significant improvements in electrical efficiency and heat recovery [12]. 
According to Ghalandari et al. [13], energy analysis for thermal pro
cessing units of cement plants of a new generation demonstrated the 
possibility of converting waste heat to energy savings. A performance 
evaluation of novel waste heat recovery designs incorporating coal-fired 
power plants, conducted by Chen et al. [14], has also shown promising 
results in improving overall energy efficiency. In additional efforts, 
Jamali and Noorpoor [15] optimized a WHR plant to capture CO2 and 
produce electricity for a cement factory by integrating biomass, solar, 
and waste heat. Their winter cost reduction was 24 %, and their summer 
exergy efficiency was 39 % higher. From an economic perspective, 
Brueckner et al. [16] highlighted the financial viability of WHR appli
cations, particularly electric heat pumps and absorption chillers, which 
offer attractive returns on investment and shorter payback periods when 
operated extensively. The steam Rankine cycle is a method of converting 
heat into work and is most commonly used in generating electricity 
[17]. In a similar stance, Khurana and colleagues [18] investigated using 
a steam cycle to harness waste heat streams, successfully generating 4.4 
MW of electricity and recovering about 30 % of the plant’s electricity 
needs. Tang et al. [19] designed an SRC process based on high- and 
low-pressure steam to handle the waste heat from marine engines at 
different grades. A combined cycle power plant using dual-pressure SRC 
reduced braking fuel consumption by 6.1 %. Gomaa et al. [20] explored 
an Organic Rankine Cycle (ORC) integrated with hybrid solar collectors 
in cement plants, achieving electricity generation of 323–360 kW. Their 
study revealed a more extended payback period of approximately 3.75 
years. The Organic Rankine Cycle converts thermal energy into me
chanical work and then electricity, using organic fluids instead of water 
[21]. The combination of SRC with ORC is a hybrid device designed to 
improve overall efficiency by utilizing a broad range of heat sources 
[22]. According to Ozturk and Dincer [23], the overall operation could 
achieve higher efficiency if SRC and ORC cycles were used. The SRC 
optimized heat conversion at high temperatures, while the ORC recov
ered heat from waste heat. Freeman et al. [24] integrated thermal en
ergy storage (TES) solutions to improve CHP efficiency by optimizing 
energy production, minimizing expenses, and improving operational 
performance. According to Karellas et al. [25], the choice between SRC 
and ORC relied on the temperature and specific operational conditions 
of the cement plant. The energetic and exergetic evaluations provided 
comprehensive insights into how each model performed. Cement pro
duction is energy-intensive, requiring substantial amounts of electricity 
and heat. The sustainability and environmental benefits of renewable 
energy resources make them an attractive alternative to conventional 
energy sources for heating and cooling [26]. Combined cooling, heat, 
and power techniques efficiently utilize waste heat from cement pro
duction to generate electricity, heating, and cooling. By capturing and 
recycling this waste heat, cement plants can achieve higher overall en
ergy efficiency [27]. Nami et al. [28] performed a thermodynamic 
analysis of WHR processes, emphasizing energy and exergy efficiencies. 
Their study focused on applying geothermal and waste heat-fired CCHP 
devices for a centralized domestic heating, cooling, and power network. 
As an extension of CCHP models, Wang et al. [29] developed a similar 
approach for a cement plant, utilizing flue gas waste heat to generate 
electricity. This innovative approach resulted in a notable decrease in 
CO2 emissions and internal energy consumption by 22.02 %. Addition
ally, Wang et al. [30] explored the benefits of a solar-assisted CCHP gas 
turbine power station, which achieved an impressive carbon emission 
reduction rate of about 41.0 % per unit of energy production. Although 
numerous studies have explored WHR methods in industrial settings, 
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existing solutions often focus on isolated aspects of energy recovery, 
lacking a comprehensive integration of cooling, heating, and power 
generation. This study addresses this gap by introducing a CCHP system 
tailored to the cement industry.

In this study, we analyze a steam Rankine cycle’s performance using 
actual operational data from a specific cement plant and model it with 
Engineering Equation Solver (EES) software to ensure practical appli
cability in industrial settings. An analysis of the potential and effec
tiveness of the proposed method is conducted from the perspectives of 
energy, exergy, economics, and the environment. The study presents a 
novel method of simulating multiple operational conditions through 
detailed modeling techniques. Additionally, the detailed 4E evaluation 
sets this work apart from prior studies by offering a complete evaluation 
that addresses both technical and sustainability aspects. By incorpo
rating extensive economic and environmental assessments, this research 
provides an optimized, data-driven framework for WHR integration, 
achieving significant energy recovery and cost reduction. These contri
butions ultimately position this work as a superior solution for 
enhancing productivity and environmental sustainability in cement 
manufacturing.

2. Methodology

In a cement plant, the exhaust gas of the flue is typically the part that 
generates the most waste heat. During the clinker production process in 
the kiln, raw materials are heated to high temperatures, releasing sig
nificant thermal energy. The waste heat in the form of hot gas flows out 
of the flue and is often vented into the atmosphere [31]. This represents 
a lost opportunity, as this heat energy could be harnessed for various 
purposes, such as power generation or preheating raw materials. 
Capturing and utilizing this waste heat can improve the overall energy 
efficiency of the cement manufacturing process. Various technologies, 
such as combined cooling, heat, and power (CCHP) units or waste heat 
recovery boilers, can capture and utilize the hot gas flow from the 
cement plant flue, reducing energy consumption and environmental 
impact.

2.1. System description

Combined Cooling, Heating, and Power (CCHP) processes are often 
used in industrial settings, including cement plants, for several reasons. 
Introducing CCHP in an article could be beneficial for several reasons. 

● Energy Efficiency: CCHP operations allow for the simultaneous 
generation of electricity, heat, and sometimes cooling from a single 
energy source. This results in a more efficient use of the primary 
energy input, minimizing waste and increasing overall energy 
efficiency.

