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 To reduce fossil fuel consumption and its polluted environmental impact, a new enhanced 

waste heat recovery system operated by hot chimney flue gases from a cement plant is 

designed, analyzed, and evaluated. The configuration of the system is competitive and 

innovative. It is designed to be capable of producing space air cooling and electricity 

generation, simultaneously. Three temperature levels in the proposed cycle are 

considered, and a detailed mathematical model is developed with energy, exergy, and 

economic aspects are considered to achieve the best performance of the system. 

Computer FORTRAN subroutines are developed and run for simulation of several 

scenarios. A comprehensive parametric investigation and thermo-economic analysis are 

conducted and presented. It was found that the optimistic recovery system can achieve a 

refrigeration load coverage of 300 kW, while the energy and exergy efficiencies are 

36.23% and 29.41%, respectively. The anticipated system seems to be optimistic 

knowing the cost of the product is estimated to be $45.97 per GJ. 
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1. INTRODUCTION 

 

Industrial energy consumption constitutes more than 30% 

of the produced energy, and carbon dioxide production 

accounts for more than 5%. The cement production industry 

consumes a large portion of this energy, which attracted the 

attention of researchers to reduce the amount of energy 

consumed and mitigate carbon dioxide emissions. The 

creation of innovative solutions to supply the increase in 

demand for energy sustainably and cleanly to reduce 

environmental impact has been the focus of the research 

community for decades [1-3]. Different heat utilization 

methods were investigated to improve the system; energy 

efficiency [4-6].  

The global warming process is a type of climate change that 

humanity has not yet overcome. Therefore, it is necessary to 

find out an ecological alternative that replaces conventional 

fuels, offers better performance, and achieves sustainability 

[7-10]. Renewable energy sources, waste material sources, and 

waste heat may be desirable choices to serve such issues. In 

fact, the recovery of industrial exhaust flue gases waste heat 

can be invested not only to generate electricity or heat water 

or gain a refrigerated capacity, but also to reduce exhaust toxic 

emissions, and therefore, reduce the pollution of the 

environment [10, 11].  

It is important to improve the system’s energy efficiency in 

the manufacturing industry and reduce its dependability on 

fossil fuels since it consumes a large portion of worldwide 

energy [12, 13]. Experimental works were conducted on 

combined power cycles with the utilization of waste energy 

[14, 15]. This could be achieved by either enhancing the 

energy efficiency or increasing the use of renewable energies 

and waste heat [16-18]. The smart usage of renewable energies 

is the focus of many researchers to mitigate carbon dioxide and 

greenhouse emissions and reduce the impact on the 

environment. Many attempts had been made to design new 

sustainable systems and thermal cycles with better thermal 

efficiency [19-21].  

Several research works have been done to study the 

performance of recovery-based systems employing waste heat 

from industrial plants and converted it into work, power, and 

cooling without supplying any additional fuel and with zero 

associated CO2 emissions. A thermo-economic analysis of a 

combined inverted Brayton/Organic Rankine cycle to utilize 

waste heat to generate mechanical power was presented [22]. 

The authors performed an optimization of the cycle and 

examined the performance of several working fluids. The 

organic Rankine cycle is known as the most promising 

potential technology in the application of heat recovery 

achievements in many theoretical and experimental research 

[23]. Combined power and cold generation cycles using a solar 

parabolic trough system were proposed and investigated [24]. 

They have studied the effects of the evaporation pressure and 

condensation temperature on the thermal efficiency of the 

introduced system.  

An energy-saving scheme to recover the waste heat from 

vehicles by the integration of an ORC was introduced [25]. A 

multi-objective optimization model was developed to analyze 

the cycle performance and economy with different refrigerants. 

The utilization of the waste heat in a cement plant was studied 
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and the results showed a great potential of recovering the 

wasted heat [26]. Thermo-economic assessments of a 

multipurpose energy system, which produces cooling and/or 

heating processes while it generates power was conducted [27, 

28]. The results showed that the system is profitable and can 

save more than 30% of fuel. A new system that works with 

carbon dioxide was introduced and run by employing the 

waste heat accompanied the exhaust gas from a dual-fuel 

engine [29]. Their results indicate that the studied system 

could work efficiently based on the energy and economic 

points of view. A study of a modified ORC with solar energy 

as the energy source was also presented [30]. 

An environmental and thermo-economic analysis was 

presented and optimization of the ORC to improve its 

performance was made [31]. A new system, of transcritical 

carbon dioxide refrigeration cycle that is operated by waste 

heat was proposed [32]. The results confirmed an 

improvement in the energy and exergoeconomic efficiencies 

of the entire system.  

Recently, ejector devices have been extensively studied 

employing both methods; computer simulation and 

mechanical laboratory, regarding their advantages, including 

easy to operate, require less maintenance with zero mechanical 

power required [33]. In this regard, the new system for the 

cooling process and power generation by the combination of 

the ORC with an ejector refrigeration cycle was proposed [34]. 

In the literature, ejectors are very well established and 

implemented in many applications in refrigeration technology 

[35-38]. 

A new system of two ejectors between three evaporators to 

have three levels of cooling pressures using the concept of 

throttling pressure drop was presented [39]. The main ejector 

was fed by the overall mixed stream, and the ejectors’ 

performance criteria depended on the operating state of the 

remaining two ejectors. To some extent, this seems to be 

complicated, and it was more difficult to control. 

