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Abstract 

Passenger and commercial internal combustion engines have relatively large dissipated 

thermal energy sources that can be used for initiating thermodynamic refrigeration cycles at 

low temperatures while improving engine efficiency. Researchers have focused on combined 

power-refrigeration cycles in past studies. This paper presents the operation and performance 

of a new combined refrigeration system driven by waste heat recovery within the internal 

combustion engines. For this purpose, the effects of several parameters on the performance 

of the cycle are examined. Results show that an increase in the engine water temperature, 

exhaust gas temperature, part-load ratio (PLR), generator temperature, as well as adsorption 

evaporator temperature had a positive effect on the performance of the cycle. However, the 

rise in condenser temperature of the adsorption cooling system leads to bad performance. 

Also, the results indicate that the application of the adsorption refrigeration cycle in the 

combined cooling cycle, along with the increase in the refrigeration cycle performance by up 

to 65%, also improves the efficiency of the internal combustion engine. 
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1. Introduction 

In the past few decades,  many studies have been conducted on the heat energy recovery from 

internal combustion engines, and various power and refrigeration cycles were introduced. 

Meanwhile, most researchers have introduced power cycles and methods to improve their 

efficiency [1-13]. Some researchers also introduced refrigeration cycles powered by waste heat 

energy in internal combustion engines [14-16]. Power and refrigeration generation are two basic 

needs that can be met simultaneously with a combined power and refrigeration system. These 

systems form an efficient way to exploit low-cost resources. There are many ways to assist in the 

cogeneration of power and refrigeration. Wang et al. proposed an integrated power and 

refrigeration system with CO2 fluid to recover the heat loss from an internal combustion engine [17]. 

Zheng et al. proposed a hybrid power and refrigeration system based on the Kalina cycle [18]. Xia et 

al. developed a combined power and cooling system, which comprised of an organic Rankine cycle 

(ORC) and an ejector refrigeration cycle for the cascade utilization of waste heat from an internal 

combustion engine [19]. Wang et al. investigated a model library of common components in 

thermodynamic systems, and dynamic simulation models of three cascade systems, including an 

electric-cooling cogeneration system, a double-effect absorption refrigeration system, and a 

double-stage organic Rankine cycle, were recognized [20]. He et al. studied the steady-state 

experiment, energy balance, and exergy analysis of exhaust gas to improve the recovery of the 

waste heat of an internal combustion engine (ICE) [21]. They considered the different characteristics 

of the waste heat of exhaust gas, cooling water, and lubricant, a combined thermodynamic cycle for 

waste heat recovery of ICE. The combined thermodynamic cycle consists of two cycles: the organic 

Rankine cycle (ORC), for recovering the waste heat of lubricant and high-temperature exhaust gas, 

and the Kalina cycle. Cao et al. proposed a novel auxiliary trigeneration system for a ship based on 

the engine waste heat to produce electricity, cooling, and freshwater [22]. The system consists of a 

regenerative organic Rankine cycle (RORC) with R600 working fluid, a lithium-bromide/water single-

effect absorption chiller, and a humidification dehumidification (HDH) desalination unit. Alklaibi and 

Lior investigated the waste heat recovery (WHR) of a diesel engine for power generation and 

refrigeration [23]. They initiate waste heat recovery (WHR) from diesel engines for the generation 

of power by using organic Rankine cycle (ORC) systems and by providing refrigeration using 

absorption refrigeration systems (ARS) and adsorption cooling systems (ACS).  

As mentioned above, in most previous studies, many power cycles powered by waste heat 

recovery of the internal combustion engine were designed and investigated to improve engine 

efficiency. An alternative method for improving engine efficiency is the use of refrigeration cycles 

that implement the waste heat energy of the engine. In recent studies, researchers have focused 

on combined power-refrigeration cycles to improve the efficiency of internal combustion engines. 

A new combined refrigeration cycle is introduced and investigated thermodynamically in this study. 