● Waste Heat Recovery: Cement plants generate significant waste heat, 
especially in the kiln process. CCHP methods are designed to capture 
and utilize this waste heat for space heating, water heating, or even 
additional power generation.

● Cost Savings: Using waste heat for on-site heating or cooling, CCHP 
units can lead to cost savings for the plant. This is particularly rele
vant to industrial processes where electricity and thermal energy are 
essential.

● Environmental Benefits: CCHP technology can contribute to a 
reduction in greenhouse gas emissions by optimizing the use of en
ergy resources. The efficient use of waste heat can decrease the 
reliance on conventional energy sources and lower the overall 
environmental impact of the cement manufacturing process.

● Increased Reliability: CCHP installations can enhance the reliability 
of the energy supply for a cement plant. A decentralized energy 
source that produces electricity and heat on-site makes the plant less 
vulnerable to external power outages or disruptions.

Including CCHP in the introduction sets the stage for discussing how 
the cement plant can enhance its sustainability and energy efficiency by 
adopting such solutions, providing a comprehensive solution for 
addressing power and heat needs while minimizing environmental 
impact. The system configuration and operational framework are illus
trated in Fig. 1.

There are several types of production in a CCHP waste heat recovery 
process, such as power generation, domestic cooling, and heating. To 
produce output, a heat source must be available until the energy demand 
for each section is met. As waste heat in exhausted gases from kiln 
streams has an appropriate temperature, it can be used as the primary 
heat source and distributed among components. The kiln operates in 
different temperature zones. The burning zone operates at 300–350 ◦C, 
the decomposition and exothermic reaction zone is 280–300 ◦C, and the 
drying and preheating zone is 240 ◦C. The kiln structure consists of 
cylinders, feeding mechanisms, supports, transmissions, and seals [32]. 
Energy content is distributed among the parts as the input gas passes 
through them, as shown in Fig. 2. In the first section, power generation, 
the energy of hot gas input is exchanged with the working fluid of the 
Rankine cycle in HRSG equipment. In the first cycle, received energy 
turns water into superheated steam that moves toward the turbine. 
Steam turbines convert mechanical energy from superheated steam into 
electrical energy, which can be used in numerous ways. In the domestic 
heating section, steam with a certain amount of thermal energy pro
duces sensible heat (used for building heating and HVAC). To repeat this 
cycle, domestic heating output liquid is sent to HRSG via a pump.

It is still possible to create added value by using the output gas from 
the power generation heat exchanger to make consumable hot water. By 
using a heat exchanger that works in water heating, it can raise the 
temperature of water to a useable level. It is still possible to recover the 
amount of energy after producing domestic hot water. For this purpose, 
an absorption chiller apparatus is used for cooling production. As a 
refrigerant and absorbent, water and Li-Br are used in this module. As a 
combination, these two substances are pumped towards a generator. 
They pass through the generator and become warm until a thick mixture 
and water are evaporated. The steam moves towards a condenser. Upon 
entering a condenser, this vapor turns into saturated liquid, whose 
temperature drops significantly after exiting an expansion valve and 
plays a crucial role in cooling production when in contact with incoming 
air at SPC. Additionally, the absorbent moves toward the absorber while 
cooling is taking place.

The studied waste gas with a temperature of 250 ◦C, pressure of 
1.013 atm, and a mass flow rate of 18.43 kg/s is entered in stream No. 1 

Fig. 1. Comprehensive benefits of CCHP.
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according to the schematic of Fig. 2. The percentage composition of the 
input gas is: 68.9 % N2, 22.5 % CO2, 5.8 % H2O, 1.1 % O2, 1 % Ar, and 
0.7 % SO2 [33]. This information gives insight into the characteristics of 
the waste gas stream, which is essential for assessing its potential for 
waste heat recovery or other utilization methods in the cement 
manufacturing process.

For the simulation, we employed the Engineering Equation Solver 
(EES), a powerful equation solver widely used in engineering, 

particularly for thermodynamic calculations. Its robust thermodynamic 
library provides highly accurate data. Based on the governing thermo
dynamic relationships detailed in the following sections, each subsystem 
was modeled. These relationships include energy, exergy, and exer
goeconomic balance equations, individually applied to each component, 
with subsystems interconnected through streams. Ultimately, efficiency 
formulas and output rates for each subsystem were applied based on 
system inputs and outputs.

Several assumptions were made in the formulation of our model. 
First, a constant cement production rate was assumed, given that fluc
tuations in this rate would introduce a separate variable beyond the 
scope of this study. Second, a steady-state approach was adopted to 
facilitate a clear understanding of the system’s behavior under varying 
conditions. This assumption allowed for the modeling of uniform fluid 
distribution within each subsystem. Furthermore, to isolate the effects of 
the variables of interest, energy losses due to non-ideal gas behavior and 
heat losses along the system were disregarded. By simplifying the model 
in this manner, the specific impacts of the investigated parameters could 
be focused on. The ambient temperature and pressure adopted for this 
study were 25 ◦C and 101.3 kPa, respectively. The water inlet temper
ature, serving both heating and cooling requirements, was equated to 
the ambient temperature. The corresponding outlet temperatures were 
fixed at 12 and 38 ◦C. Input variables for thermodynamic modeling of 
HRSG are presented in Table 1 with their references.

2.2. Energy analysis

Energy analysis is essential for an understanding of dynamics within 
any mechanism. It provides valuable insight into the interaction be
tween mass and energy in any kind of energy exchange. In this section, 
the basic principles of energy balance are discussed and explained by the 
first law of thermodynamics. The first step in this direction is to use the 
conservation principles of mass and energy as a foundation. We establish 

Fig. 2. Schematic of CCHP process in cement plant.

Table 1 
Input variables for thermodynamic modeling [33–36].

