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Abstract 

Cement plants are one of the massive energy consumers and greenhouse gas producers. The processes carried 

out in a cement factory have considerable energy losses, and mostly happen due to the exhausted gases and 

airflow for cooling the clinker. The energy consumption in a regular plant is 25% electrical and 75% thermal. 

The main goal of this work is to represent a thermal recycling system in cement plants to generate power from 

high-temperature exhaust gases from the preheater and cooler high-temperature air. A thermodynamic analysis 

is carried out by the EES software, and the exergy efficiency and exergy destruction of each component of the 

system are obtained. Moreover, a parametric study on the suggested cycle is used, and the results obtained 

show that if the input temperature and pressure of turbines get closer to the critical point of the expanded 

working fluid in turbines, the rate of net output work increases, which leads to an  increase in the exergy 

efficiency of the whole system. The increased network of the cycle is almost 20%, which would rise from 3497 

kW to 4186 kW, and the exergy efficiency would rise from 38% to 45.94%. 

 

Keywords:  Exergy efficiency; Exergy destruction; Cement industry; CO2 emissions.  

1. Introduction 

Energy consumption in the world has increased 

rapidly in the recent years. This increase has led to 

the reduction in fossil fuel resources, and many 

environmental issues have been put forward [1]. 

The world CO2 emissions have increased from 

approximately 23,623 tonnes in 2000 to more than 

33,443 in 2017. Since carbon dioxide emissions are 

mainly attributed to the use of fossil fuels and low 

technology efficiency, the importance of using 

clean energy systems such as fuel cells, and solar, 

wind, and geothermal energies, and also 

optimization of the energy systems has increased 

[2, 3]. One of the massive energy consumers is the 

cement industry. Figures 1 and 2 successively show 

the energy consumption of industries and CO2 

emissions in different parts of the industry 

including the cement industry. 

The cement production in underdeveloping 

countries is increasing continuously as a result of 

the economic growth. China has produced about 

1388 million tons of cement in 2008, which is half 

of the whole world's cement production [5]. Figure 

3 shows the share of major cement producing 

countries in total production in 2017. As shown in 

this figure, China is the largest cement producer. 

The energy required to produce one ton of cement 

is between 3 to 5 gigajoules in a ton [6]. In 

advanced furnaces, the average energy 

consumption is about 2.95 gigajoules per ton of 

produced cement, while in some countries, it is 

more than 5 gigajoules per ton of produced cement. 

For example, the average energy consumption of 

major Chinese clinker plants is 5.4 gigajoules per 

ton [7]. Each ton of Portland cement produces 

about 1 ton of carbon dioxide [8]. Most carbon 

dioxide emissions in cement production are from 

calcination of limestone (50%) and fuel 

combustion (40%) [9]. 

 
Figure 1. Energy consumption in different industries [4]. 
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In a common cement plant, 25% of the whole 

required energy is electrical and the other 75% is 

thermal. Figure 4 shows the type and scale of 

energy consumption in a cement production 

process. 

 

 
Figure 2. CO2 emissions from industrial activities [4]. 

 

However, this process has considerable heat losses, 

mostly caused by exhausted gases and 

environmental airflow, which is used for cooling 

the clinker that causes 35% to 40% of heat losses 

[11]. Almost 26% of inlet heat to the system would 

be wasted by dirt, clinker draining, radiation, and 

convection from furnace and preheaters [12]. 

Generally, energy casualties in a cement plant 

could be categorized as: 

1)    hot gases from stacks; 

2)    cooling stacks; 

3) the shell of the furnace (radiation and 

convection). 

A heat recovery system can be used to increase the 

efficiency of a cement plant and also reduce the 

number of emissions from pollutants [13]. Using a 

waste heat recovery system in a cement plant will 

reduce the dependence on the national electric grid, 

and will increase the profits of the plants. The 

wasted heat can also be used for preheating the raw 

materials before the clinker process [14]. Among 

the thermal cycles that generate electricity, the 

organic Rankine cycle is considered as an 

appropriate technology for converting low heat to 

power [15]. This power cycle is relatively simple 

and has a high flexibility of efficiency from 

different thermal resources [16].