In this combined cooling cycle, the adsorption refrigeration cycle is used, given its important 

advantages along with an optimized absorption refrigeration cycle. The important idea is that the 

desired energy source (heat dissipation in the internal combustion engine) is a low-temperature 

energy source and therefore, the best thermodynamic cycle that can perform well with a low-

temperature energy source is the absorption refrigeration cycle. On the other hand, by adding the 

https://www.sciencedirect.com/topics/engineering/combined-cooling-heating-system
https://www.sciencedirect.com/topics/engineering/organic-rankine-cycle
https://www.sciencedirect.com/topics/engineering/humidification
https://www.sciencedirect.com/topics/engineering/dehumidification
https://www.sciencedirect.com/topics/engineering/desalination
https://www.sciencedirect.com/science/article/abs/pii/S1364032121009047#!
https://www.sciencedirect.com/science/article/abs/pii/S1364032121009047#!
https://www.sciencedirect.com/science/article/abs/pii/S1364032121009047#!
https://www.sciencedirect.com/topics/engineering/organic-rankine-cycle
https://www.sciencedirect.com/topics/engineering/absorption-refrigeration-system
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physical absorption refrigeration cycle, and by having the same features and also having no moving 

parts and energy, a suitable combined refrigeration cycle can be achieved. 

2. System Description 

Figure 1 shows the schematic of a combined refrigeration cycle that is powered by the waste 

heat of an internal combustion engine. The internal combustion engine shaft is used for generating 

power within the generator. The jacket water loop is a loop of water that passes through the engine; 

hence there must be another hot water loop to extract the waste heat of the jacket water, which is 

done by a heat exchanger (JX). As the red dashed line indicates, the exhaust gas from the engine 

and the hot water loop is used as heating sources in the absorption cycle. As shown in Figure 1, 

there is a collector/adsorber that is the connection point of the absorption cycle with the exhaust 

gases, which re-enters the adsorption cycle from this part. 

 

Figure 1 Schematic of a combined refrigeration cycle. 

The main components of the combined cycle included the high pressure (HG) and low-pressure 

generators (LG), condensers, evaporators, absorbers, high  temperature, low-temperature heat 

exchangers, collectors, adsorbers, and pressure relief valves and tanks. It should be noted that LG1 

is above LG2 and LG2 is related to HG . In processes 1 to 2, the pump passes lithium bromide-water 

solution through the heat exchanger and receives a part of the heat from processes 3 to 4,  the 

heating goes up, and a part of the solution goes down to the pressure generator, and the other part 

moves to the high-temperature heat exchanger. During 3, the resulting solution flows from 2 to the 

low-pressure generator. In processes 4 to 7, the solution enters the heat exchanger, the 

temperature rises, and finally enters the high-pressure generator. In processes 8 to 9, the solution 

in HG enters the heat exchanger, and some of its heat is to the opposite solution and enters LG2. In 
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state 10, the hot gases in HG are passed into a tube through LG2 to cool the gases into liquid, and 

finally, in step 11, after passing through a pressure relief valve and reducing the pressure to the 

condenser pressure, it enters the condenser. After performing processes 10 to 11 and passing the 

solution through LG2, the solution in LG2 is heated until a part of it turns into steam. The hot water 

ring enters LG1 and releases some of its heat, and the temperature decreases and comes out of LG1. 

Some heat enters LG1 through the hot water ring, causing a part of the solution in LG1 to evaporate. 

The vapors in LG1 and LG2 leave the generator and enter the condenser. In state 16, after passing 

through a pressure relief valve, the pressure of the solution of the condenser decreases and enters 

the evaporator. The solution enters the absorber in the next process. The liquid solution in LG2 

enters the heat exchanger and releases a part of its heat to solution 2, and enters the absorber. A 

water pipe passes through the absorber and condenser to capture some of the gas, and a water 

pipe enters the evaporator to slightly heat the solution present inside the evaporator. The hot water 

ring enters the heat exchanger, the other side of which consists of the water jacket ring, which cools 

the engine. In the next step, the exhaust gas passes through the HG, from which some of the heat 

is given to the generator, then it leaves the generator and enters the collector. The methanol 

solution passes through the collector, and the output exhaust gas from HG enters the collector. The 

methanol solution is further heated and evaporated. In state 20, the steam enters the condenser 

and cools, and in state 17, the liquid methanol enters the tank. The presence of valves e and c is for 

the isolation of the collector. The initial temperature of the collector is equal to the outlet 

temperature of HG, and its pressure is approximately equal to the pressure of the evaporator. 