Parameters Value

Ambient temperature (◦C) 25
Ambient pressure (kPa) 101.3
Condenser pressure of SRC (kPa) 15
Boiler pressure of SRC (kPa) 410
HRSG efficiency (%) 95
Turbine isentropic efficiency (%) 90
Electricity generator efficiency (%) 95
Output steam quality of turbine (%) 90
Pumps isentropic efficiency (%) 85
SPH efficiency (%) 95
Flow rate of steam Rankine cycle (kg/s) 3.8
SPH output temperature (◦C) 45
SRC pump efficiency (%) 95
Absorber pressure (kPa) 0.8726
Generator pressure of SRC (kPa) 5.627
The flow rate of the mixture in the adsorption chiller (kg/s) 34.5
Generator temperature (◦C) 80
HEX efficiency (%) 60
SPC efficiency (%) 95
DHW pinch point (◦C) 7
Cooling inlet stream temperature (◦C) 25
Cooling outlet stream temperature (◦C) 12
heating inlet stream temperature (◦C) 25
heating outlet stream temperature (◦C) 38
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the foundation through comprehensive equations governing the overall 
mass and energy balances, ensuring a holistic view of the process’s 
behavior. By employing a systematic control volume analysis, we have 
developed individualized energy balance equations for key components 
such as pumps, heat exchangers, evaporators, and condensers. This 
approach involves defining a control volume around each component 
and applying the conservation of mass and energy principles to quantify 
the energy interactions across its boundaries. By carefully selecting the 
control surfaces and accounting for all energy transfers, including heat, 
work, and energy associated with mass flow, we have been able to 
precisely determine the energy performance of each component and the 
overall system. The direct application of the control volume method has 
enabled us to isolate and analyze the energy losses and gains within the 
system, providing valuable insights for optimization and improvement. 
The general form of the conservation of mass equation for any operation: 
∑

ṁi =
∑

ṁo (1) 

The energy conservation equation, derived from the first law of 
thermodynamics under the assumption of a steady state, is expressed as: 
∑

ṁihi + Q̇ =
∑

ṁoho + Ẇ (2) 

Where ṁi and ṁo are input and output mass rate, hi and ho are input and 
output enthalpy, Q̇ is heat exchanged rate, and Ẇ is work done rate. 
Energy balance equations around all equipment must be written (mass 
balance too, optional), and they are gathered in Table 2 to be compared 
with each other.

To obtain the performance of the desired method from the perspec
tive of the first law of thermodynamics, the energy efficiency formula is 
used as follows: 

εE =
Ẇnet + ĖCooling + ĖHeating

ĖHot gas
(16) 

Ẇnet = Ẇturb − Ẇpump (17) 

ĖCooling = ṁ25(h25 − h26) (18) 

ĖHeating = ṁ10(h 11 − h10) (19) 

ĖHot gas = ṁ1(h1 − h2) (20) 

Ẇturb, ĖCooling, ĖHeating represent heat production, cooling, and power 
generation as useful output energy from the device and consider the 
total input energy to the plant as the amount of recovered hot gas en
ergy.

2.3. Exergy analysis

According to the definition of exergy, it refers to the maximum 
practical work obtainable from a device or energy stream when it rea
ches equilibrium with its environment. Exergy is also known in terms 
like "available energy" or "useful energy," highlighting its distinction 
from unusable energy. In simpler terms, the total energy of an organism 
can be categorized into two parts: exergy, the useable portion that can 
perform work, and energy, the unusable portion that is ultimately 
dissipated as waste heat. The total exergy of a stream is determined as 
[37]: 

Ėxtot = Ėxki + Ėxph + Ėxch + Ėxpo (21) 

where Ėxki, Ėxph, Ėxch, and Ėxpo are kinetic exergy, physical exergy, 
chemical exergy, and potential exergy. Due to the absence of composi
tional alterations in the proposed CCHP energy conversion mechanisms, 
chemical exergy is excluded from the analysis. Kinetic and potential 
exergy can be omitted because there are no changes between streams’ 
entry changes and their exit times when they exit the stream, and 
physical exergy is defined as [38,39]: 

exph = [H(T,P0) − H(T0,P0)] − T0[S(T,P0) − S(T0,P0)] (22) 

The subscript 0 denote the ambient dead state, a standard reference 
point for evaluating energy transfers and efficiencies. In exergy balance, 
some of the process’s exergies are permanently destroyed and out of 
efficiency, unlike energy, which is indestructible. This destruction of 
exergy is due to the irreversibility of the processes carried out; of course, 
the role of wasted energy should not be simply ignored. However, the 
exergy balance equation is as follows [40]: 
∑

i
ṁiexi −

∑

o
ṁoexo = ĖxQ − ĖxW + ĖxD (23) 

In the above equation, ĖxQ, ĖxW, ĖxD are the exergy of heat transfer, the 
exergy of work done, and the exergy of destruction, respectively. They 
determine as [41]: 

ĖxQ =
∑

(

1 −
T0

T

)

Q̇ (24) 

ĖxW = Ẇ (25) 

The definitions of fuel and product are used in exergy analysis to 
analyze each piece of equipment. In this definition, fuel refers to any 
material and energy stream that enters the unit and is consumed to 
produce useful exergy output or product. Accordingly, each piece of 
equipment is considered a control volume and exergy destruction 
equations are written around them, as shown in Table 3.

Exergy efficiency is defined as follows since cooling, heating, and 

Table 2 
Energy balance equation for the components of the proposed CCHP unit.

Component Energy Balance Equations Eq. No.

HRSG Ė1 − Ė2 = Ė5 − Ė9 (3)
Turbine Ẇturb = Ė6 − Ė5 (4)
Space heating Ė6 − Ė7 = Ė11 − Ė10 (5)
Pump Ẇp1 = Ė9 − Ė8 (6)
Heat generator Ė3 − Ė4 = Ė12 + Ė16 − Ė21 (7)
Condenser Ė12 − Ė13 = Ė23 − Ė22 (8)
Expansion valve1 Ė13 = Ė14 (9)
Evaporator Ė15 − Ė14 = Ė25 − Ė26 (10)
ABS Ė28 − Ė27 = Ė18 + Ė15 − Ė19 (11)
Pump2 Ẇp1 = Ė20 − Ė19 (12)
HEX Ė16 − Ė17 = Ė21 + Ė20 (13)
Expansion valve2 Ė17 = Ė18 (14)
DHW Ė2 − Ė3 = Ė24 − Ė23 (15)

Table 3 
Exergy balance equation for the components of the proposed CCHP unit.