Referring to the conducted literature survey, one could 

conclude that the presented cement plant heat recovery cycle 

configuration, which is powered by the desired waste heat 

recovery system, has little trace in the published research work 

and it could be a very unique modern research point. The 

desired energy recovery system is an essential plan for 

strategical energy management in the industrial section. In the 

present work, a cement plant, with an exhaust flue gas 

temperature of 150°C, and a daily production capacity of 6.1 

thousand tons clinker is considered. In this plant, the clinker 

calcination process consumes approximately 90% of the total 

energy as thermal energy. As a result of the total thermal 

energy consumed in the clinker calcination process, over 35% 

of the thermal energy is dissipated as waste heat to the 

environment without benefit. Therefore, a large amount of 

energy is wasted, and the heat pollution in the workplace is 

prominent and serious. The present work proposes a new 

system that is a valuable solution for the heat recovery project 

of the exhaust gases from the cement factory. This modern 

system is effectively safe for environmental issues through the 

prevention of high-temperature toxic flue gases entering the 

atmosphere contributing to global warming phenomena and 

acid rains. Due to the choking phenomenon of the ejector, a 

limited flow rate of the refrigerant could pass through. At this 

point, only part of the waste heat can be utilized. To maximize 

the amount of waste hat utilization, three ejectors connected in 

parallel are suggested in the new design. The new proposed 

system operates with 3×3 device sets, 3 ejectors, condensers, 

and evaporators, to provide a refrigeration capacity and 

generate electricity.  

The main concept of the desired cycle provides an easier 

setting process for designers since each ejector performance 

has a weak function on the operating conditions of the other 

ejector. The most distinctive feature is that the current model 

is run by waste heat recovery from the cement plant. A 

comparative evaluation has been adjusted where the 

configuration setup and mathematical models are validated 

based on the published research cycle characteristics. The new 

thermal cycle is constructed concerning three different 

temperature levels. The thermodynamic analysis is 

accomplished in terms of energy and exergy principles, and 

exergoeconomic modeling is applied to distinguish the unit 

cost of products. Finally, a parametric study is conducted to 

demonstrate the sensitivity of the key parameters.  

 

 

2. DESCRIPTION OF THE DESIRED SYSTEM 

 
Figure 1 shows a schematic diagram for the proposed 

thermal recovery cycle. The main units of the cycle are a heat 

exchanger heater, a turbine coupled to an electrical generator, 

three space air cooling-based condensers, three refrigerant 

expansion valves, three refrigerant evaporators, three liquid 

pumps, and three ejector devices. Here, the heat exchanger 

heater exchanges heat with the plant chimney flue gases. 

Referring to the T-s diagram, Figure 2, the working fluid is 

heated in the heat exchanger plant by the waste exhaust heat, 

as mentioned above. Here, in each condenser, the superheated 

refrigerant vapor is condensed, due to the rejection of heat to 

the surroundings. This condensate is to be a saturated 

refrigerant liquid, which is diverted into two branches; one to 

the corresponding pump and the other to the corresponding 

expansion valves where the flows are throttled generating 

pressure drops at constant enthalpies. The outcome flow from 

the expansion valves goes into the evaporators as saturated 

vapor states.  

 

 
 

Figure 1. A schematic diagram of the new cycle 
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Figure 2. The T-s diagram of the new cycle 

 

Here, the evaporators provide cooling refrigerating capacity. 

The turbine exhaust flows through the ejectors and thus 

drawing the minor flows from the evaporators. In the ejectors, 

the mechanical energy is converted into kinetic energy. The 

pumps work on the three saturated liquid refrigerant lines 

which are to be in a compressed liquid state. These three sub-

cooled streams are mixed, and the outflow is redirected to the 

heat exchanger heater to elevate its temperature to become 

saturated vapor at the highest pressure in the cycle. This liquid 

refrigerant flows with high temperature and pressure directed 

to the entrance of the turbine. 

 

 

3. MATHEMATICAL MODEL AND ANALYSIS 
 

The cycle thermodynamic performance is evaluated by a 

thorough exergetic and energetic analysis of every component 

in the cycle. Economic and exergoeconomic analyses are also 

carried out to evaluate the feasibility of the proposed cycle. 

The conservation of energy and the 2nd law principles are 

applied to derive the system’s governing equations. In this 

work the following assumptions are made: steady-state flow, 

pressure drops are neglected except along ejectors, isentropic 

flow through the expansion valves, the refrigerant exits the 

condenser and evaporator at the saturated state and the Turbine 

and Pumps operate at given isentropic efficiencies. The 

thermodynamic parameters and system specifications are 

presented in Table 1. 
 

Table 1. Thermodynamic system parameters 

 
Parameters Value 

Reference state temperature, T0 20°C 

Reference state pressure, P0 1.01 bar 

Evaporator temperature 1 2°C 

Evaporator temperature 2 5°C 

Evaporator temperature 3 7°C 

Heater temperature 130°C 

The expansion ratio of the turbine, BB1= p1/p2 3.5 

The expansion ratio of the turbine, BB2=p1/p3 4 

The expansion ratio of the turbine, BB3=p1/p4 4.5 

The area ratio of the ejector, Φ 6.8 

Evaporator 1 cooling capacity 100 kW 

Evaporator 2 cooling capacity 100 kW 

Evaporator 3 cooling capacity 100 kW 

Isentropic efficiency of the turbine, 𝜂𝑡𝑢𝑟 0.9 

Isentropic efficiency of the pump, 𝜂𝑝𝑢 0.8 

 

3.1 Thermal energy analysis 

 

According to the conservation principles, the basic 

governing equations are derived for the steady-state flow 

processes. Here, the common continuity and energy equations 

can be written as follows: 

 

∑ �̇�

𝑚

𝑖=1 𝑖𝑛

− ∑ �̇�

𝑚

𝑖=1 𝑜𝑢𝑡

= 0 (1) 

 

∑(�̇�

𝑚

𝑖=1

ℎ)𝑖𝑛 − ∑(�̇�

𝑚

𝑖=1

ℎ)𝑜𝑢𝑡 + ∑ �̇�

𝑚

𝑖=1 𝑖𝑛

−  ∑ �̇�

𝑚

𝑖=1 𝑜𝑢𝑡

+ �̇� = 0  

(2) 

 

where, m is the number of entries or exists at the joint point. 

