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A B S T R A C T   

Exhaust gases from the smelting furnace have high temperature and mass flow rate, and there is 
huge potential to use them for energy-related purposes such as electricity generation, cooling and 
heating. Utilization of the gases for energy-related purposes would lead to fuel savings and 
emissions reduction. To use this potential, it is necessary to design proper systems and cycles and 
apply a heat recovery unit. Several technologies are useable for heat recovery depending on the 
characteristics of exhaust gases, such as their mass flow rate, temperature and compositions. Due 
to the higher potential of combined heating, cooling and power (CCHP) generation systems 
compared with the systems with a single output, a CCHP is designed and investigated in the 
present study by consideration of the specifications of the exhaust gases. The applied system in 
this study comprises a Supercritical CO2 (SCO2) cycle, heat exchanger and single-stage absorption 
chiller for simultaneous heating, cooling and power production. Engineering Equation Solver 
(EES) is employed to model the proposed system by considering the properties of the flows and 
characteristics of the components. To get deep insight into the effective parameters on the outputs 
of the designed system, the impact of three factors, namely the mass flow rate of the gases, the 
effectiveness of heat exchanger and temperature of exhaust gases, are analyzed and investigated 
by the implementation of sensitivity analysis. As one of the main conclusions, it is found that an 
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increment in the mass flow rate of exhaust gases from 30 kg/s to 70 kg/s causes augmentation in 
the power generation from 2037 kW to 4754 kW. Furthermore, exergy analysis is carried out, and 
it is found that an increase in the temperature or mass flow rate of exhaust gases or a decrease in 
the effectiveness of heat exchangers would lead to decrement in the exergy efficiency of the 
system. According to the performed sensitivity analysis, the mass flow rate of exhaust gases has 
the most remarkable influence on the heating and cycle-generated power among the considered 
factors.   

Abbreviations 
AC Absorption Chiller 
ARC Absorption Refrigeration Cycle 
CCHP Combined Cooling, Heating and Power 
CPR Compressor Pressure Ratio 
COP Coefficient of Performance 
ED Exergy Destruction 
EES Engineering Equation Solver 
EG Exhaust Gases 
HRU Heat Recovery Unit 
MFR Mass Flow Rate 
OFC Organic Flash Cycle 
ORC Organic Rankine Cycle 
S–CO2 Supercritical CO2 
ST Solar Thermal 
WHR Waste Heat Recovery 
WTE Waste to Energy   

1. Introduction 

Augmentation in the emission of greenhouse gases like NOx, CO2 and CO, fluctuations in the fossil fuels prices and restrictions in 
the sources of conventional fossil fuels have necessitated the development of alternative systems and energy sources [1–3]. Efficiency 
improvement of the systems by applying some approaches such as performance optimization and, utilizing the waste heats and making 
use of clean energy technologies based on the renewable energy sources are among the most practical solutions for the above-
mentioned issues. Heat recovery can be implemented from the waste heat of various systems, namely Exhaust Gases (EG) of power 
plants [4], cars [5], fuel cells [6] and different industries [7,8]. Supplied energy by Waste Heat Recovery (WHR) systems are applicable 
for various purposes like heating, cooling and power production. For instance, Wang et al. [9] applied low-pressure economizer for 
WHR from exhaust flue gases in a power plant. They reported some benefits for this system, including standard coal equivalent saving, 
water saving and decrement in CO2 emission. Orr and Akbarzadeh [10] investigated applications of thermoelectric generators for 
power generation from the WHR system and reported that by using a thermoelectric generator, it would be possible to produce 1.4 kW 
electricity from the EG of a car in a condition of engine production of 150 kW. Xu et al. [11]analyzed a WHR system of a power plant by 
using serial absorption heat pumps on a large scale. It was pointed out that a heating capacity of 63.57 MW and Coefficient of Per-
formance (COP) of 1.77 were obtainable by applying one serial absorption heat pump in case of inlet/outlet temperature of waste heat 
equal to 34.63/28.33 ◦C and inlet/outlet return water temperature of 45.94/81.34 ◦C. 

There is significant potential for EG from smelting furnaces to utilize their waste heat for different purposes. Different scholars have 
implemented studies on the WHR from various industries [12]. In a study by Naeimi et al. [13], two scenarios were analyzed for power 
generation by heat recovery from a cement factory. In the first case, just one heat recovery boiler was applied. In this case, total mixed 
gas goes to the boiler before going to the grid cooler and preheater. In the second configuration, there was a vapor mixture that went to 
the steam turbine. They reported that the efficiency of the first and second configurations was 23.5% and 22.2%, respectively. In 
another work by Chen et al. [14], a new WHR system for cement plant was introduced and analyzed. WHR was integrated with a 
coal-fired power plant regeneration process in this configuration. Their findings showed that the proposed WHR system can generate 
6.75 MW more net power than the conventional one. Gomaa et al. [15] investigated the potential of WHR from a cement factory by 
making use of a thermoelectric generator. In their work, some thermoelectric generators were installed on a secondary coaxial shell 
that was separated from the shell of the kiln and two cooling approaches, namely forced air and active water, were applied. They noted 
that using active water cooling induces a 4.4% enhancement in the power of thermoelectric generators compared with forced air 
cooling. Furthermore, an economic analysis was implemented, and it revealed that the payback periods of the active water cooling and 
forced air approaches were 16 and 9 months, respectively. Aside from cement factory, heat recovery has been applied for other in-
dustries. For instance, aluminum industry is one of the sectors with high potential for heat recovery. According to a review article on 
this industry [16], employment of waste heat recovery technology is one of the approaches for decreasing energy consumption and 
decrementing the environmental effects of emissions. 