Component Exergy Balance Equations Eq. No.

HRSG ĖxD,HRSG = (Ėx1 + Ėx9) − (Ėx2 + Ėx5) (26)
Turbine ĖxD,Turbine = Ėx5 − (Ėx6 + Ẇturb) (27)
Space heating ĖxD,SPH = (Ėx6 + Ėx10) − (Ėx7 + Ėx11 + ĖxD) (28)
Pump1 ĖxD,P1 =

(
Ėx8 + Ẇp1

)
− Ėx9 (29)

Heat generator ĖxD = (Ėx3 + Ėx21) − + Ėx12 + Ėx16) (30)
Condenser ĖxD = (Ėx22 + Ėx12) − (Ėx23 + Ėx13) (31)
Expansion valve ĖxD = Ėx13 − Ėx14 = T0.m13(s13 − s14) (32)
Evaporator ĖxD = (Ėx14 + Ėx25) − (Ėx15 + Ėx26) (33)
ABS ĖxD = (Ėx27 + Ėx15 + Ėx18) − (Ėx28 + Ėx19) (34)
Pump2

ĖxD =

(

Ėx19 + Ẇp1

)

− Ėx20
(35)

HEX ĖxD = (Ėx16 + Ėx20) − (Ėx17 + Ėx21) (36)
Expansion valve ĖxD = Ėx13 − Ėx14 = T0.m13(s13 − s14) (37)
DHW ĖxD = (Ėx2 + Ėx23) − (Ėx3 + Ėx24) (38)
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power generation are all produced in the setup [42]: 

εEx =
ĖxW + ĖxCooling + Ėxheating

Ėxin
(39) 

The following parameters can be determined: 

Ėxin = ex1.ṁ1 (40) 

ĖxW = Ẇturb (41) 

ĖxCooling = ṁ25(ex25 − ex26) (42) 

Ėxheating = ṁ23(ex24 − ex23) (43) 

2.4. Exergo-economic analysis

As part of the design process for an operational design, an essential 
factor such as economics must be considered in addition to variables 
such as efficiency and performance. By analyzing the economics of an 
organization, it is possible to calculate the cost-benefit ratio and the 
return on investment of the method, which indicates the cost- 
effectiveness of the setup’s construction and implementation. Exergo- 
economic analysis is a combination of exergy analysis and financial 
concepts, designed to provide economic performance indicators for a 
design. All expenses related to the final product are included in the cost 
concept. As part of an exergo-economic analysis, the final product cost 
includes two types of costs: exergy costs for each input stream and non- 
exergy costs, including equipment purchase costs, operational costs, and 
maintenance expenses. Definitions show the cost balance equation is as 
follows [43]: 

Ċp,k = Ċf ,k + Żk (44) 

where Ċp,k, Ċf ,k, Żk are rate of product cost, fuel cost, and non-exergetic 
cost for Kth unit respectively. 

Ċi,k = ci,kĖxi,k (45) 

Here, Ċi,k, ci,k, Ėxi,k are cost rate, cost of exergy, and exergy rate for kth 
stream separately. As a result of the definitions, the equation for cost 
balance is as follows [35,44]: 

∑N

p

(
cpĖxp

)

k + cq,kĖxq,k + Żk =
∑N

f

(
cf Ėxf

)

k + cw,kẆk (46) 

To this place cw, cq are the costs of useful work exergy, the cost of heat 
transfer exergy, and the formula of capital investment cost are deter
mined as [45]: 

ŻK =
Zk + φ + CRF

N
(47) 

CRF=
i(i + 1)n

i(i + 1)n
− 1

(48) 

Payback Period=

∑
ZK

∑(
cpĖxp

)

k

(49) 

The variable Zk represents the capital investment cost of kth equipment, 
the CRF a capital recovery factor specified as equation (48), and Table 4
explores the relationships between these costs and the performance of 
all units mentioned. The payback period is determined by dividing the 
sum of the initial capital expenditure by the annual net cash flow. This 
metric indicates the time required for a project takes to recover its initial 
investment.

Table 5 presents the values of the economic constant.
The exergo-economic balance and related equations for each unit 

component are presented in Table 6.
The DUC for CO2 gas in the condition that the fuel used is MSW or 

coal equals 0.024 $/kg, according to the DUS values reported by Ahmadi 
et al. [52]. In the following equations, 50 and 51 are used to calculate 
the cost rate of environmental penalty (Ċenv): 

ṁemission = ṁCO2 (50) 

Ċenv = ṁCO2 × DUSCO2 (51) 

Table 4 
Cost equations around each piece of equipment.

Component Capital Investment Ref.

HRSG ZHRSG = 309.14
(
Ahrsg

0.85) [36]
Turbine

ZTurb = 3880.5
(
Ẇturb

0.7)
(

1 +

(
0.05

1 − ηT

)3)(

1 +

5 exp
(

Tin − 866
10.42

))

[46]

SPH ZSPH = 309.14
(
ASPH

0.85) [36]
Pump

Zp =
(
705.48Ẇp

0.71)
(

1 +
0.2

1 − ηp

)
[43]

DHW ZDHW = 309.14
(
ADHW

0.85) [36]
Generator ZHG = 309.14

(
AHG

0.85) [36]
HEX ZHEX = 309.14

(
AHEX

0.85) [33]
Cond ZCond = 516.62(Acond)

0.6 [47]
EX. V

ZEX. V = 37
(

Pin

Pout

)0.68 [47]

Evap ZEvap = 309.14
(
AEvap

0.85) [36]
Abs

ZAbs = 16000
(

AAbs

100

)0.6 [48]

Table 5 
The values of economic constant.

Parameters Symbols Unit Values Ref.