Referring to the cycle, the ratio of the refrigerant mass flow 

entrained from the evaporator, (�̇�𝑠) to the refrigerant mass 

flow rate flowing out of the turbine, (�̇�𝑝) is defined as the 

entertainment ratio. This ratio has a significant effect on the 

ERC performance. This ratio can take the following form: 

 

𝑈 =
�̇�𝑠

�̇�𝑝

 (3) 

 

3.2 Exergy analysis 

 

The above mathematical model of the first law of 

thermodynamics allows the calculation of the destructions and 

losses of the exergy that occurs at each component of the 

recovery cycle. The rate of the total exergy related to the 

system ( �̇�𝑡𝑜𝑡𝑎𝑙 ) constitutes of the kinetic energy, physical, 

chemical, and potential exergy rates [40]. This can be 

presented as: 

 

�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�𝑝ℎ + �̇�𝑘𝑛 + �̇�𝑝𝑡 + �̇�𝑐ℎ (4) 

 

The physical exergy rate is to be estimated as: 

 

�̇�𝑝ℎ = �̇�[(ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0)] (5) 

 

where, h and s are the specific enthalpy and entropy of the 

refrigerant. The exergy balance of the system may be written 

as: 

 

�̇�𝐹,𝑡𝑜𝑡 = �̇�𝑃,𝑡𝑜𝑡 + �̇�𝐷,𝑡𝑜𝑡 + �̇�𝐿,𝑡𝑜𝑡  (6) 

 

The system kth component’s exergy balance is: 

 

�̇�𝐹,𝑘 = �̇�𝑃,𝑘 + �̇�𝐷,𝑘 (7) 

 

The system overall exergetic efficiency is given as: 

 

𝜂𝑒𝑥 =
�̇�𝑃

�̇�𝐹

 (8) 

 

The mathematical relations that are derived based on the 

thermodynamic principles of the proposed system are given in 

Table 2. 

 

3.3 Economic and exergoeconomic analysis  

 

An economic evaluation of the proposed new hybrid cycle 

is obtained with the use of the Total Revenue Requirement 

(TRR) method. The formula for the calculation of the level zed 
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total revenue requirement (TRRL) may be written as [40]: 

 

TRR𝐿 = CC𝐿 + FC𝐿  + OMC𝐿 (9) 

 

With (CCL) is the levelized carrying charges, (FCL) is the 

levelized fuel cost, and OMC𝐿is the levelized operating and 

maintenance cost. Where: 

 

CC𝐿  = TCI*CRF (10) 

 

𝐹𝐶𝐿 = 𝐹𝐶0 ∗
𝑘𝐹𝐶(1 − (𝑘𝐹𝐶)𝑛)

(1 − 𝑘𝐹𝐶)
∗ 𝐶𝑅𝐹 (11) 

 

𝑂𝑀𝐶𝐿 = 𝑂𝑀𝐶0 ∗
𝑘𝑂𝑀𝐶 (1 − (𝑘𝑂𝑀𝐶 )𝑛)

(1 − 𝑘𝑂𝑀𝐶)
∗ 𝐶𝑅𝐹 (12) 

 

CRF is the capital recovery factor and could be presented as 

follows: 

 

𝐶𝑅𝐹 =
𝑖(𝑖 + 1)𝑛

(1 + 𝑖)𝑛 − 1
 (13) 

 

The capital recovery factor is defined as the ratio used to 

calculate the present value of a series of equal annual cash 

payments. These payments can be made at a regular interval 

of time, and are commonly known as annuities. In this case, n 

is equal to the number of years, and formula (13) gives the 

present value in terms of the number of years and i the interest 

rate. 

 

𝑘 =
1 + 𝑟

1 + 𝑖𝑒𝑓𝑓

 (14) 

 

where, 𝑖𝑒𝑓𝑓  and r are the effective and inflation interest rates, 

respectively.  

TCI: The total capital investment.  
n: The estimated number of years that represents the 

economic lifetime of the plant. 

 

Table 2. Thermodynamic relations for the cycle components 

 
Component Energy balances equations Exergy balance equations 

Evaporator 1 �̇�𝑒𝑣𝑎1 = �̇�5 ∗ (ℎ5 − ℎ6) = �̇�27 ∗ (ℎ27 − ℎ28) 
�̇�𝑥𝐷,𝑒𝑣𝑎1 = (�̇�𝑥6 − �̇�𝑥5) − (�̇�𝑥28

− �̇�𝑥27) 

Evaporator 2 
�̇�𝑒𝑣𝑎2 = �̇�12 ∗ (ℎ12 − ℎ13)

= �̇�29 ∗ (ℎ29 − ℎ30) 

�̇�𝑥𝐷,𝑒𝑣𝑎2 = (�̇�𝑥13 − �̇�𝑥12) − (�̇�𝑥30

− �̇�𝑥29) 

Evaporator 3 
�̇�𝑒𝑣𝑎3 = �̇�19 ∗ (ℎ19 − ℎ20)