 

 
Figure 3. Share of cement production in different countries in 2017 [10]. 

 

 
Figure 4. Type and scale of energy consumption in a cement production process [11].

Chemical 
industry, 

15%

Steel,

24%

Cement,

26%Paper,

2%

Aluminum…

Other

industries,

31%

58%26%

7%

2%

2%
2% 2% 1%

Share of cement production in 2017 

China

Other

India

USA

Vietnam

Turky

Indonesia

0 8%

38%

7%100%

28%

26%

0%

20%

40%

60%

80%

100%

Heat Electricity

Crushing of raw
materials

Baking cement

Crushing fuel

Cement crushing

Loading and packing



M. Jalili et al./ Renewable Energy Research and Application, Vol 1, No 1, 2020, 123-134 
 

125 

 

Wang and partners have used four different cycles, 

i.e. organic Rankine cycle, Kalina cycle, and two 

types of the steam cycle, for recovering wasted heat 

from preheater’s exhausted gas and cooler for 

producing power in cement plants. Exergy analysis 

and parametric optimization are carried out to 

achieve the maximum efficiency. The results 

obtained show that the Kalina cycle has a better 

performance in a cement plant [17]. Zeeshan et al. 

[18] have analyzed the effect of setting up a Waste 

Heat Recovery Power Plant in a cement plant on 

consuming energy and water and also cement 

production. The potential of installing a waste heat 

recovery system in Islam Abad (Pakistan) has been 

investigated. The annual production capacity of 

this system is approximately 38400 MW, which 

causes a 32.98% saving in electricity cost and also 

reducing greenhouse gases around 1049965 tons 

per year. 

Madlool et al. [11] have studied energy 

consumption at a cement plant. They proved that 

the dry process had more efficiency than the wet 

process and using a fan that had an adjustable speed 

ability for clinker, about 30% of energy 

consumption could be saved in  2 to 3 years 

payback period. They also calculated the amount of 

CO2 reduction and the payback period of capital for 

different energy-saving strategies. In a study [7], 

energy consumption has been investigated for a 

cement plant in India. A Rankine cycle was used 

for waste heat recovery, and the results obtained 

showed that the proposed system could generate 

4.4 MW electricity (about 30% of the total 

electricity required by the plant). Also the energy 

efficiency of the plant improved by 10%, and a 

two-year payback period of capital was obtained. 

Amiri and Vaseghi [19] have compared the 

performance of the Rankine steam cycle, organic 

Rankine, Kalina, and carbon dioxide supercritical 

cycle for recovering the waste heat.  Abdollahpour 

et al. [20] have investigated theoretically the 

thermodynamic and economic analysis of a solar-

assisted transcritical CO2 power cycle with LNG 

sub-system. The exergoeconomic results indicated 

that the power production of the solar-assisted 

system was about 8.53% and that solar collector, 

evaporator, condenser, CO2 turbine, and LNG 

turbine 20 had the highest total cost rate of exergy 

destruction.  Karellas et al. [9] have compared the 

energy and exergy of wasted heat recovery in the 

Rankine cycle to the organic cycle at a cement 

plant. An economic analysis was performed to 

obtain the payback period time in a cement plant. 