Maintenance factor Φ – 1.06 [49]
Annual operating hours N H 7446 [49]
Interest factor I % 12 [50]
System lifetime N years 20 [51]

Table 6 
Cost balance and auxiliary equations applied to each component.

Component Cost Balance Auxiliary Equations

HRSG Ċ1 + Ċ9 + ŻHRSG = Ċ2 + Ċ5 c1 = 0 
c1 = c2

Turbine Ċ5 + ŻTurb = Ċ6 + ĊW c5 = c6

Space heating Ċ6 + Ċ10 + ŻSP = Ċ7 + Ċ11 c6 = c7 

c10 = 0
Pump Ċ8 + ĊWP + ŻPump = Ċ9 cwp = cw

DHW Ċ2 + Ċ23 + ŻHW = Ċ3 + Ċ24 c3 = c4

Heat 
generator

Ċ3 + Ċ21 + ŻGen = Ċ4 + Ċ12 +

Ċ16

(Ċ12 − Ċ21)

(Ėx12 − Ėx21)
=

(Ċ16 − Ċ21)

(Ėx16 − Ėx21)
c2 = c3

HEX Ċ16 + Ċ19 + ŻHEX = Ċ17 + Ċ21 c16 = c17

Cond Ċ12 + Ċ22 + ŻCond = Ċ13 + Ċ23 c12 = c13 

c22 = 0
EX.V1 Ċ13 + ŻEX.V1 = Ċ14 -
Evap Ċ14 + Ċ25 + ŻEvap = Ċ15 + Ċ26 c25 = 0 

c16 = c17

EX.V1 Ċ17 + ŻEX.V2 = Ċ18 -
Abs Ċ15 + Ċ18 + Ċ27 + ŻAbs = Ċ28 +

Ċ19
c27 = 0

(Ċ15 + Ċ18)

(Ėx15 + Ėx18)
=

(Ċ19)

(Ėx19)

M. Mahmoudkhani et al.                                                                                                                                                                                                                      Energy 318 (2025) 134845 

6 



2.5. Exergo-environmental analysis

Prior analyzes of a process only indicated its efficiency and economic 
factors. An analysis was then conducted to examine a design’s envi
ronmental impact. Environmental concepts are incorporated into exergy 
analysis through an exergo-economic analysis, and coefficient numbers 
have been introduced to represent these impacts somehow. These co
efficients calculate equations are presented in Table 7.

2.6. Verification

To verify the CCHP heat recovery cycle, data and reports from Ar
ticles 1 and 2 were utilized. These studies explored the application of the 
CCHP process for heat recovery from diverse sources, explicitly focusing 
on waste heat utilization from a cement production plant [33] and 
geothermal sources [34]. Due to the employment of identical data and 
inputs for the CCHP and the shared EES software information library, 
the obtained results exhibit a high degree of consistency, key indicators 
summarized in Table 8. The Coefficient of Performance (COP) is a metric 
that quantifies the efficiency of a system. It is defined as the ratio of the 
useful energy output to the total energy input. In the specific case of an 
absorption chiller, the cooling capacity represents the useful energy 
output. The total energy input, as detailed in equation (56), consists of 
the thermal energy supplied to the system and the work expended by the 
pump to elevate the pressure. 

Table 7 
Equation and specification of an important index for exergo-environmental 
analysis [53,54].

Index name Equation Definition Eq. 
No.

Exergo- 
environmental 
index

fei =
ĖxD,total

Ėxin,tot

fei Represents the ratio of 
exergy destruction to exergy 
input. A lower value indicates 
less exergy destruction 
relative to exergy input, 
which is desirable.

(52)

Exergo- 
environmental 
improvement

θei =
100fei

εEx

It represents the inverse 
proportionality of coefficient 
fei to exergetic efficiency. A 
lower value indicates a lower 
coefficient fei or, 
equivalently, a higher 
exergetic efficiency.

(53)

Exergo- 
environmental 
stability

fes =

Ėxout,tot

Ėxout,tot + ĖxD,total

fes is the ratio of exergy 
destruction to exergy output. 
Lower values signify a more 
environmentally friendly 
system.

(54)

Exergo- 
environmental 
sustainability

θest =
fes
θei

Given the definitions of θei 
and fes, a higher value of this 
coefficient signifies less 
exergy degradation and 
improved exergetic 
performance of the system.

(55)

Table 8 
The present study vs. those of Ref. (Li-Br Water absorption chiller and SRC 
model).

Parameter Reference 
findings

Present 
study

Error 
(%)

Ref.

SPC supply/return flow rate 
(kg/s)

209.6 216 3.05 [34]

Net produced power 449 458.5 2.1 [33]
SPH supply/return flow 

rate(kg/s)
27.82 28.29 1.6 [33]

Fig. 3. COP comparison between current study and Zare [34] as a function of 
generator temperature.

Table 9 
Thermodynamic properties of each operating stream under the design condition.

Stream 
Number

Comp. Ti (◦C) Pi (kPa) Mi (kg/ 
s)

Hi (kJ/ 
kg)

1 gas, comb 250 101.3 18.43 603.2
2 gas, comb 151.4 101.3 18.43 496.2
3 gas, comb 124.7 101.3 18.43 467.6
4 gas, comb 97.52 101.3 18.43 307.4
5 Steam 145.5 420 0.763 2741
6 Steam 60.06 20 0.763 2373
7 Water 59.96 20 0.763 251
8 Water 59.96 20 0.763 251
9 Water 60.06 420 0.763 251.8
10 Water 25 101.3 18.4 104.9
11 Water 45 101.3 18.4 188.5
12 weak solution 

Li-Br
80 5.627 0.4203 2650

13 weak solution 
Li-Br

34.98 5.627 0.4203 146.6

14 weak solution 
Li-Br

5.001 0.8726 0.4203 146.6

15 weak solution 
Li-Br

5.002 0.8726 0.4203 2510

16 strong solution 
Li-Br

80 5.627 4.667 196.5

17 strong solution 
Li-Br

56.88 5.627 4.667 151.8

18 strong solution 
Li-Br

56.88 0.8726 4.667 151.8

19 mid solution Li- 
Br

34.59 0.8726 5.087 87.03

20 mid solution Li- 
Br

34.69 5.627 5.087 87.23

21 mid solution Li- 
Br

55.08 5.627 5.087 128.8

22 Water 25 101.3 2.703 104.9
23 Water 32 101.3 2.703 134.2
24 Water 84.66 101.3 2.703 354.6
25 Water 25 101.3 17.37 104.9
26 Water 12 101.3 17.37 50.51
27 Water 25 101.3 6.397 104.9
28 Water 32 101.3 6.397 134.2

Table 10 
Energy analysis of the CCHP approach.