= �̇�31 ∗ (ℎ31 − ℎ32) 

�̇�𝑥𝐷,𝑒𝑣𝑎3 = (�̇�𝑥20 − �̇�𝑥19) − (�̇�𝑥32

− �̇�𝑥30) 

Condenser 1 �̇�𝑐𝑜𝑛𝑑1 = �̇�8 ∗ (ℎ11 − ℎ8) = �̇�33 ∗ (ℎ34 − ℎ33) 
�̇�𝑥𝐷,𝑐𝑜𝑛𝑑1 = (�̇�𝑥11 − �̇�𝑥8) − (�̇�𝑥34

− �̇�𝑥33) 

Condenser 2 
�̇�𝑐𝑜𝑛𝑑2 = �̇�15 ∗ (ℎ18 − ℎ15)

= �̇�35 ∗ (ℎ36 − ℎ35) 

�̇�𝑥𝐷,𝑐𝑜𝑛𝑑2 = (�̇�𝑥18 − �̇�𝑥15) − (�̇�𝑥36

− �̇�𝑥35) 

Condenser 3 
�̇�𝑐𝑜𝑛𝑑3 = �̇�22 ∗ (ℎ25 − ℎ22)

= �̇�37 ∗ (ℎ38 − ℎ37) 

�̇�𝑥𝐷,𝑐𝑜𝑛𝑑3 = (�̇�𝑥25 − �̇�𝑥22) − (�̇�𝑥38

− �̇�𝑥37) 

Expansion valve 1 ℎ6 = ℎ7 �̇�𝑥𝐷,𝑒 𝑣1 = �̇�𝑥7 − �̇�𝑥6 

Expansion valve 2 ℎ13 = ℎ14 �̇�𝑥𝐷,𝑒 𝑣2 = �̇�𝑥14 − �̇�𝑥13 

Expansion valve 3 ℎ20 = ℎ21 �̇�𝑥𝐷,𝑒 𝑣3 = �̇�𝑥20 − �̇�𝑥21 

Ejector 1 �̇�11 ∗ ℎ11 = �̇�2 ∗ ℎ2 + �̇�5 ∗ ℎ5 �̇�𝑥𝐷,𝑒𝑗1 = �̇�𝑥2 + �̇�𝑥5 − �̇�𝑥11 

Ejector 2 �̇�18 ∗ ℎ18 = �̇�3 ∗ ℎ3 + �̇�12 ∗ ℎ12 �̇�𝑥𝐷,𝑒𝑗2 = �̇�𝑥3 + �̇�𝑥12 − �̇�𝑥18 

Ejector 3 �̇�25 ∗ ℎ25 = �̇�4 ∗ ℎ4 + �̇�19 ∗ ℎ19 �̇�𝑥𝐷,𝑒𝑗3 = �̇�𝑥4 + �̇�𝑥19 − �̇�𝑥25 

Pump 1 

�̇�𝑝𝑢1 = �̇�10 ∗ (ℎ10 − ℎ9); 

𝜂𝑝𝑢1 =
ℎ10𝑠 − ℎ9

ℎ10 − ℎ9
 

�̇�𝑥𝐷,𝑝𝑢1 = �̇�𝑝𝑢1 − (�̇�𝑥10 − �̇�𝑥9) 

Pump 2 

�̇�𝑝𝑢2 = �̇�17 ∗ (ℎ17 − ℎ16); 

𝜂𝑝𝑢2 =
ℎ17𝑠 − ℎ16

ℎ17 − ℎ16
 

�̇�𝑥𝐷,𝑝𝑢2 = �̇�𝑝𝑢2 − (�̇�𝑥17 − �̇�𝑥16) 

Pump 3 

�̇�𝑝𝑢3 = �̇�24 ∗ (ℎ24 − ℎ23); 

𝜂𝑝𝑢3 =
ℎ24𝑠 − ℎ23

ℎ24 − ℎ23
 

�̇�𝑥𝐷,𝑝𝑢3 = �̇�𝑝𝑢3 − (�̇�𝑥24 − �̇�𝑥23) 

Turbine 

�̇�𝑡𝑢𝑟 = �̇�1 ∗ (ℎ1 − ℎ2) + (�̇�1 − �̇�2) ∗ (ℎ2

− ℎ3) + 
(�̇�1 − �̇�2 − �̇�3) ∗ (ℎ3 − ℎ4) 

𝜂𝑡𝑢𝑟 =
ℎ1 − ℎ2

ℎ1 − ℎ2𝑠
=

ℎ2 − ℎ3

ℎ2 − ℎ3𝑠
=

ℎ3 − ℎ4

ℎ3 − ℎ4𝑠
 

�̇�𝑥𝐷,𝑡𝑢𝑟 = �̇�𝑥1 − �̇�𝑥2 − �̇�𝑥3 − �̇�𝑥4

− �̇�𝑡𝑢𝑟 

Heater �̇�𝐻𝐸 = �̇�1 ∗ (ℎ1 − ℎ26) = �̇�39 ∗ (ℎ39 − ℎ40) 
�̇�𝑥𝐷,𝐻𝐸 = (�̇�𝑥39 − �̇�𝑥40) − (�̇�𝑥1

− �̇�𝑥26) 

mixer 

26 26 10 10 17 17

24 24

* ( * ) ( * )

( * );

m h m h m h

m h

= + +

 
�̇�26 = �̇�10 + �̇�17 + �̇�24 

�̇�𝑥𝐷,𝑚𝑖𝑥 = �̇�𝑥10 + �̇�𝑥17 + �̇�𝑥24 − �̇�𝑥26 
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The subscript “0” refers to the beginning of the first year. 