The results obtained showed that at a temperature 

above 310 ºC, the Rankine cycle had a better 

performance than the organic cycle. At this 

condition, the efficiency of the Rankine cycle was 

23.58 and that of the organic cycle was 17.56. Also 

when cooling air was used for preheating the 

consumed water, the efficiency of the Rankine 

cycle increased to 24.58%. The economic results 

showed that the payback period to the capital was 

5 years. Chen et al. [21] have compared the 

performance of the carbon dioxide supercritical 

cycle with an organic Rankine cycle (ORC) with 

R123 operating fluid for using low-temperature 

waste heat. They found that the cycle output power 

in the CO2 supercritical cycle was a little more than 

an ORC. Liu et al. [22] have studied the effects of 

different fluids in the ORC on the thermal 

efficiency and the efficiency of the heat recovery 

system. Hang [23] has studied different working 

fluids such as benzene, toluene, p-xylene, R113, 

and R123 for ORC to recover waste heat. Among 

the studied fluids, p-xylene had the most efficiency 

and benzene had the least. It was also shown that 

the reversibility was related to the type of thermal 

source. P-xylene had the least reversibility in heat 

recovery with high temperatures, while R113 and 

R123 had a better performance in heat recovery 

with low temperatures. Legmann [12] has used 

ORC for heat recovery that was obtained from the 

clinker cooler and produced electricity 

continuously during cement production. Ahmadi et 

al. [24], have performed an exergetic analysis of an 

integrated power system consisting of a solid oxide 

fuel cell (SOFC) with a gas turbine in an ORC. 

According to the efficiency and exergy destruction 

investigation, the highest exergy degradation was 

in SOFC, while its exergy efficiency was 75.7%. In 

addition, the exergy efficiency of ORC and the 

total power plant were 64.9 and 39.9%, 

respectively. In another paper, Ahmadi et al. [25] 

have coupled a parabolic collector with a regular 

Rankine cycle to increase the system's power 

output efficiency by supplying the required heat. 

Also a thermal storage system was added to the 

cycle to be used at night. The energy, exergy, and 

economic analyzes of the hybrid system showed 

that the net generating capacity of the power plant 

increased by 8.14%. Also the exergy analysis 

showed that the boiler had the highest rate of 

exergy degradation. In general, the exergy 

efficiency of the system was reduced due to high 

collector losses [26]. 

Since cement plants are one of the largest industries 

in energy consumption and emission of pollutants, 

focusing on this area is essential to reduce energy 

consumption. A proper scenario for achieving the 

mentioned goal is to use the thermal recovery 

system and produce power from exhausted gases 

from stacks and hot air from the cooler in cement 
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plants. This reduces the dependency on the national 

grid and increases the profitability of the plant. In 

this work, two ORCs were used to generate power. 

Since the flue gases and hot were different 

temperatures and compositions, the thermal 

recycling proposed in this work used these two heat 

sources separately. Organic fluids such as 

isobutene (R600a) and butane (R600) have more 

molecular masses, less boiling points, and more 

steam pressure compared with water. However, it 

was considered that these fluids had high 

temperatures after expanding in turbines, and it was 

proper to use this potential for heat transfer in the 

cycle to maximize the output of both turbines. For 

this purpose, two components were added to these 

ORCs, one was the heat exchanger that connected 

two ORCs (which were designed based on 

preheating gases and hot air separately) and the 

other one was a regenerator for the cycle 

(numbered 2) with R600 working fluid being used. 

 

2. System Description 
In this work, a thermodynamic cycle was presented 

for reproducing power. Isobutan (R600a) and 

butane (R600) are low environmental impact 

refrigerants in a small refrigerator system. 