There are different cycles for power generation by use of thermal energy; however, Brayton cycles with supercritical fluids are one 
of the most appropriate types for the aim of the present work, which is electricity generation from the recovered heat of melting 
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furnace exhaust. The supercritical Brayton Cycle (SCBC) is among the promising cycles applicable for power generation regarding the 
compactness of its configuration and proper thermal efficiency at relatively low temperatures at the inlet of the turbine (450-750 ◦C) 
[17]. Supercritical CO2 (S–CO2) is one of the most conventional working fluids useable in SCBCs. Various studies have investigated 
different aspects of SCBC with CO2 as the operating fluid. A study by Chen et al. [18] proposed a hybrid system by adding S–CO2 cycle. 
In the proposed system, the S–CO2 cycle gains thermal energy from the Waste-to-Energy (WTE) boiler superheater and the produced 
saturated steam by the boiler of WTE was applied as the thermal source for the coal power plant feedwater. The system function was 
compared with the conventional separate scheme. Their findings revealed that the efficiency of WTE was augmented by 8.34%. In 
another study [19], the potential of two novel layouts for the S–CO2 cycle, namely single and dual flow split with dual expansion for 
waste heat recovery, was compared with the traditional single recompression and recuperated layouts. It was observed that the dual 
flow split and dual expansion has the best function among the considered layouts. Olumayegun and Wang [20] carried out a study on 
the S–CO2 cycle dynamic modelling and control utilizing waste heat from industrial processes. Results of the work indicated that the 
single recuperator recompression S–CO2 cycle thermal efficiency is around 33%. System stable operation can be obtained by making 
use of a throttle valve and cooling water control to keep the outlet condition of the precooler constant. Wang et al. [21] implemented a 
parametric optimization design for the S–CO2 cycle by applying a neural network and genetic algorithm. It was reported that key 
thermodynamic factors like turbine inlet pressure and temperature and ambient temperature have a remarkable influence on the 
performance of the system and Exergy Destruction (ED) in each unit. S–CO2 cycles could be coupled with clean energy technologies 
like solar systems for power generation. Some studies have investigated these types of S–CO2 cycles, utilizing renewable energy 
sources. In a study by Novales et al. [22], sensitivity analysis was carried out on the partial cooling and recompression cycles for 
concentrating solar power, and it was found that the recompression cycle efficiency is remarkably more sensitive than the other one. 
Sun et al. [23] implemented a study on parametrized analysis and optimization of the S–CO2 cycle integrated with parabolic trough 
collectors. The findings recommended that a simple recuperation cycle scheme shows a more appropriate function in comparison with 
the intercooling scheme and recompression cycle scheme in terms of cost; however, the advantage in specific work of recompression 
and intercooling cycle layouts is not obvious. 

Combined Cooling, Heating and Power (CCHP) systems have captured attention in recent years regarding their high energy effi-
ciency and lower emissions of greenhouse gases in comparison with conventional systems with the ability to produce just power. These 
systems are similar to combined heating and power systems with additional components for cooling production [24]. Generally, CCHP 
systems are applied in thermal power plants utilizing fossil fuels [25]; however, using other energy sources in CCHP systems is 
possible. Different configurations have been proposed to have CCHP systems depending on the available sources and required outputs. 
In a study by Ai et al. [26], a CCHP that was integrated with a regenerative organic flash cycle was analyzed. Their study designed a 
novel configuration by coupling a regenerative organic flash cycle (OFC) and solar thermal (ST) input system. The CCHP-ST-OFC 
function was assessed and compared with a conventional CCHP and CCHP-ST-Organic Rankine Cycle (ORC). They reported that 
heat provisions and electricity were 19.3 kW and 4.7 kW higher than the CCHP-ST-ORC system. OFC subsystem electricity was 47% 
higher than the ORC system. In a study by Wang et al. [27], a CCHP system composed of S–CO2 cycle, gas turbine, Absorption 
Refrigeration Cycle (ARC), steam generator, ORC and additional thermoelectric generator was analyzed. It was noted that the 
employment of a thermoelectric generator induces a 0.3% increment in the thermal efficiency under design conditions; however, it 
leads to a 0.45 $/h higher cost rate and around 19 kt CO2 eq larger emissions. In another work [28], a CCHP system composed of a 
regenerative S–CO2 cycle, ORC, gas turbine cycle and ARC for waste heat recovery from a gas turbine was investigated. Findings 
revealed that overall exergoeconomic factor of the system after exergoeconomic aspect optimization is 20.17%. The highest ED rate in 
the investigated system was the component combustion chamber; however, the gas turbine cycle has the highest total ED. Wang et al. 
[29] investigated a CCHP system composed of a regenerative gas turbine cycle as the runner system and ejector refrigeration cycle, and 
Kalina cycle as the companion components. Thermodynamic modeling demonstrated that approximately 75% of total ED is associated 
with regenerative gas turbine cycle. 