For simplification, k is assumed to be as follows: 

 

𝑘 =  𝑘𝐹𝐶 = 𝑘𝑂𝑀𝐶  (15) 

 

The whole recovery system should be operated by the actual 

waste heat. Therefore, the fuel cost is assumed to be zero, and 

the levelized fuel cost, 𝐹𝐶𝐿 = 0. TCI is assumed to be a 

function of the total cost of the purchased equipment (PECtotal) 

of the plant. For the new proposed cycle, TCI can be expressed 

as follows [41]: 

 

𝑇𝐶𝐼 = 6.32 ∗ 𝑃𝐸𝐶𝑡𝑜𝑡𝑎𝑙 (16) 

 

It is assumed that the plant has an economic lifetime of n 

equals to 20 years, 𝑖𝑒𝑓𝑓  is 10%, and r is 2.5% [41]. 

The cost rate of product �̇�𝑃,𝑘for the kth component could be 

written as [42]: 

 

�̇�𝑃,𝑘 = �̇�𝐹,𝑘 + �̇�𝑘 (17) 

 

where, �̇�𝐹,𝑘 is the fuel cost rate, and �̇�𝑘 is the summation of the 

cost rates of the capital investment �̇�𝑘
𝐶𝐼

 and the operating and 

maintenance expenses �̇�𝑘
𝑂𝑀

of the k component. The value of 

�̇�𝑘 is: 

 

�̇�𝑘 = �̇�𝑘
𝐶𝐼

+ �̇�𝑘
𝑂𝑀

 (18) 

 

�̇�𝑘
𝐶𝐼

=
𝐶𝐶𝐿

𝜏
∗

𝑃𝐸𝐶𝑘

𝑃𝐸𝐶𝑡𝑜𝑡𝑎𝑙

 (19) 

 

�̇�𝑘
𝑂𝑀

=
𝑂𝑀𝐶𝐿

𝜏
∗

𝑃𝐸𝐶𝑘

𝑃𝐸𝐶𝑡𝑜𝑡𝑎𝑙

 (20) 

 

where, 𝜏  is the number of working hours per year. It is 

assumed to be 8000 hr/year. Table 3 listed the cost balance and 

auxiliary equations.  

 

Table 3. Cost term equations for each component in the cycle 

 
Component Cost balance equation Auxiliary equation Cost equation ($) [42, 43] 