Excellent thermodynamic performance, non-toxic 

properties, zero ozone depletion potential, and low 

global warming potential of butane and isobutane 

are the main reasons of their application in ORC 

systems. Therefore, in this proposed heat recovery 

system, butane and isobutane were used as a 

refrigerant and working fluid. Thus based on figure 

5, the hot exhausted gases from preheaters with 

approximate temperature of 340 ºC at point 1 were 

injected into the first power generator cycle 

evaporator that had R600a  as the working fluid, 

and after heat transfer with isobutene at point 2 

would be ejected from the evaporator. This heat 

transfer led R600a to reach the necessary 

temperature to enter the turbine, and after 

expanding in turbine and producing power before 

entering the condenser had a heat transfer with the 

working fluid of the asymptotic cycle, and then 

entered the condenser that had a heat transfer with 

the cold water of the condenser, and finally, got out 

of the condenser as a saturated liquid, and then 

entered the pump where its pressure increased as 

much as the pressure of the evaporator. The 

working fluid of the asymptotic cycle was R600, 

and after receiving heat, the temperature of the 

working fluid changed from 89.45 ºC at point 12 to 

113.3 ºC at point 13, and then entered the 

evaporator that had heat transfer with the hot air of 

the cooler. By this heat transfer, the temperature of 

R600 reached 200 ºC at point 14, meanwhile the hot 

water of cooler reached 180 ºC at point 9 from 270 
ºC at point 8. R600 after expanding in the turbine 

and creating a mechanical work before entering the 

condenser, lost the heat to the exiting fluid and then 

entered the condenser and the pressure increased as 

much as the pressure of the evaporator by the 

pump. Since the expanded working fluid had a high 

temperature, it could give some of the temperatures 

to the fluid before the evaporator. For this reason, 

the regenerator and heat exchanger were used to 

connect the two ORCs. The thermodynamic 

properties of different parts of the cycle are given 

in table 1.

 

 
Figure 5. Schematic representation of the thermal recycling cycle. 
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Table 1. Thermodynamic characters of the thermal recycling cycle. 

 

3. Modeling and Analysis 

3.1. Thermodynamic analysis 
The thermodynamic analysis involves mass 

conservation, energy conservation, and exergy 

balance; by applying these rules for each 

component of the cycle as a control volume, the 

amount of work and heat exchanged with the 

environment could be achieved. 

The assumptions that were considered in this work 

were as follow [25]: 

 The system works in steady-state. 

 The outlet of the condensers is in the form of 

saturated liquid with the same pressure of the 

condenser. 

 The pressure drop inside the heat exchangers 

and pipes is ignored. 

 The isentropic efficiency of the turbine, pump, 

and heat exchangers is 0.8, 0.9, and 0.7. 

 The changes in the kinetic energy and potential 

are ignored. 

The general form of the mass conservation law (for 

an open system) is as equation (1). 

 

∑ �̇�𝑖𝑛 = ∑ �̇�𝑜𝑢𝑡 
(1) 

 

In this equation, �̇�𝑖𝑛 indicates the input mass flow 

rate of the system and �̇�𝑜𝑢𝑡 indicates the output 

mass flow rate. 

�̇� (𝒌𝑾) S 

(kJ/kg.K) 

H 

(kJ/kg) 

�̇� (
𝒌𝒈

𝒔
) 

P (kPa) T (℃) Working 

fluid 

 

 

state 

   --- 101 52 ------ 0 

12111 131.1 -.555 6.31 101 .40 Pre-heater flue gas 1 

1.20 1310. -..1. 6.31 101 160 Pre-heater flue gas 2 

65531 13525 5.. 113.5 410 .0346 R600a 3 

10636 13524 5.631 113.5 .560 .5356 R600a 4 

2.5. .34.4 1500 113.5 .560 .00 R600a 5 

.045 .3414 10.. 113.5 410 54236 R600a 6 

1.0. 53166 65031 113.5 410 14031 R600a 7 

4606 .34.1 24631 .1 101 5.0 Hot air 8 

51.2 .3562 42234 .1 101 160 Hot air 9 

..632 1350. 52134 50316 54.3. 52 R600 10 

..434 13506 51134 50316 15.1 52315 R600 11 

1501 13.66 42235 50316 15.1 61342 R600 12 

1122 53.46 1263. 50316 15.1 61342 R600 13 

..11 .31. 1.132 50316 15.1 500 R600 14 

1.60 .31.. 61131 50316 54.3. 1103. R600 15 

62131 531.1 .0.35 50316 54.3. 11351 R600 16 

0 03.111 10436 45131 101 52 Water 17 

.4304 034.12 15236 45131 101 .0 Water 18 

0 03.111 10436 4.636 101 50 Water 19 

.1311 034.12 15236 4.636 101 .0 Water 20 
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The general form of the first law of 

thermodynamics or the conservation of energy 

regardless of the kinetic energy and potential (for 

the open system) is as equation (2). 