Till now, the majority of the studies on heat recovery from industries have focused on power generation by making use of different 
cycles such as ORC [30] and Kalina [31], and some others have investigated power generation by use of some components like 
thermoelectric generator [15]. Due to the better performance of CCHP systems in terms of overall efficiency and products, it would be 
beneficial to develop these systems to utilize recovered heat from EG of the smelting furnaces. The generated electricity can be 
connected to the grid or applied for the facilities’ power requirement. The produced heating and cooling are applicable in residential 
facilities in the vicinity of the location of the smelting furnace. To have a suitable system with appropriate outputs, it is crucial to use 
proper configuration and components. In this work, a CCHP system composed of Absorption Chiller (AC), heat exchanger and S–CO2 
cycle utilizing EG of a smelting furnace is thermodynamically investigated. Due to the involvement of various factors in the overall 
performance and outputs of the designed systems, assessing some of the most important parameters is beneficial. In this regard, the 
impacts of different factors like temperature and flow rate of EG and heat exchanger effectiveness on the proposed system’s output are 
evaluated and analyzed. Furthermore, sensitivity analysis is implemented to find the importance level of the mentioned factors. The 
most important hypotheses and aims of the present work could be outlined as follows.  

• If it is technically feasible to apply EG from a smelting furnace to produce power, heating and cooling.  
• How the outputs of the designed system would be affected by variations in the temperature and Mass Flow Rate (MFR) of EG and 

the effectiveness of the applied heat exchanger?  
• To what extent do each of the mentioned factors affect the efficiency and outputs of the system?  
• What are each product’s shares in the system’s total outputs?  
• How would the system’s exergy efficiency be affected by variations in the considered variables? 
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Details of the proposed system, assumptions and modeling process are provided in the following sections. 

2. Proposed system and applied equations 

This study investigates a CCHP system utilizing EG of a smelting furnace. Schematic of the proposed configuration is illustrated in 
Fig. 1. There are different cycles for power generation by waste heat recovery. S–CO2 cycles are useable for higher temperatures of 
waste heat sources compared to ORC, i.g. temperatures higher than 400 [32,33]. In Fig. 2, a comparison of various working ranges of 
heat to power systems based on bottoming thermodynamic cycles for WHR is provided. Similarly, it is reported that Kalina cycle more 
believable application is limited to heat sources with medium-low temperatures, typically the highest temperature of 300 ◦C-400 ◦C in 
condition of heat recovery. Since the aim of the present study is heat recovery from smelting furnace EG with ta temperature of higher 
than 450 ◦C, the S–CO2 cycle is applied for the power generation section of the system. In this layout, the EG, with properties 
mentioned in Table 1, enter the primary heat exchanger to supply the thermal energy of an S–CO2 cycle with precooler and recu-
perator. Afterwards, it enters the 2nd heat exchanger to provide hot water. In this heat exchanger, cold water receives heat from the EG 
and its temperature increases. Subsequently, the EG go through ta single effect AC’s generator (desorber) Equations used for the 
modeling of the systems are provided separately in this section. It should be noted that the range of temperature of gases ais considered 
based on another study, which has been assumed equal to 550 ◦C [34], while it has varied around this value in this work to investigate 
its effect. The MFR of EG depends on the furnace’s capacity and dimensions. Here, we considered MFR in the range of 30 kg/s-50 kg/s 
to have enough energy input for the generation of different products. 

2.1. SCO2 cycle 

The considered S–CO2 cycle in this study is composed of compressor, turbine, primary heat exchanger, recuperator and precooler. 
Applied work by the compressor is determined based on the total enthalpy (h0) and the efficiency of the compressor (ηComp) by using 
Equation (1) as follows: 

Wcomp =
h́02 − h01

ηComp
(1)  

where the compressor efficiency is assumed to be equal to 0.80 since it has been between 75% [36] and 85% [37] in the previous 
works. h01 refers to the enthalpy of CO2 by considering total temperature and total pressure as follows, Equations (2) and (3), 
respectively. 

h01 = h{CO2, T =T01, P=P01} (2)  

h́02 = h{CO2, s= ś02,P=P02 (3)  

where ́s02 is the entropy of fluid obtained in an isentropic process and is equal to s01. The total pressure at point 2 (P02) is determined 
based on the Compressor Pressure Ratio (CPR) according to Equation (4) as follows: 

P02 =CPR.P01 (4) 

To determine the enthalpy, temperature and entropy of the stream at point 2, Equations (5)–(7) are applied: 

h02 = h01 +Wcomp (5) 

Fig. 1. Schematic of CCHP system utilizing EG of smelting furnace.  
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T02 = T{CO2 h= h02,P=P02} (6)  

s02 = s{CO2,T =T02,P=P02} (7) 

Total enthalpy and temperature at the outlet of the recuperator section are obtained according to Equations (8) and (9), 
respectively. 

h03 = ε.(h05 − h{CO2,T = T02,P=P05}) + h02 (8)  

T03 = T{CO2, h= h03,P=P03} (9)  

In the primary heat exchanger, Equations (10)–(12) can be written based on energy conversion in this component of the system: 

ṁCO2 =
CP,exh.