Evaporator1 
�̇�5 + �̇�28 = �̇�27 + �̇�6

+ �̇�𝑒𝑣𝑎1 
𝑐27 = 0, 𝑐5 = 𝑐6 𝑃𝐸𝐶𝑒𝑣𝑎1 = 6000 ∗ (

𝐴𝑒𝑣𝑎1

100
)0.7 

Evaporator2 
�̇�12 + �̇�30 = �̇�29 + �̇�13

+ �̇�𝑒𝑣𝑎2 
𝑐29 = 0, 𝑐12 = 𝑐13 𝑃𝐸𝐶𝑒𝑣𝑎2 = 6000 ∗ (

𝐴𝑒𝑣𝑎2

100
)0.7 

Evaporator3 
�̇�19 + �̇�32 = �̇�20 + �̇�31

+ �̇�𝑒𝑣𝑎3 

𝑐31 = 0, 

𝑐19 = 𝑐20 
𝑃𝐸𝐶𝑒𝑣𝑎3 = 6000 ∗ (

𝐴𝑒𝑣𝑎3

100
)0.7 

Condenser1 
�̇�8 + �̇�34

= �̇�11 + �̇�33 + �̇�𝑐𝑜𝑛𝑑1 
𝑐33 = 0,𝑐11 = 𝑐8 𝑃𝐸𝐶𝑐𝑜𝑛𝑑1 = 1773 ∗ 𝑚8 

Condenser2 
�̇�15 + �̇�36

= �̇�18 + �̇�35 + �̇�𝑐𝑜𝑛𝑑2 
𝑐35 = 0,𝑐18 = 𝑐15 𝑃𝐸𝐶𝑐𝑜𝑛𝑑2 = 1773 ∗ 𝑚15 

Condenser3 
�̇�22 + �̇�38

= �̇�25 + �̇�37 + �̇�𝑐𝑜𝑛𝑑3 
𝑐37 = 0,𝑐22 = 𝑐25 𝑃𝐸𝐶𝑐𝑜𝑛𝑑3 = 1773 ∗ 𝑚22 

Expansion valve 1 �̇�6 = �̇�7 + �̇�𝑒𝑣1 - 𝑃𝐸𝐶𝑒𝑣1 = 100 

Expansion valve 2 �̇�13 = �̇�14 + �̇�𝑒𝑣2 - 𝑃𝐸𝐶𝑒𝑣2 = 100 

Expansion valve 3 �̇�20 = �̇�21 + �̇�𝑒𝑣3 - 𝑃𝐸𝐶𝑒𝑣3 = 100 

Ejector 1 �̇�11 = �̇�2 + �̇�5 + �̇�𝑒𝑗1 - 𝑃𝐸𝐶𝑒𝑗1 = 0 

Ejector 2 �̇�18 = �̇�3 + �̇�12 + �̇�𝑒𝑗2 - 𝑃𝐸𝐶𝑒𝑗2 = 0 

Ejector 3 �̇�25 = �̇�4 + �̇�19 + �̇�𝑒𝑗3 - 𝑃𝐸𝐶𝑒𝑗3 = 0 

Pump 1 �̇�10 = �̇�9 + �̇�𝑤,𝑝𝑢1 + �̇�𝑝𝑢1 - 𝑃𝐸𝐶𝑝𝑢1 = 3540 ∗ 𝑊𝑝𝑢1
0.71 

Pump 2 �̇�17 = �̇�16 + �̇�𝑤,𝑝𝑢2 + �̇�𝑝𝑢2 - 𝑃𝐸𝐶𝑝𝑢2 = 3540 ∗ 𝑊𝑝𝑢2
0.71 

Pump 3 �̇�24 = �̇�23 + �̇�𝑤,𝑝𝑢3 + �̇�𝑝𝑢3 - 𝑃𝐸𝐶𝑝𝑢3 = 3540 ∗ 𝑊𝑝𝑢3
0.71 

Division point 1 - 𝑐9 = 𝑐7  

Division point 2 - 
𝑐15 = 𝑐14 
𝑐15 = 𝑐16 

- 

Division point 3 - 
𝑐22 = 𝑐23 
𝑐22 = 𝑐21 

- 

Turbine 
�̇�1 + �̇�𝑡𝑢𝑟 = 
�̇�2 + �̇�3 + �̇�4 + �̇�𝑤,𝑡𝑢𝑟 

𝑐1 = 𝑐2;𝑐1 = 𝑐3;𝑐1 = 𝑐4 𝑃𝐸𝐶𝑡𝑢𝑟 = 6000 ∗ �̇�𝑡𝑢𝑟
0.7

 

Heater 
�̇�40 + �̇�1 = �̇�39 + �̇�26

+ �̇�𝐻𝐸 

𝑐40 = 𝑐39 

𝑐39 = 0 

𝑃𝐸𝐶𝐻𝐸 = 309.143 ∗ 𝐴𝐻𝐸

+ 231.915 

Mixer 
�̇�26 = �̇�10 + �̇�17 + �̇�24

+ �̇�𝑚𝑖𝑥 
- 𝑃𝐸𝐶𝑚𝑖𝑥 = 0 

The value of the final cost of the product, 𝑐𝑝,𝑡𝑜𝑡𝑎𝑙is: 

 

𝑐𝑝,𝑡𝑜𝑡𝑎𝑙 =
�̇�𝑃,𝑡𝑜𝑡𝑎𝑙 + �̇�𝐿,𝑡𝑜𝑡𝑎𝑙

�̇�𝑃,𝑡𝑜𝑡𝑎𝑙

 (21) 

 

The total exergoeconomic factor is defined as follows: 

 

𝑓𝑡𝑜𝑡𝑎𝑙 =
�̇�𝑡𝑜𝑡𝑎𝑙

�̇�𝑡𝑜𝑡𝑎𝑙 + �̇�𝐷,𝑡𝑜𝑡𝑎𝑙

 (22) 

 

where, 

 

�̇�𝐷,𝑡𝑜𝑡𝑎𝑙 = 𝑐𝐹,𝑡𝑜𝑡𝑎𝑙
∑ �̇�𝑘,𝐷 (23) 
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4. RESULTS AND DISCUSSION  

 

4.1 Model validation and results comparison 

 

A FORTRAN computer code is developed to simulate the 

recovery system cycle. To validate the output results and show 

the accuracy of the developed code, different results related to 

several studies from the literature are selected for comparison 

purposes. The present results obtained are validated with the 

experimental data reported in the literature [44]. This 

validation was carried out with R141b as a working fluid and 

with an ejector geometry size of d = 2.64 mm and D1 = 4.5 

mm. Referring to Table 4, the validation indicates a good 

agreement with such published data. 

Table 4. Ejector modeling validation of the present work 

with experimental published data [44] 

 
𝑻𝒑𝒇 (°C) 𝑻𝒔𝒇 (°C) 𝑻𝒄𝒐𝒏𝒅 (°C) Uexp [38] Ucalc 

78 8 32.5 0.3257 0.3108 

84 8 35.5 0.288 0.2867 

90 8 38.9 0.2246 0.2226 

95 8 42.1 0.1859 0.1858 

84 12 36 0.3398 0.3532 

90 12 39.5 0.2946 0.2921 

95 12 42.5 0.235 0.2449 

Fluid: R141b; 

𝜑 = 𝐴𝑒3/𝐴𝑡 = 6.44 

 

Table 5. Comparison of the present and published results 
 

Performance parameters Unit 
Published results, [39] 

Current work 
The BTECCP cycle The RTECCP cycle 

Cooling load (�̇�𝑒𝑣𝑎,𝑡𝑜𝑡𝑎𝑙) kW 98.5 96.7 239.8 

Net electricity (�̇�𝑛𝑒𝑡) kW 53.4 60.7 16.6 

Thermal efficiency % 34.1 35.3 37.5 

Exergy efficiency % 33.6 37.9 25.4 

The total sum unit cost of the product $. 𝐺𝐽−1 362.5 371.1 108.1 

Fluid: Butene; THE= 129.25 (°C); Teva1= -30.95 (°C); Teva2=4.85 (°C); Teva3= 8.85 (°C) 
 

Table 6. Cycle state properties 
 

Point T(K) P(MPa) h(kJ.kg-1) s(kJ.kg-1.K-1) �̇� (kg.s-1) �̇� (kW) �̇�($. 𝒉−𝟏) 𝒄($. 𝑮𝑱−𝟏) 