 

�̇� − �̇� = ∑ 𝑚ℎ̇ 𝑜𝑢𝑡 − ∑ 𝑚ℎ̇ 𝑖𝑛 
(2) 

 

In this equality, �̇� and �̇�, respectively, denote the 

rates of work and exchanged heat, and ℎ is the 

enthalpy of flow. 

In table 2, the equations derived from the first law 

of thermodynamics (the principle of conservation 

of energy) are represented for the components of 

the thermal recovery cycle.

Table 2. Energy balance of each component of system. 

First law of thermodynamics Components 

�̇�𝟏𝒉𝟏 + �̇�𝟒𝒉𝟒 = �̇�𝟐𝒉𝟐 + �̇�𝟓𝒉𝟓 Evaporator (1) 

�̇�𝑻𝒖𝒓(𝟏) = �̇�𝟓𝒉𝟓 − �̇�𝟔𝒉𝟔 Turbine (1) 

�̇�𝟔𝒉𝟔 + �̇�𝟏𝟐𝒉𝟏𝟐 = �̇�𝟕𝒉𝟕 + �̇�𝟏𝟑𝒉𝟏𝟑 Heat exchanger 

�̇�𝟕𝒉𝟕 + �̇�𝟏𝟕𝒉𝟏𝟕 = �̇�𝟑𝒉𝟑 + �̇�𝟏𝟖𝒉𝟏𝟖 Condenser (1) 

�̇�𝑷𝑼𝑴𝑷(𝟏) = �̇�𝟒𝒉𝟒 − �̇�𝟑𝒉𝟑 Pump (1) 

�̇�𝟏𝟑𝒉𝟏𝟑 + �̇�𝟖𝒉𝟖 = �̇�𝟏𝟒𝒉𝟏𝟒 + �̇�𝟗𝒉𝟗 Evaporator (2) 

�̇�𝟏𝟓𝒉𝟏𝟓 + �̇�𝟏𝟏𝒉𝟏𝟏 = �̇�𝟏𝟐𝒉𝟏𝟐 + �̇�𝟏𝟐𝒉𝟏𝟐 Regenerator 

�̇�𝟏𝟗𝒉𝟏𝟗 + �̇�𝟏𝟔𝒉𝟏𝟔 = �̇�𝟏𝟎𝒉𝟏𝟎 + �̇�𝟐𝟎𝒉𝟐𝟎 Condenser (2) 

�̇�𝑷𝑼𝑴𝑷(𝟐) = �̇�𝟏𝟎𝒉𝟏𝟎 − �̇�𝟏𝟏𝒉𝟏𝟏 Pump (2) 

 

3.2. Exergy analysis 
Exergy analysis is a powerful tool for investigating 

the energy conversion systems in order to 

determine the original sources of irreversibility and 

highly destructive components in the system. The 

exergy of a matter is often divided into four 

sections: physical, chemical, kinetic, and potential. 

Due to the low velocity and low altitude changes, 

the kinetic and potential exergy are often neglected. 

The exergy equilibrium obtained by the first and 

second laws of thermodynamics is in the form of 

relation (3): 

 

𝐸�̇� − 𝐸�̇� = ∑ �̇�𝑜𝑢𝑡𝑒𝑜𝑢𝑡 − ∑ �̇�𝑖𝑛𝑒𝑖𝑛 − �̇�𝐷 
(3) 

 

In this equation, 𝐸�̇�, 𝐸𝑊,
̇  and �̇�𝐷 , respectively, 

show the exergy rates related to heat transfer, work, 

and destruction. The special exergy of flow is 

shown by 𝑒 that contains both the physical and 

chemical parts.  