(
Texh,in − Texh,out

)

h04 − h03
(10)  

h06 = h05 − (h03 − h02) (11)  

T06 = T{CO2, h= h06,P=P06} (12) 

Generated work in the turbine can be determined by applying Equation (13): 

WTurb =(h04 − h́05).ηTurb (13)  

where ηTurb is assumed equal to 0.85 since it has been considered in range of 80% [36] to 90% [37] in the previous studies and h́05 is 
determined by using Equation (14). 

h́05 = h{CO2, s= ś05,P=P05} (14)  

In the abovementioned equation, ́s05 = s04. Enthalpy, temperature and entropy at point 5 are determined by applying Equations (15)– 
(17). 

h05 = h04 − WTurb (15)  

T05 = T{CO2, h= h05,P=P05} (16)  

s05 = s{CO2, h= h05,P=P05} (17) 

Fig. 2. Comparison of various working ranges of heat to power conversion systems [35].  

Table 1 
Properties of the EG from a smelting furnace.  

Mass Flow Rate (kg/s) 30, 40, 50, 60 and 70 
Cp (kj/kg.K) 0.96 
T0 (◦C) 490, 520, 550, 580 and 610 
P0 (Pa) 101325  
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Equations (19)–(26) are used to evaluate the cycle and determine its efficiency: 

Q̇Heater = ṁCO2 .(h04 − h03) (19)  

Q̇Recuperator = ṁCO2 .(h03 − h02) (20)  

Q̇Precooler = ṁCO2 .(h06 − h01) (21)  

ẆComp = ṁCO2 .(h06 − h01) (22)  

ẆTurb = ṁCO2 .(h04 − h05) (23)  

Power= ηGen
(
ηMech. ẆTurb − ẆComp

)
(24)  

Ẇnet = ηMech.ẆTurb − ẆComp (25)  

ηsCO2
=

Ẇnet

Q̇Heater
(26)  

where ηGen and ηMech are generator efficiency and mechanical efficiency which are assumed equal to 0.90 and 0.99, respectively. 

2.2. Single effect absorption chiller 

In this subsection, equations applied for the determination of the AC system performance are represented. The mass balance in the 
desorber section of AC system can be written as Equation (27). 

ṁ3 = ṁ4 + ṁ7 (27) 

Equations (28) and (29) represent the relationships between the MFR and quality of the streams. 

ṁ3x3 = ṁ4x4 (28)  

ṁ3(1 − x3)= ṁ4(1 − x4) + ṁ7 (29) 

For other points of the cycle, mass balance is determined by using the relationships provided in Equation (30). 

x8 = x7 x9 = x8 x10 = x9 x2 = x1 x6 = x5 x5 = x4 x3 = x2 ṁ8 = ṁ7 ṁ9 = ṁ8 ṁ10 = ṁ9 ṁ2 = ṁ1 ṁ6 = ṁ5 ṁ5 = ṁ4 ṁ3 = ṁ2 (30)  

In the above equation, x refers to the quality of the stream in each point. In the absorber section, mass balance can be written according 
to Equation (31). 

ṁ1 = ṁ10 + ṁ6 (31)  

Where Equation (32) represents the relationship between the MFR and quality of the stream. 

ṁ4x4 = ṁ3x3 (32) 

Temperatures at points 8 and 10 are determined as follows: 

T8 =TSat,Liquid(PH) (33)  

T10 = TSat,Vapor(PL) (34)  

where PH and PL are high and low pressure of the AC cycle, respectively. 
At points 1 and 4, temperature is calculated by use of Equations (35) and (36), respectively. 

T1 =TSat(PL, x1) (35)  

T4 =TSat(PH , x4) (36) 

Rates of heat transfer in the absorber, desorber, evaporator, condenser and solution heat exchanger are determined by using 
Equations (37)–(42), respectively. 