1 403.1 2344.2 487.7 1.8 4.1 669.7 48.4 20.1 

2 355.9 669.8 468.01 1.8 2.0 281.8 20.4 20.1 

3 353.91 586.1 467.7 1.8 1.2 171.9 12.4 20.1 

4 352.5 520.9 467.66 1.8 0.9 122.3 8.84 20.1 

5 275.1 57.95 405.9 1.7 0.6 57.2 7.3 35.1 

6 275.1 57.95 235. 1.1 0.6 63.7 8.2 35.1 

7 300.1 159.3 235. 1.1 0.6 64.6 8.2 35.1 

8 300.1 159.3 235. 1.1 2.6 282.2 26.1 25.7 

9 300.1 159.3 235. 1.1 2.0 217.7 27.5 35.1 

10 301.2 2344.2 237.1 1.1 2.0 220.9 28.2 35.4 

11 330.9 159.3 453.8 1.8 2.6 298.8 27.7 25.7 

12 278.1 66.2 408.1 1.7 0.6 56.9 4.8 23.4 

13 278.1 66.2 232.5 1.1 0.6 62.3 5.3 23.4 

14 298.1 148.2 232.5 1.1 0.6 62.8 5.3 23.2 

15 298.1 148.2 232.5 1.1 1.8 197.6 16.5 23.2 

16 298.1 148.2 232.5 1.1 1.2 134.8 11.3 23.2 

17 299.2 2344.2 234.5 1.114 1.2 136.8 11.7 23.8 

18 325.4 148.2 448.7 1.835 1.8 206.1 17.2 23.2 

19 280.1 72.22 409.6 1.748 0.6 56.5 4.7 23.1 

20 280.1 72.2 230.4 1.109 0.6 61.2 5.1 23.1 

21 296.6 140.0 230.4 1.106 0.6 61.6 5.1 23.0 

22 296.6 140.0 230.4 1.1 1.4 158.7 13.1 23.0 

23 296.6 140.0 230.4 1.106 0.9 97.2 8.1 23.0 

24 297.7 2344.2 232.5 1.1 0.9 98.6 8.4 23.6 

25 321.4 140.0 445.1 1.8 1.4 163.7 13.5 23.0 

26 299.8 2344.2 235.3 1.1 4.1 456.3 48.3 29.4 

27 285.1 101 411.4 3.8 19.9 2.2 0 0 

28 280.1 101 406.3 3.8 19.9 5.9 0.9 41.3 

29 288.1 101 414.4 3.9 19.9 0.8 0 0 

30 283.1 101 409.3 3.8 19.9 3.4 0.5 39.8 

31 290.1 101 416.4 3.8 19.9 0.2 0 0 

32 285.1 101 411.4 3.8 19.9 2.2 0.4 54.5 

33 293.1 101 84 0.3 27.0 0 0 0 

34 298.1 101 104.7 0.4 27.0 4.7 1.6 98.0 

35 293.1 101 84 0.3 30.9 0 0 0 

36 296.1 101 96.5 0.3 30.9 1.9 0.8 111.5 

37 293.1 101 84 0.3 50.3 0 0 0 

38 294.6 101 90.1 0.3 50.3 0.7 0.5 178.0 

39 413.1 101 540.6 4.2 50.7 994.6 0 0 

40 393.1 101 520.3 4.2 50.7 714.3 0 0 
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Furthermore, a comparison is made to the published data 

[39] to evaluate the advantages of the present model over the 

previously published models. As shown in Table 5, the present 

model produces cooling capacity in the order of 2.5 times more 

than that was produced by Rostamzadeh et al. [39]. However, 

the desired present cycle generates about 70% less electricity 

than that was produced. The thermal efficiency of the new 

model is higher than that of the BTECCP and RTECCP cycles, 

approximately 10.28%, and 6.46%, respectively, while the 

exergy overall efficiency of the introduced cycle is lower than 

that of the BTECCP and RTECCP cycles, approximately, 24.3% 

and 32.83%, respectively. Regarding the economic analysis 

side, the total cost of the unit of the product for the running 

cycle reached $108.1 per GJ, while the corresponding total 

cost for the BTECCP and RTECCP cycles are $362.5 per GJ, 

and $371.1 per GJ, respectively. 

 

4.2 The cycle thermodynamic and economic results 

 

The calculated values of the properties at each state point 

are introduced in Table 6, based on the conditions given in 

Table 1. 

The cycle thermodynamic and economic performances are 

presented in Table 7.  

 

Table 7. The cycle thermodynamic and economic 

performance 

 
Parameter Value 

The net power rate (kW) 72.55 

The produced cooling rate (kW) 300 

Energy efficiency (%) 36.23 

Exergy efficiency (%) 29.41 

Exergy destruction rate [kW] 192.32 

𝑐𝑝,𝑡𝑜𝑡𝑎𝑙 [$.GJ-1] 45.97 

 

The results obtained from the exergoeconomic analysis, 

Figure 3, show that the cost of exergy destruction, �̇�𝐷, in the 

heater is zero, since the fuel, waste heat from the cement plant, 

is supposed to be free of charge, while it has the highest value 

within ejector 1. It should be noted that ejectors 2 and 3 also 

have the notable costs of exergy destruction. Ejectors need to 

be given more attention to sharing more in the upgrade of the 

overall cycle performance. More data and extra details are 

documented by Tashtoush et al. [16]. The total costs associated 

with each component are the sum of�̇�𝐷 + �̇�. The cost values 

for the turbine are quite remarkable mainly because of the 

contribution of the �̇�𝑡𝑢𝑟. 