 
𝑒 = 𝑒𝑝ℎ + 𝑒𝑐ℎ (4) 

𝑒𝑖
𝑝ℎ

= (ℎ𝑖 − ℎ0) − 𝑇0(𝑠𝑖 − 𝑠0)         (5) 

𝑒𝑖
𝑐ℎ = ∑ 𝑥𝑖𝑒0,𝑖

𝑐ℎ

𝑛

𝑖

+ 𝑅𝑇0 ∑ 𝑥𝑖 ln(𝑥𝑖)

𝑛

𝑖

 
 

(6) 

�̇�𝑖 = �̇�𝑖𝑒𝑖 (7) 

 

Table (3) summarizes the exergy destruction rates 

of each component of the system: 

 

Table 3. Exergy destruction of each component of system. 
Exergy destruction Components 

  �̇�𝑫,𝑬𝑽𝑨(𝟏) = �̇�𝟒 + �̇�𝟏 − �̇�𝟐 − �̇�𝟓 Evaporator (1) 

 �̇�𝑫,𝑻𝑼𝑹(𝟏) = �̇�𝟓 − �̇�𝟔 − �̇�𝑻𝒖𝒓(𝟏) Turbine (1) 

 �̇�𝑫,𝑯𝑬𝑿 = �̇�𝟔 + �̇�𝟏𝟐 − �̇�𝟏𝟑 − �̇�𝟕 Heat exchanger 

 �̇�𝑫,𝑪𝑶𝑵(𝟏) = �̇�𝟕 + �̇�𝟏𝟕 − �̇�𝟏𝟖 − �̇�𝟑 Condenser (1) 

 �̇�𝑫,𝑷𝑼𝑴𝑷(𝟏) = �̇�𝟑 − �̇�𝟒 − �̇�𝑷𝑼𝑴𝑷(𝟏) Pumps (1) 

  �̇�𝑫,𝑬𝑽𝑨(𝟐) = �̇�𝟏𝟑 + �̇�𝟖 − �̇�𝟏𝟒 − �̇�𝟗 Evaporator (1) 

 �̇�𝑫,𝑹𝑬𝑪𝑼𝑷𝑬𝑹𝑨𝑻𝑶𝑹 = �̇�𝟏𝟓 + �̇�𝟏𝟏 − �̇�𝟏𝟐 − �̇�𝟏𝟔 Regenerator 

�̇�𝑫,𝑪𝑶𝑵(𝟐) = �̇�𝟏𝟗 + �̇�𝟏𝟔 − �̇�𝟏𝟎 − �̇�𝟐𝟎 Condenser (2) 

 �̇�𝑫,𝑷𝑼𝑴𝑷(𝟐) = �̇�𝟏𝟎 − �̇�𝟏𝟏 − �̇�𝑷𝑼𝑴𝑷(𝟐) Pumps (2) 

 �̇�𝑫,𝑻𝑼𝑹(𝟏) = �̇�𝟏𝟒 − �̇�𝟏𝟓 − �̇�𝑻𝒖𝒓(𝟐) Turbine (2) 

 

To define the exergy efficiency for each one of the 

components, first, it is necessary to describe the 

concepts of fuel exergy and production exergy. In 

fact, fuel exergy is the consumed exergy by a 

component of the system that produces the desired 

and product exergy. Exergy efficiency for each 

component of the system is defined as the product 

exergy divided by the fuel exergy based on 

equation (8). 

 

ε =
�̇�𝑃

�̇�𝐹

 
(8) 
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where  𝐸𝑃
0   and  𝐸𝐹

0  are  as the product exergy and 

the fuel exergy, respectively. Table (4) shows some 

expressions for fuel and production exergy for each 

component of the system.  