Q̇Absorber = ṁ1h1 + ṁ10h10 + ṁ6h6 (37)  

Q̇Desorber = ṁ4h4 + ṁ7h7 + ṁ3h3 (38)  
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Q̇Evaporator = ṁ10h10 − ṁ9h9 (39)  

Q̇Condenser = − ṁ8h8 + ṁ7h7 (40)  

Q̇CS = ṁ3h3 − ṁ2h2 (41)  

Q̇HS = − ṁ5h5 + ṁ4h4 (42)  

where h9 = h8 and h6 = h5. In the pump of AC system, following equations can be used to determine enthalpy at the outlet of it. 

h2 = h1 + (v1ΔP)/ηp
(43)  

where ηp is the pump efficiency and is assumed equal to 1 [38]. Enthalpy of the streams at different points are determined by using the 
relationships presented in Equation (44). 

h1 = h(T1, x1) h2 = h(T2, x2) h3 = h(T3, x3) h4 = h(T4, x4) h5 = h(T5, x5) h6 = h(T6, x6) h7 = h(T7,PH) h8 = hSat,Liquid(T8) h9

= h(PL,Q9) h10 = hSat,Vapor(T10)
(44) 

Effectiveness of the heat exchanger and COP of the AC system are determined by use of Equations (45) and (46), respectively. 

εHX =
T4 − T5

T4 − T2
(45)  

COP=
Q̇e

Q̇Gen
(46)  

2.3. Heat recovery unit (HRU) 

Heat Recovery Unit (HRU) is another component of the investigated CCHP system. In this unit, a cold water stream with a tem-
perature of about 20 ◦C enters the heat exchanger and receives heat from the hot gases leaving the S–CO2 cycle. The MFR of cold water 
is regulated in a way to have water with an outlet temperature of 60 ◦C [ASHRAE] The applied equations for this component of the 
system are as follows. 

Q̇HRU = ṁexhCpexh

(
TWH2 − TWH3

)
(47)  

ṁHotWater = Q̇HRU
/
Cpwater (THotWater − TColdWater) (48)  

2.4. Pinch point 

The location in which the temperature difference between cold and hot fluid is at its minimum value is referred to as the pinch point 
in the heat exchanger. In optimum design can assume that the hot side and cold side temperature difference is constant and equal to the 
pinch point temperature as represented in Equations (49) and (50). 

T04 = TWH1 − ΔTPinch (49)  

TWH2 = T03 + ΔTPinch (50)  

In order to solve the equations, Engineering Equation Solver (EES) is applied. 

2.5. Exergy analysis 

In addition to energy, exergy efficiency of the system is determined for the proposed system. Equation (51) is applied for calculation 
of exergy efficiency as follows: 

ηex,CCHP =
Ẇnet + ėxheating + ėxcooling

ėxfuel
(51) 

Equations (52) and (53) are used to calculate exergy products related to heating and cooling, respectively. 

ėxheating = ṁw
(
(hout − h0) − T0(sout − s0) − ((hin − h0) − T0(sin − s0)) (52)  

ėxcooling =
(

1 −
T0

Tcool

)

Q̇cooling (53) 
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where T0 is ambient temperature and cis considered equal to 25 ◦C. Subscript 0 refers to the dead state, which means ambient tem-
perature and pressure. Exergy product is determined by using Equation (54) as follows: 

exfuel=ṁWH( Cp ×(TWh1 − TWh4 ) − T0Cp ln
(

TWh1/TWh4

))

(54)  

3. Hypothesis and assumptions 

EG from the smelting furnace have high temperature and there is potential for power generation, heating and cooling by use of heat 
recovery systems. In this regard, the present study aims to evaluate feasibility of a CCHP system and assess the potential of EG for 
production of power, heating and cooling. Furthermore, we aim to assess the impact of some of the most important factors such as the 
MFR and temperature of EG and effectiveness of the heat exchanger used for heating production. Furthermore, exergy analysis would 
be considered to get deeper insight into the proposed system and its efficiency. In the base case of the present study, temperature of EG 
is considered 550 ◦C according to Ref. [34]. The considered temperatures in the present work varies between the base case in range of 
490–610 ◦C. MFR of the EG is dependent on the dimensions and capacity of furnace. We consider 50 kg/s as the base case for MFR of EG 
that can be generated form a large smelting furnace or more than one furnace with smaller scales. The assumptions for the considered 
AC cycle are as follows [39]:  

TAbsorber = 38◦C  
TCondenser = 38◦C  
TGenerator = 120◦C  
TEvaporator = 8◦C  
x7 = 0  
ṁRefigerant = 1kg/ s  
εHE = 0.70 

Pinch point = 30 ◦C   

Where εHE is the effectiveness of the heat exchanger used in the AC cycle between absorber and desorber. The pinch point in the 
generator is assumed to be equal to 30◦Cand pressure loss and heat loss in all components is assumed to be negligible. Other as-
sumptions, such as the efficiency of the components in the power generation cycle, are presented in Table 2. 

Flow properties in different points, according to the constraints and assumptions, are provided in Tables 3–5. 

Table 2 
Assumptions of the model for the power generation cycle.  

T01 32 ◦C 
P01 7.5 Mpa 
CPR 3.5 – 
Effectiveness 0.8 – 
Compressor efficiency 0.8 – 
Turbine efficiency 0.85 – 
Generator efficiency 0.9 – 
Mechanical efficiency 0.99 – 
Pressure loss – – 
Specific heat and exhaust gases 0.96 kJ/kg.K 
Pinch point 20 ◦C  

Table 3 
Stream properties of AC cycle for exhaust MFR of 50 kg/s, effectiveness of 0.80 and exhaust temperature of 550 ◦C.  