 

4.3 Effects of heater temperature 

 

The variations of the thermal and exergy efficiencies, the 

system’s product cost, and the net power output as a function 

of the heater temperature are illustrated in Figure 4. Since the 

input energy into the turbine increases, the net power output 

increases as the heater temperature increases. An increase of 

25% in the heater temperature resulted in a 160% increase in 

the net power output. The amount of heat input of the system, 

�̇�𝐻𝐸  increase with the increase in the heater temperature; 

therefore, the thermal and exergy efficiencies decrease. 

Furthermore, a 25% increase in the heater temperature would 

result in a 50% increase in the system total product cost, 

𝑐𝑝,𝑡𝑜𝑡𝑎𝑙. 
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Figure 3. The total and the exergy destruction cost rates, ĊD, 

and ĊD + Ż 
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Figure 4. Effect of heater temperature on system 

performance 
 

The Effect of the 1st Evaporator Temperature. The variation 

of different system parameters with the 1st evaporator 

temperature is illustrated in Figure 5. As the refrigerating 

capacity, �̇�𝒆𝒗𝒂𝟏 is held constant, the primary mass flow rate of 

the first ejector decreases, which leads to an increase in the 

system energy efficiency and a decrease in the net power 

output. The trend of the exergy efficiency variation exhibits a 

maximum point at a value of 29.41% corresponding to an 

optimum evaporator temperature range of 2-3oC. finally, since 

there are no considerable cost changes in the variation of the 

1st evaporator temperature, the system total product cost of the 

system is almost constant. 
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Figure 5. The effect of the 1st evaporator temperature on the 

system performance 
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The Effect of the 2nd Evaporator Temperature. The effect of 

the variation of the 2nd evaporator temperature on the system 

performance is shown in Figure 6. It is noted that the most 

affected parameter by the variation of the evaporator 

temperature is the net power output. The exergy efficiency 

decreases relatively as the 2nd evaporator temperature 

increases. In the meantime, the thermal efficiency and the cost 

related to the cycle are increased with the increase of the 2nd 

evaporator temperature. 
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Figure 6. The effect of the 2nd evaporator temperature on the 

system performance 

 

The Effects of the 3rd Evaporator Temperature. The effect 

of the 3rd evaporator temperature on the system performance 

is illustrated in Figure 7. Since the evaporator pressure 

increases as the temperature increases, a lower primary mass 

flow rate is needed to create the suction effect and entrain the 

adequate amount of refrigerant. The net power output and 

exergy efficiency decrease sharply as the evaporator 

temperature increase. The thermal energy efficiency and cost 

of the product moderately increase with the temperature. The 

energy efficiency is better once the temperature of the third 

evaporator is higher. From the exergoeconomic point of view, 

the decrease in the evaporator’s temperature will result in a 

decrease in the system's total product cost. 

 

The Effect of Turbine Expansion Ratio. The effect of the 

turbine’s expansion ratios on the system performance 

parameters is shown in Figure 8. An increase in the thermal 

and exergetic efficiencies and a decrease in the net power 

output are noted as the expansion ratio increases. Besides, the 

system's total cost of the product decreases as the expansion 

ratio increases. 

 

 

5. CONCLUSIONS AND RECOMMENDATIONS 

 

The study was done on the potential of a new design for a 

waste energy recovery system that is to be operated by cement 

plant exhaust hot flue gases in Tunisia, which is expected to 

contribute to sustainable development and cleaner production. 

The new system design leads to produce a cooling capacity 

and generate electricity, simultaneously, while implementing 

three working device sets at three temperature levels arranged 

in parallel. This cycle configuration is evaluated from the 

energy, exergetic, and exergoeconomic viewpoints, while a 

parametric study is accomplished. 
The turbine has the highest total cost, among all components. 

The energy and exergy efficiencies and the cost of the product 

are 36.23%, 29.41%, and 45.97 $.GJ-1, respectively. It’s found 

that the thermal efficiency can be increased by increasing the 

expansion ratio, evaporator temperature, or by decreasing the 

heater temperature. It was found that the exergy efficiency 

could be increased by the increase in the expansion ratio or the 

1st evaporator temperature, or by the decrease in the heater 

temperature. While increasing the evaporation temperature, 

the cost of the product increases gradually. This recovery cycle 

is very attractive to apply in different industrial plants to 

achieve the share for sustainable, and efficient energy, and 

lower product costs. 
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Figure 7. The effect of the 3rd evaporator temperature 

variation on the system performance 
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Figure 8. The expansion ratio effect on system performance 
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NOMENCLATURE 

Symbols 

c cost per unit of exergy [$GJ-1] 

�̇� Cost rate 

CRF capital recovery factor 

�̇� exergy rate (kW) 

�̇�𝐷,𝑡𝑜𝑡 total exergy destruction cost rate (kW) 

f exergoeconomic factor 

h specific enthalpy (kJ.kg-1) 

i interest rate 

LMTD 
logarithmic mean temperature difference 

(k) 

�̇� mass flow rate (kg.s-1) 

N annual number of hours (hr) 

P pressure (MPa) 

�̇� heat transfer rate (kW) 

r relative cost difference 

s specific entropy (kJ.kg-1.k-1) 

T temperature (°C or k) 

�̇� electrical power (kW) 

Z investment cost of components ($) 

�̇� investment cost rate of components ($/h)  

�̇�𝑡𝑜𝑡 total capital cost rate ($/h) 

Abbreviations 

HE heater 

cond condenser 

eva evaporator 

ev expansion valve 

tur turbine 

Ej ejector 

tot total value 

pu pump 

Subscripts 

0 environmental stat 

1,2,3, cycle locations 

F fuel 

in inlet 

is isentropic 

k each component 

out outlet 

P product 

Greek symbols

𝜂 efficiency (%) 
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