 
Table 4. Fuel and production exergy for each component of system. 

product Fuel Components 
�̇�𝑻𝒖𝒓(𝟏) �̇�5 − �̇�6 Turbine (1) 

�̇�𝟏𝟑 − �̇�𝟏𝟐 �̇�6 − �̇�7 Heat exchanger 
�̇�𝟏𝟖 − �̇�𝟏𝟕 �̇�7 − �̇�3 Condenser (1) 
�̇�𝟒 − �̇�𝟑 �̇�𝑃𝑈𝑀𝑃(1) Pumps (1) 

�̇�𝟓 − �̇�𝟒 �̇�1 − �̇�2 Evaporator (1) 
�̇�𝑻𝒖𝒓(𝟐) �̇�14 − �̇�15 Turbine (2) 

�̇�𝟏𝟐 − �̇�𝟏𝟏 �̇�15 − �̇�16 Regenerator 
�̇�𝟐𝟎 − �̇�𝟏𝟗 �̇�16 − �̇�10 Condenser (2) 
�̇�𝟏𝟏 − �̇�𝟏𝟎 �̇�𝑃𝑈𝑀𝑃(2) Pumps (2) 

�̇�𝟏𝟒 − �̇�𝟏𝟑 �̇�8 − �̇�9 Evaporator (2) 
 

 
Figure 6. Exergy destruction of each component of system. 

 
Figure 7. Exergy efficiency of each component of system.
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The exergy efficiency and net work rate for the 

whole system are given by equations (9) and (10), 

respectively. 

 

𝜓 =
�̇�𝑛𝑒𝑡

𝐸1̇ + 𝐸8̇

 
 

(9) 

�̇�𝑛𝑒𝑡 = �̇�𝑇𝑈𝑅1 + �̇�𝑇𝑈𝑅2 − �̇�𝑃𝑈𝑀𝑃1 − �̇�𝑃𝑈𝑀𝑃2 

 

(10) 

4. Parametric Study 

A comprehensive parametric study was performed 

on the basic parameters of the cycle in order to 

show their effects on the net output power and 

exergy efficiency. The basic parameters involved 

include temperatures and inlet pressures to the 

turbines. Figures (8) and (9) illustrate the influence 

of the inlet pressure of the first and second turbines 

on the turbine-generated work and net outlet work 

of the cycle. 

According to figures (8) and (9), by increasing the 

inlet pressure of the turbines at the constant 

temperatures of 300 and 200 oC, respectively, for 

the first and second turbines, the net work is 

increased. 

In fact, for each turbine, as the inlet pressure of the 

turbine increases, the average temperature at which 

the heat is transferred to the working fluid is 

increased, and this increases the turbine production 

work. Figures (10) and (11) show the effect of the 

inlet temperature of the turbines at constant 

pressure of 3280 kPa for the first turbine and 1236 

kPa for the second turbine. 

According to these diagrams, by increasing the 

inlet temperature of the turbine, or in other words, 

the degree of superheat, the net work will be 

increased due to increase in the average 

temperature at which heat is transferred to the fluid. 

 
Figure 8. Influence of inlet pressure of first turbine on net work rate. 

 
Figure 9. Influence of inlet pressure of second turbine on net work rate.

 

0

500

1000

1500

2000

2500

3000

3500

4000

0/9 1/4 1/9 2/4 2/9 3/4 3/9

N
et

 w
o

rk
 r

at
e 

(k
W

)

Inlet pressure of first turbine (MPa)

net work t1 t2 �̇�𝑇𝑈𝑅−2

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0/9 1/4 1/9 2/4 2/9 3/4 3/9

N
et

 w
o

rk
 r

at
e 

(k
W

)

Inlet pressure of second turbine (MPa)

n t1 t2�̇�𝑛𝑒𝑡 �̇�𝑇𝑈𝑅−1 �̇�𝑇𝑈𝑅−2



M. Jalili et al./ Renewable Energy Research and Application, Vol 1, No 1, 2020, 123-134 
  

131 

 

Figures (12) and (13) consider the impact of the 

inlet pressure on the turbines at different inlet 

temperatures. These diagrams assume that one of 

the turbines operate at a constant temperature and 

pressure, and the effect of changing the 

temperature and pressure of the other turbine on the 

net output work can be observed. 