Finally, the solution enters the evaporator and heats up a bit, and these steps are repeated 

frequently. 

3. Mathematical Models and Thermodynamic Analysis 

The mathematical model of energy analysis for each component is recognized based on the 

principles of mass and energy conservation, and there are several major physical processes in the 

proposed energy equation and exergy balance equation of the combined refrigeration cycle. Each 

physical component in the refrigeration system can be defined through a set of mathematical 

equations. For the analysis of this combined cycle, assumptions that facilitate the cycle modeling 

process are made without significantly reducing the accuracy of the results. These assumptions are: 

(1) The combined refrigeration system operates at a steady state, and pressure losses inside the 

pipes are ignored. 

(2) Heat losses to the environment in the condenser, pumps, generator, and evaporator are 

neglected. 

(3) The working fluid at the evaporator outlet is saturated vapor. The state of the condenser 

outlet is saturated liquid, and its temperature is assumed to be approximately 6 °C higher 

than the temperature of the environment. 

(4) The flow across the throttle valve is isenthalpic. 

(5) The isentropic efficiencies of pump 1 and pump 2 are assumed to be 0.85. 

(6) The entire solution outlet from the generators and absorbers is in an equilibrium state. 

(7) The flows occurring in the heat exchangers are regarded as counter flows. 

(8) The mass flow rate of the solution, cooling water, as well as methanol are constant, and the 

vapor methanol behaves as a perfect gas. 
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(9) The specific heat of the desorbed or adsorbed methanol is considered a part of the bulk. 

(10) The temperature in each of the components, i.e., the adsorber, desorber, condenser, and 

evaporator, remains constant throughout the whole component. 

Table 1 shows the equations for the adsorption cycle. Equation (1–1) is called the Dubinin-

Astakhov (D-A) equation  that shows the mass of methanol adsorption in the collector [24]. Equation 

(2–1) shows that the amount of heat required for the adsorption or desorption of a unit of methanol 

is isothermal heat (∆𝐻). R is the methanol gas constant. During the isentropic heating phase, the 

collector is heated by the gauge and the value of X is maximum, and the heat is obtained from 

Equation (3–1) to Equation (6–1). For the isentropic desorption step, the collector moves toward 

the desorption and the mass of the methanol decrease to the state where X is minimized such that 

the heat of this process is obtained from Equation (7–1) to Equation (10–1). The temperature 

relations of the adsorption cycle (Tsd, Tsa) are given by Haster et al. and are calculated by Equations 

(11–1) and (12–1) [25]. The amount of heat that the evaporator takes from the refrigerant to cool 

is obtained by Equation (13–1). ∆X is the difference between the largest and the smallest amount 

of X, and the COP of the adsorption cooling cycle is obtained from Equations 14–1. 

Table 1 Equations related to the adsorption cycle. 

N Formulas  

1–1 𝑋(𝑇, 𝑝) = 𝑤0𝜌𝑚(𝑇) exp(−D(T ln
𝑃𝑠(𝑇)

𝑃
)

𝑛

) 

2–1 ∆𝐻 = 𝐿𝑚(𝑇) + 𝑅𝑇 ln (
𝑃𝑠(𝑇)

𝑃
) −

𝑅𝑇

𝑛𝐷

𝑑𝑙𝑛𝜌𝑚
𝑑𝑇

(𝑇𝑙𝑛
𝑃𝑠
𝑃
)
1−𝑛

 