Parameters SRC-based CCHP

Heating Load (kj/s) 2133.9
Cooling Load (kj/s) 945
Net Produced Power (kj/s) 294.9
Total Energy Efficiency (%) 30.2
Total Exergy Efficiency (%) 28.69
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COP=
Q̇cooling

Q̇heating + Ẇpump
(56) 

To assess the accuracy of the developed absorption chiller model, a 
direct comparison was made with experimental data from a reference 
study. The model was operated under identical conditions, including 
pressures of 5.627 and 0.8726 kPa, a mass flow rate of 22.39 kg/s, and a 
weak solution composition of 55.28 %. Fig. 3 illustrates the comparison 
of the coefficient of performance (COP) obtained in this study with the 
corresponding values reported in the reference study. The data illus
trates the COP of absorption chiller as a function of the generator tem
perature. According to the results, the root mean square error (RMSE) 
value, which indicates the error level in the proposed model, is 1.2, 
suggesting an acceptable level of accuracy.

Fig. 4. The comparison of energy and exergy efficiency between different components.

Table 11 
Exergo-economic analysis results of the proposed setup.

Item Symbol Value

Total cost of purchasing equipment ($) Ztotal purchasing 661803
Total products cost rate ($/hr) ĊP,total 14.45
Cost rate of heating and cooling output ($/hr) ĊP,heating and cooling 3.846
Cost rate of electricity generation ($/hr) ĊP,electricity 10.6
Cost rate of environmental penalty ($/hr) Ċenv 358.27
Payback period (year) PB 6.183

Fig. 5. The cost importance for each devise in heat recovery process.
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3. Result and discussion

This section delves into the thermodynamic, exergo-economic, and 
exergo-environmental analyses of a waste heat recovery approach 
within a cement plant. The thermodynamic analysis evaluates the en
ergy performance of critical components, such as the Heat Recovery 
HRSG and turbine, utilizing the EES for simulation. The results highlight 
the system’s efficiency and identify areas for enhancement. The exergo- 
economic analysis examines the financial implications, including 
equipment costs and payback periods. During the exergo-environmental 
analysis, the CO2 emissions and consequences are analyzed.

3.1. Results of thermodynamic analysis

The energy analysis aims to evaluate the energy performance of the 
waste heat recovery approach in the cement plant, focusing on the 
components involved, such as the Heat Recovery Steam Generator 
(HRSG), turbine, pumps, and other equipment. The goal is to determine 
how effectively energy is converted and utilized in the modeling. The 
Engineering Equation Solver (EES) is a powerful software tool designed 
for solving complex arrangements of simultaneous non-linear equations, 
particularly in thermodynamics and heat transfer. In the context of 
Combined Cooling, Heating, and Power (CCHP) approaches, EES can be 
utilized to simulate the performance of various configurations, such as 
Steam Rankine Cycle (SRC) units. Several fluids are represented, 

including gas combustion products, steam, water, and lithium bromide 
(Li-Br) solutions of varying concentrations (weak, strong, and mid). The 
temperatures range from 5 ◦C to 250 ◦C, pressures from 0.87 kPa to 420 
kPa, mass flow rates from 0.42 kg/s to 18.43 kg/s, and specific en
thalpies from 50.5 kJ/kg to 2741 kJ/kg. The configuration streams’ 
initial features are presented in Table 9.

The energy analysis evaluates the performance of SRC and its com
ponents, focusing on how effectively energy is utilized. Key findings are 
summarized in Table 10, which includes energy production rates and 
overall arrangement efficiencies.

The energy analysis of the CCHP model highlights the importance of 
optimizing the balance between power generation, space heating, space 
cooling, and domestic hot water production to achieve the highest 
overall efficiency. The results also emphasize the need to minimize 
losses in the various components to improve the overall performance of 
the CCHP installation. The energy analysis reveals that the turbine and 
SPC have an efficiency of 14.11 % and 95.11 %, respectively. The SPH 
converts the excess heat from the SRC turbine to useable heat in 
buildings. The energy analysis indicates that the SPH receives 1811 kW 
of heat, which is then sent to 1538 kW of users.

Exergy analysis is a powerful tool for assessing the performance and 
efficiency of energy networks. It provides insights into the quality of 
energy and identifies where irreversibility and losses occur within the 
procedure. This section presents a detailed exergy analysis of the 
framework provided by Combined Cooling, Heating, and Power. The 

Fig. 6. Exergo-Environmental Performances of proposed CCHP unit.

Fig. 7. Effects of varying ambient temperature on Exergetic efficiency, Payback period, Total product cost rate and Exergo-environmental sustainability index.
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analysis focuses on the exergy flows, destruction, and efficiencies of 
each significant component, highlighting areas for potential improve
ment. The overall exergy efficiency of the CCHP method is 28.69 %, with 
the HRSG and steam turbine being the most efficient components. The 
analysis reveals that, while the organization can effectively convert a 
portion of the input exergy into valuable outputs, there are significant 
losses in SPH, SPC, and DHW. The SPH and the absorber exhibit low 
exergy efficiencies, indicating substantial exergy destruction. The SPC 
approach has an exergy efficiency of 30.2 %, while the absorber operates 
at 42.8 % efficiency. The inefficiencies in these components are pri
marily due to temperature mismatches and inherent irreversibility in the 
cooling processes. These components collectively illustrate a well- 
designed thermodynamic technique that maximizes energy utilization 
while minimizing waste, laying a solid foundation for further enhance
ments and sustainability initiatives. Fig. 4 presents a visual comparison 
of energy and exergy efficiency for various components within a CCHP 

method, making it easy to compare efficiencies and identify areas for 
improvement.