 

 
Figure 10. Influence of inlet temperature of first turbine on net work rate. 

 

Figure 11. Influence of inlet temperature of second turbine on net work rate. 

 

Figure 12. Influence of inlet pressure of first turbine on net work rate at different temperatures.
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According to figure (12), when the first turbine 

operated at 300 ℃ and 3280 kPa, the net work 

increased dramatically by increasing the 

temperature and pressure of the second turbine. 

According to figures (12) and (13), as the pressure 

and inlet temperature for each turbine increase, the 

net output work is increased. 

With increase in temperature and pressure, the 

average temperature at which heat transfers 

through the operating fluid and a hot source 

increases, and due to that, the efficiency of the 

cycle and net output work is increased. Figures (14) 

and (15) show the effect of the inlet temperatures 

of the first and second turbines on the exergy 

efficiency of the whole system. These graphs 

assume that each time the temperature and pressure 

of one of the turbines are constant (for the first 

turbine 300 ℃ and 3280 kPa, and the second 

turbine 200 ℃ and 1236 kPa) and the pressure and 

temperature values for the second turbine change. 

In figures (14) and (15), with increase in 

temperature and pressure, the net work increases, 

and according to equation (10), the increase in the 

net work is associated with an increase in the total 

exergy efficiency.

 

 
Figure 13. Influence of inlet pressure of second turbine on net work rate at different temperatures. 

 

 
Figure 14. Influence of inlet temperature of first turbine on the exergy efficiency of the whole cycle.
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Figure 15. Influence of inlet temperature of second turbine on the exergy efficiency of the whole cycle. 

5. Conclusion 

Since cement plants are the major energy 

consumers in both the thermal and electric powers, 

implementing a thermal recycling system in these 

plants, in addition to generating power and 

reducing dependence on the national grid, would 

reduce greenhouse gas emissions. According to the 

parametric study performed on the proposed cycle, 

the following results were obtained: 

 When the inlet temperature and pressure of the 

turbine were closer to the critical point of the 

expanded operating fluid in the turbine (the 

pressure of 3600 kPa was considered as the 

highest allowable pressure for both fluids and 

also their temperature was obtained by the 

temperature of the preheating gases and the hot 

air of cooler and the efficiency of the 

evaporators), the net output work rate of the 

cycle, and consequently, the exergy efficiency 

of the whole system increased.  

 When the inlet pressure of the turbines was 

increased from the value listed in table 1 to 3600 

kPa, the net work of the cycle reached from 

3497 kW to 4186 kW and the exergy efficiency 

reached from 38% to 45.94%. 

 

Nomenclature  

e Special exergy (kJ/kg) 

Ė Exergy flow rate (kW) 

ĖD Exergy rate of destruction 

ĖQ Exergy associated with heat 

ĖW Exergy associated with work 

h Specific enthalpy (kJ/kg) 
ṁ Mass flow rate (kg/s) 
P Pressure (kPa) 

Q̇ Heat transferred (kW) 

R Gas constant (kJ/kmol K) 

s Specific entropy (kJ/kg K) 

T Temperature (℃) 

Ẇ Work rate (kW) 

Greek symbols 

ψ Exergy efficiency for whole system 

ε Exergy efficiency for each 

component 

Subscripts 

0 Reference environment condition 

ch Chemical 

CON Condenser 

EVA Evaporator 

F Fuel  

HEX Heat exchanger 

in Inlet stream 

out Outlet stream 

P Product 

ph Physical 

TUR Turbine 
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