Point T0 [◦C] H0 [kJ/kg] Q (vapor quality) X (mass fraction) Mass Flow Rate [kg/s] 

1 38 93.98 – 0.553 9.303 
2 38 93.99 – 0.553 9.303 
3 70.68 161 – 0.553 9.303 
4 120 368.9 – 0.7413 8.303 
5 62.6 279.1 – 0.7413 8.303 
6 62.6 279.1 – 0.7413 8.303 
7 72.06 2635 – 0 1 
8 38 159.2 – 0 1 
9  159.2 0.05058 0 1 
10 8 2516 0 0 1  
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4. Validation 

To assess the applied model and validate it, two main subsystems, namely the AC and S–CO2, are separately modeled, and the 
obtained results are compared with the previous works by other authors. The determined values for different parameters in the present 
study and previous work are represented and compared in Table 6. As can be seen, the results have good agreement, and the differences 
between the determined value by the applied model in the present work and the data in the previous study are negligible. Table 7 
compares the results obtained by the present model with the data presented in a study by Martinez et al. [40]. It can be seen that for the 
same conditions, there is good agreement between the results, and it can be expressed that the applied model in the present work can 
be properly validated. 

5. Results and discussion 

In this work, the effect of three factors, including the MFR of EG, the effectiveness of heat exchanger and EG temperature, on the 
output of the system, is investigated. In Fig. 3-a, effect of MFR on power, heating is depicted and its effect on efficiency of S–CO2 and 
overall efficiency of the CCHP is illustrated in Fig. 3-b. In all of the cases, produced cooling is equal to 2356 kW. It can be seen that by 
elevation in the MFR, supplied heating and output power of the system increment while the cooling is constant since the MFR of AC 
working fluid and its input and operating condition are constant. Despite the augmentation of power and heating due to the increment 
of mass flow, which means higher available input for the heat recovery unit and S–CO2 cycle, the efficiency of the CCHP is decre-
mented, and the efficiency of the S–CO2 cycle is constant regarding the considered assumptions (constant efficiencies of the com-
ponents). By increasing the EG MFR from 30 kg/s to 50 kg/s, the efficiency of CCHP decrements from 58.63% to 56.19% for the 
condition of Twh1 = 550◦C, effectiveness = 0.80,ΔTPinch = 20◦C,ΔTPinch,HRU = 30◦C and CPR = 3.5. It can be attributed to the fact 
that the summation of produced energy in the form of heating and power by an increase in the MFR of gases is lower than the supplied 
energy since the efficiency of the components is lower than 1. 

In addition to the MFR, the influence of exhaust gas temperature on the outputs of the system is investigated and taken into account. 
As shown in Fig. 4-a, in the condition of ṁExhaust = 50 kg/s, effectiveness = 0.80,ΔTPinch = 20◦C,ΔTPinch,HRU = 30◦C and CPR = 3.5,
increment in the temperature causes augmentation in both heating and power generation regarding the higher available input energy. 
It should be noted that by increment in the temperature from 490 ◦C to 610 ◦C, generated power increases from 2918 kW to 3845 kW 
and supplied heating increases from 4814 kW to 8414 kW which is more significant from the power. Similar to the previous condition, 
increment in the temperature of EG causes a reduction in the efficiency of the CCHP cycle while the efficiency of the –CO2 cycle is 

Table 4 
Specifications of the stream in each point for S–CO2 cycle for exhaust MFR of 50 kg/s, effectiveness of 0.80 and exhaust temperature of 550 ◦C.  

Point T0 [K] P0 [Mpa] H0 [kJ/kg] S0 [kJ/kg.K] 

1 305.15 7.5 362.2 1.531 
2 376.65 26.25 408 1.555 
3 540.05 26.25 672.8 2.148 
4 803.15 26.25 1006 2.652 
5 665.35 7.5 859 2.691 
6 431.65 7.5 594.3 2.913  

Table 5 
Stream properties in the heat exchanger exhaust 
MFR of 50 kg/s, effectiveness of 0.80 and 
exhaust temperature of 550 ◦C.  

T_Wh_1 [◦C] 550 
T_Wh_2 [◦C] 286.9 
T_Wh_3 [◦C] 150 
T_Wh_4 [◦C] 85.74  

Table 6 
Comparison between the results of present study and previous work [41] on the AC system for ṁLi− Br = 1kg/s, TGenerator = 87.8◦C, TAbsorber = TCondenser =

38◦C, εHE = 0.70 and TEvaporator = 7.2◦C.  

Components Previous work by Kaushik and Arora [41] Present Study Unit Difference(%) 

Generator 3095.7 3048 [kW] 1.56 
Absorber 2945.27 2926 [kW] 0.66 
Condenser 2505.91 2477 [kW] 1.17 
Evaporator 2355.45 2355 [kW] 0.02 
Exchanger 518.72 542 [kW] 4.29 
Pump 0.0314 0.03212 [kW] 2.24 
COP 0.7609 0.7726 [− ] 1.51  
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constant, shown in Fig. 4-b. By increment in the temperature of EG from 490 ◦C to 610 ◦C, efficiency of the CCHP decreases from 
58.63% to 56.19%. 