3.2. Results of exergo-economic and exergo-environmental analysis

Exergo-economic analysis was done to examine the financial bene
fits. The essential parameters for the cost-effectiveness evaluation of 
cement plant waste heat recovery are reported in Table 11. The total 
fixed costs due to the purchase of equipment were 661,803 $, the highest 
cost related to the HRSG unit and is equal to 103,490 $. According to the 
calculations based on the exergy unit, the total product cost rate, heating 
and cooling output cost rate, and electricity generated cost rate by the 
recovery arrangement are 14.45 $/hr, 3.846 $/hr, and 10.6 $/hr, 
respectively. By obtaining the ratio of the total cost of purchasing pro
cess equipment to the annual income from the heat recovery process, the 
payback period can be estimated at 6.2 years. In this study, based on the 

Fig. 8. Effects of inlet hot gas flow rate changes on Exergetic and Energetic efficiency, Total product cost rate and Exergy destruction in (A) and Heating and cooling 
demand and Payback period in (B).
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amount of CO2 emissions and DUC, the cost rate of environmental 
penalty is estimated at 358.27 $/hr.

Two of the critical and influential factors in exergo-economic anal
ysis are the examination of the cost of exergy destruction and the 
amount of cost that must be paid for the purchase of each piece of 
equipment per hour. In this way, the values of the total cost rate of 
exergy destruction (ĊD) and the total cost rate of purchasing equipment 
(ŻK) were calculated as 2.981 and 12.61. The amount of ĊD and ŻK and 
the sum of these two parameters is shown as cost importance in the 
diagram of Fig. 5. Equipment such as SPH, SPC, absorber, and HEX has 
high ĊD due to high exergy destruction. On the other hand, equipment 
like HRSG and AC generators, for which the cost of feed is zero, have a 
zero value of ĊD. Converting a large volume of steam into energy per 
hour by the turbine causes a large amount of ŻK. Also, high heat transfer 
in HRSG requires a high contact surface, which justifies the high pur
chase cost rate.

The investigation of the environmental effects of the process was 
carried out by determining those damages that are expressed due to 
method inefficiency under the title exergo-environmental index, and its 
value was calculated as 0.6928. The amount of environmental damage 
caused by this study is estimated at 2.415. Exergo-environmental sta
bility and exergo-environmental sustainability index were calculated as 
0.2931 and 0.1216, respectively, as shown in Fig. 6.

3.3. Evaluation of output sensitivity to input parameter fluctuations

In this section, the response of the CCHP thermodynamic model to 
heat recovery from waste hot gas in the cement industry is analyzed. 
This analysis aims to investigate the impact of changes in various in
dependent variables on the critical results of the structure. Using the 
information presented in this section, appropriate decisions can be made 
to modify the planning and improve its results and efficiency. In other 
words, this analysis is designed to increase energy efficiency and reduce 

Fig. 9. Effects of HRSG thermodynamic efficiency on Exergetic and Energetic efficiency, Payback period, and Total product cost rate in (A) and Heating and cooling 
demand and Exergo-environmental sustainability index (B).
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operating costs.
Fig. 7 presents an analysis of the influence of varying ambient tem

perature, a crucial input parameter in exergy analysis, on key perfor
mance indicators such as payback period and final product cost. Since 
outdoor temperatures change throughout the year and day, we can study 
how this affects strategy performance. As ambient temperature rises, 
exergy efficiency increases, narrowing the exergy gap relative to the 
dead state. This correlation results in enhanced overall plant efficiency. 
Correspondingly, the total product cost increases at a comparable rate. 
However, the payback period diminishes at a more pronounced pace 
with an increasing total product cost rate. Small changes in equipment 
costs have a much more significant impact on overall investment than on 
the total product cost rate.

Cement plants exhibit diverse production capacities, leading to 
variations in fuel consumption and, consequently, the characteristics of 
their waste heat streams. Fig. 8 examines the impact of varying inlet hot 
gas flow rates on the process. When the inlet gas flow rate increases, 
both energy and exergy efficiencies typically decline at 17.1 % and 14.6 
%. This is attributed to the model’s limited heat recovery capacity, 
which cannot keep pace with the augmented gas flow. Moreover, the 
increased gas flow rate results in higher exergy destruction, leading to a 
lower total product cost and, consequently, a more extended payback 
period. The payback period is projected to reach 6.45 years, primarily 
due to the increased production of heating, cooling, and electricity.

Fig. 9 demonstrates that as the HRSG efficiency increases and ap
proaches its ideal state, both energy and exergy efficiencies improve. 
This enhancement is attributed to a 130 kJ/s increase in heating and 
cooling production. However, due to the decreasing total product cost 
rate, the payback period lengthens by approximately 0.5 years, which is 
undesirable. These changes result from improved heat transfer within 
the HRSG, leading to a higher heat load on the SRC components and, 
consequently, reduced heat loads on the subsequent sections. This re
sults in increased electricity generation and heat production in the SPH 
but decreased heating and cooling in the AC and DHW parts, 
respectively.

Fig. 10 demonstrates that as the quality of steam exiting the turbine 
increases, a decrease in electricity generation occurs. As less steam is 
converted to liquid, less energy is converted into electricity, resulting in 
a decrease in the total product cost rate from 16.13 $ to 10.45 $. 
Moreover, due to changes in production and alterations in the quality of 
steam exiting the turbine, the unit payback period decreases, high
lighting the significance of this equipment in the overall design and its 
ability to induce substantial changes. Given that the components’ 
heating and cooling production has increased and that the most exergy 
destruction occurs in the equipment associated with heat transferring 
processes, the decrease in the exergo-environmental index from nearly 
0.2 to 0.04 is justifiable. It is important to note that as the turbine 
exhaust gas becomes more saturated and electricity production 

Fig. 10. Effects of varying steam quality of turbine outlet on Exergetic and Energetic efficiency, Total product cost rate and Exergy destruction in (A) and Heating 
and cooling demand, Payback period, Electricity production and Exergo-environmental sustainability index (B).
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increases, the turbine is subject to higher wear and tear, necessitating 
earlier-than-expected maintenance or replacement costs.