Another factor that is investigated in this study is the effectiveness of the heat exchanger used in the S–CO2 cycle for reheating CO2 
before entering the primary heat exchanger. As illustrated in Fig. 5-a, an increase in the effectiveness from 0.7 to 0.9 induces an 
increment in the heating from 5395 kW to 7776 W. In this condition, the generated power slightly increases from 3377 kW to 3410 kW. 
These increments can be attributed to augmentation in the heat transfer between the streams in the heat exchanger that causes more 
available energy for the cycles. As illustrated in Fig. 5-b, the efficiency of S–CO2 and CCHP cycles increases from 27.18% to 33.17% and 
51.62%–62.47%, respectively, by increments in effectiveness from 0.7 to 0.9. 

Table 8 represents shares of heating, cooling and power for different MFRs of EG at constant temperature of gases and effectiveness 

Fig. 3. Effect of MFR on a) output and b) efficiency (Twh1 = 550◦C, effectiveness = 0.80,ΔTPinch = 20◦C,ΔTPinch,HRU = 30◦C,CPR = 3.5).  

Table 7 
Comparison between the values of the present model and previous work [40] for simple recuperated S–CO2 cycle by considering the same conditions 
(Compressor inlet pressure = 73.5 bar, compressor inlet pressure = 32 ◦C, compressor outlet pressure = 250 bar, recuperator effectiveness = 965%, 
turbine inlet pressure = 250 bar, turbine inlet temperature = 560 ◦C, turbine/compressor efficiency 93/89% and cycle pressure drops = 0).  

Parameter Previous work by Martinez et al. [40] Present study Unit Difference (%) 

Stack Temperature 343.7 339.2 [◦C] 1.33 
Power 25143 25067 [kW] 0.30 
Cycle Efficiency 40.81 40.12 [− ] 1.72 
Net Work 116.6 115.92 [kW] 0.59  
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(see Table 7). It can be observed that with an increment in the MFR, shares of heating and power increase while the cooling share 
decreases. It can be attributed to the higher supplied energy to the system by increasing its MFR and constant cooling rate due to its 
design and assumptions. Similarly, as represented in Table 9, an increment in the gas temperature at continued effectiveness and 
temperature of EG causes a decrement in the share of cooling and power while causing an increase in the share of heating. It can be 
attributed to the higher provision of heating due to the increase in the temperature of EG, which is more noticeable than the increase in 
the generated power. In Table 10, effect of effectiveness on the shares of different output at constant MFR and temperature of EG is 
represented. It can be seen that by increment in the effectiveness, the heating share increases while the cooling and power shares 
decrease. It can be attributed to the higher increase rate of heating compared to power with augmentation in the effectiveness of the 
heat exchanger. To sum up, it can be stated that improvement in the recovered heat using increment in the temperature or MFR of EG 
or elevation in the effectiveness of heat exchanger induces an increase in the share of heating in the products of the proposed system 
while the share of cooling would be decreased owing to the design assumptions that the cooling amount would be constant regardless 
of the recovered heat value. 

Aside from energy analysis, exergy evaluation is performed on the system’s performance. As shown in Fig. 6, an increase in the MFR 
of EG causes a small reduction in the exergy efficiency of the system. By incrementing the MFR from 30 kg/s to 70 kg/s, exergy ef-
ficiency decreases from around 36.3% to approximately 35.1%. In Fig. 7, the impact of exhaust gas temperature on the proposed 
system’s exergy efficiency is illustrated. It can be seen that there is approximately a linear reduction in the exergy efficiency with 
elevation of exhaust temperature. It can be attributed to less increment in the exergy of the product compared with the exergy of fuel, 
the exergy supplied to the system by EG, with an increase in the MFR or temperature of EG. The impact of heat exchanger effectiveness 
on the exergy efficiency is presented in Fig. 8. It is noticed that with elevation in the effectiveness, exergy efficiency of the system 
would be increased, mainly due to the increase in heating exergy. In this condition, by increasing the effectiveness, ED in the heat 

Fig. 4. Effect of exhaust gas temperature on the a) output and b) efficiency of the system (ṁExhaust = 50 kg /s, effectiveness = 0.80,ΔTPinch = 20◦C,
ΔTPinch,HRU = 30◦C and CPR = 3.5). 
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Fig. 5. Effect of heat exchanger effectiveness on a) output and b) efficiency of the system (ṁExhaust = 50 kg
s , Twh1 = 550◦C, ΔTPinch = 20◦C,

ΔTPinch,HRU = 30◦C and CPR = 3.5
)

. 

Table 8 
Shares of heating, cooling and power in the outputs of the system for T_wh1 = 550 ◦C, effectiveness = 0.80 and a) m˙_Exhaust = 30 kg/s, b) 
m˙_Exhaust = 40 kg/s, c) m˙_Exhaust = 50 kg/s, d) m˙_Exhaust = 60 kg/s, and e) m˙_Exhaust = 70 kg/s.  

Case Heating share (%) Cooling share (%) Power share (%) 

a 47 28 25 
b 51 23 26 
c 51 23 26 
d 55 16 29 
e 56 15 29  

Table 9 
Shares of heating, cooling and power in the outputs of the system for effectiveness = 0.80, m˙_Exhaust = 50 kg/s and a) T_wh1 = 490 ◦C, b) 
T_wh1 = 520 ◦C, c) T_wh1 = 550 ◦C, d) T_wh1 = 580 ◦C, e) T_wh1 = 610 ◦C.  

Case Heating share (%) Cooling share (%) Power share (%) 

a 48 23 29 
b 51 21 28 
c 53 19 28 
d 56 17 27 
e 58 16 26  
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exchanger would be decreased, and higher exergy efficiency would be achieved. 

6. Sensitivity analysis 

To calculate the importance of the factors considered in the previous section on the power and heating of the system, sensitivity 
analysis is implemented. Three variables, including effectiveness, MFR and temperature of the EG, are considered for the sensitivity 
analysis. This procedure is implemented by calculating the dependency factor that is between − 1 and 1. By comparing the absolute 

Table 10 
Shares of heating, cooling and power in the outputs of the system for T_wh1 = 550 ◦C, m˙_Exhaust = 50 kg/s and a) effectiveness = 0.70, b) 
effectiveness = 0.75, c) effectiveness = 0.80, d) effectiveness = 0.85 and e) effectiveness = 0.90  

Case Heating share (%) Cooling share (%) Power share (%) 

a 49 21 30 
b 51 20 29 
c 53 19 28 
d 53 19 28 
e 56 18 26  

Fig. 6. Effect of EG MFR on the exergy efficiency for T_wh1 = 550 ◦C and effectiveness = 0.80.  

Fig. 7. Effect of temperature of EG on the exergy efficiency for effectiveness = 0.80 and m˙_Exhaust = 50 kg/s.  
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value of the dependency factor, their importance is obtained, and higher values reveal more influence on the output. Being positive and 
negative for the obtained values refers to the increase and decrease of output as the result of augmentation of the associated factor. The 
relevancy factor of the parameters is determined as follows [1,42]: 

r=

∑N

i=1

(
Xk,i − Xk

)
(yi − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1

(
Xk,i − Xk

)2 ∑N

i=1
(yi − y)2

√ (55)  

In the above equation, y refers to the output mean quantity and yi is the quantity of ith output. Xk refers to the mean value of the kth 
input and subscript refers to the kth input quantity. In this section, the sensitivity of the power and heating of the considered system to 
the effectiveness, temperature and flow rate of EG are determined. As shown in Fig. 9-a and Fig. 9-b, the most influential factor on both 
generated power and supplied heat, respectively, is the MFR of the EG. The effectiveness of a heat exchanger is more significant than 
the temperature of EG for the supplied heat, while it is less important for the generated power. 

Despite the technical feasibility of the proposed system in the simultaneous provision of cooling, heating and power by use of 
recovered thermal energy from the hot gases, there are some limitations in the use of this system. For instance, it is necessary to have a 
minimum input to the systems provided by the EG to have three products; therefore, there are lower limits for the MFR and tem-
perature of the gases. Furthermore, it is crucial to apply heat exchanger with proper efficiency. Low efficiencies, values lower than 
70%, can lead to remarkable decrement in the cycle performance. There would be similar degradation in the performance in conditions 
of high losses in the pressure lines and heat exchangers. 

7. Conclusion 

In this article, the performance of a CCHP system, composed of heat exchangers, absorption chiller and S–CO2 cycle, utilizing 
exhaust gases of a smelting furnace is investigated by considering the effect of mass flow rate and temperature of hot gases and the 
effectiveness of the heat exchanger. The most important findings are as follows.  

• The proposed system can generate power and supply heating and cooling with remarkable efficiency, up to 62.47%.  
• Increment in the exhaust gases mass flow rate and temperature induces elevation in the generated power while the increase in the 

effectiveness of the heat exchanger causes a slight reduction in the generated power. 
• Supplied heating increases with increments in the temperature and mass flow rate of hot gases and improvement in the effec-

tiveness of the heat exchanger.  
• The overall efficiency of the CCHP increases with increments in effectiveness while it reduces with increases in the mass flow rate 

and temperature of hot gases.  
• Among the considered variables, namely mass flow rate and, temperature of gases and effectiveness of the heat exchanger, effect of 

mass flow rate is more significant on both power and heating.  
• The exergy efficiency of the proposed system would be decreased with an increment in the temperature or mass flow rate of exhaust 

gases, while the increase in the effectiveness would lead to higher exergy efficiency.  
• The importance level of effectiveness is more than the temperature of hot gases for the supplied heating, while in the case of power, 

the temperature of gases has more impact. 

Fig. 8. Effect of heat exchanger effectiveness on the exergy efficiency for T_wh1 = 550 ◦C and m˙_Exhaust = 50 kg/s.  
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