Another critical component whose variations have significant im
pacts is the generator. Fig. 11 illustrates the results of temperature 
changes in the generator, by increasing the generator temperature from 
60 to 90 ◦C, cooling production increases, as shown in the figure. Due to 

the increased temperature of the outlet streams from the generator 
(streams 12 and 16), the heat output in the condenser also increases. 
This enhances the preheating of stream 22 and provides a suitable heat 
load for the inlet stream to the DHW. However, due to the increased 
exergy destruction from 1043 to 1324 kJ/s at higher temperatures, the 
exergo-environmental sustainability index of the procedure decreases in 
the amount of 0.21, impacting its sustainability.

One of the fundamental data points that directly impacts the 
equipment’s costs is the high and low pressures in the SRC and AC 
modules. Fig. 12 shows that increasing the upper and lower pressure of 
the SRC cycle enhances the exergy efficiency within the same sub- 
assembly and increases the total product cost rate. This is because 
increasing the high pressure allows for injecting steam with a higher 
heat load into the turbine, affecting the heat generated by the SPC. 
Moreover, increasing the condenser’s pressure reduces the pump work, 
and increasing the pump’s outlet pressure is also beneficial for the 
payback period, reducing it. However, changes in this parameter at 
lower condenser pressures occur with a steeper slope. Fig. 13 demon
strates that increasing the pump’s outlet pressure leads to an increase in 
both the total product cost rate and the Exergo-environmental sustain
ability index. However, these changes occur with a steeper slope at 
lower pressures. For instance, at a pressure of 10 kPa, the change in the 
final product price is approximately 1.9 $/s.

Increasing the upper and lower pressures of the absorption chiller 
cycle results in a decrease in exergy efficiency and a rise in the total 
product cost rate, as shown in Figs. 14 and 15. This change is attributed 
to the increased pump work associated with higher HEX’s pressures, 
although this effect is less significant than changing the SPC pressure. 
This is because the saturation temperature is lower at SPC’s pressures, 
leading to a more considerable temperature difference across the SPC, 
which is the most efficient part of the operation. Additionally, the 
increased pump work contributes to the higher cost. Increasing upper 
and lower pressures within the absorption chiller cycle diminishes 
exergy efficiency and elevates the total product cost rate. The primary 
reason for this is the augmented pump work necessitated by higher HEX 
pressures; however, alterations in SPC’s pressure exert a more pro
nounced influence. This is attributed to the lower saturation tempera
ture at reduced pressures, resulting in a wider temperature differential 
across the SPC, the section’s most crucial component. Moreover, the 
increased pump work exacerbates the cost increase. This is due to 
changes in exergy, cooling, and heating production, as well as equip
ment purchase costs. The decrease in exergy destruction positively im
pacts the exergo-environmental sustainability index.

Fig. 11. Effects of generator temperature changes on Exergetic efficiency of 
AC, Exergo-environmental sustainability index, Heating and cooling demand 
and Payback period.

Fig. 12. Effects of upper and lower pressure of SRC cycle changes on Exergetic efficiency and Payback period.
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4. Conclusion

This study investigated the integration of a CCHP system into the 
cement industry to enhance energy efficiency and reduce greenhouse 
gas emissions. The CCHP system, designed to recover waste heat from 
the clinker production process, demonstrated Significant potential for 
improving the overall system’s energy and exergy performance.

Energy and Exergy Analysis. 

● The CCHP system exhibited a total energy efficiency of 30.2 % and an 
exergy of 28.69 %.

● Key areas for improvement to maximize energy recovery were 
identified, particularly in the Heat Recovery Steam Generator 
(HRSG) and turbine.

Economic and Environmental Analysis. 

● The proposed CCHP system presented a promising economic feasi
bility, with a payback period of 6.18 years.

● The exergo-environment sustainability index of 0.12 indicated a 
relatively sustainable operation.

Fig. 13. Effects of upper and lower pressure of SRC cycle changes on Total product cost rate and Exergo-environmental sustainability index.

Fig. 14. Effects of upper and lower pressure of SRC cycle changes on Exergetic efficiency and Payback period.

Fig. 15. Effects of upper and lower pressure of SRC cycle changes on Total product cost rate and Exergo-environmental sustainability index.
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Sensitivity Analysis. 

● Increased ambient temperature and inlet hot gas flow rate generally 
led to improved exergetic efficiency and reduced payback period, 
albeit with increased energy consumption and exergy destruction.

● Enhancing HRSG efficiency resulted in shorter payback periods, 
lower total product cost, and increased heating and cooling 
demands.

● Higher turbine steam quality led to reduced energy conversion effi
ciency and increased exergy destruction, negatively impacting the 
system’s performance. Increasing generator temperature resulted in 
decreased exergetic efficiency and longer payback periods.

● Adjusting the pressure in the SRC and AC cycles influenced the sys
tem’s performance, with potential trade-offs between efficiency, 
cost, and environmental impact.

4.1. Limitations and future research directions

Limitations include the reliance on fixed operational parameters, 
which may not account for real-world fluctuations in input gas flow or 
ambient temperatures. Additionally, the system’s performance may vary 
with changes in pressure settings and component efficiencies, high
lighting areas for further optimization.

Future work could explore dynamic simulations to accommodate 
varying operational conditions and investigate alternative configura
tions for enhanced exergy efficiency. Additionally, exploring renewable 
energy integration, such as solar or biomass, could further reduce 
environmental impact and support long-term sustainability goals in 
cement manufacturing.
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