3–1 𝑄𝑇
1−2 = 𝑄𝑤

1−2 + 𝑄𝐴𝐶
1−2 + 𝑄𝑚

1−2 

4–1 𝑄𝑤
1−2 = 𝑚𝑊𝐶𝑝𝑤(𝑇𝑠𝑑 − 𝑇𝑎𝑑) 

5–1 𝑄𝐴𝐶
1−2 = 𝑚𝑎𝑐𝐶𝑃𝐴𝑐(𝑇𝑠𝑑 − 𝑇𝑎𝑑) 

6–1 𝑄𝑚
1−2 = 𝑚𝐴𝐶𝑋𝑚𝑎𝑥∫ 𝐶𝑝𝑙𝑑𝑇

𝑇𝑠𝑑

𝑇𝑎𝑑

 

7–1 𝑄𝑇
2−3 = 𝑄𝑤

2−3 + 𝑄𝐴𝐶
2−3 + 𝑄𝑚

2−3 

8–1 𝑄𝑤
2−3 + 𝑄𝐴𝐶

2−3 + 𝑄𝑚
2−3 

9–1 𝑄𝐴𝐶
2−3 = 𝑚𝑎𝑐𝐶𝑃𝐴𝑐(𝑇𝑔 − 𝑇𝑠𝑑) 

10–1 𝑄𝑚
2−3 = 𝑚𝐴𝐶∫ 𝑋𝐶𝑝𝑙𝑑𝑇

𝑇𝑔

𝑇𝑠𝑑

 

11–1 𝑇𝑠𝑑 =
𝑇𝑐𝑜𝑛𝑇𝑎𝑑
𝑇𝑒𝑣

 

12–1 𝑇𝑠𝑎 =
𝑇𝑔𝑇𝑒𝑣
𝑇𝑐𝑜𝑛

 

13–1 𝑄𝑒𝑣 = 𝑚𝑎𝑐∆𝑥 [𝐿𝑚(𝑇𝑒𝑣) + ∫ 𝐶𝑝𝑙𝑑𝑇
𝑇𝑒𝑣

𝑇𝑐𝑜𝑛

] 

14–1 𝐶𝑂𝑃𝑎𝑑 =
𝑄𝑒𝑣

𝑄𝑇
1−2 + 𝑄𝑇

2−3 

The equations for the absorption cycle are shown in Table 2. Using Equation 2–1, the logarithm 

temperature difference can be calculated for each cycle. The efficiency of heat exchangers is 
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expressed as Equation (2–2). Equations  (3–2) to (5–2) are equilibrium equations that can be used to 

obtain mass or mass fractions or unknown heat or enthalpy. For the components HG, LG1, 

condenser, evaporator, and absorber, heat can be calculated by using Equations (6–2). The heat 

energy generated by LG2 is obtained from Equations (7–2). The pump operation is obtained from 

Equations (8–2). The coefficient of performance (COP) for the single effect and double effect cycles 

can be calculated from Equations (9–2) and Equations (10–2). The cycle energy ratio is used for 

calculating the energy efficiency and it can be calculated by Equations (11–2). In the above 

equations,𝑇0 is 25 °C and 𝑃0 is 1 atm. Primary energy efficiency (PEE) is defined as the ratio of output 

energy to primary energy consumption. External energy includes electrical output from the internal 

combustion engine and the output heat and cold output from the absorption cycle. This coefficient 

is calculated using  Equations (12–2). Energy efficiency for the combined cooling cycle is indicated 

by the efficiency coefficient (COP): 

𝐶𝑂𝑃𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =
𝑄𝑒 + 𝑄𝑒𝑣

𝑄𝑒𝑥ℎ + 𝑄𝑗𝑤 + 𝑄𝑇
1−2 + 𝑄𝑇

2−3 +𝑊𝑝

(3) 

Table 2 Equations related to the absorption cycle. 

N Formulas 

1–2 
∆𝑇 =

(𝑇𝑓𝑙𝑜𝑤1,𝑖 − 𝑇𝑓𝑙𝑜𝑤2,0) − (𝑇𝑓𝑙𝑜𝑤1,𝑜 − 𝑇𝑓𝑙𝑜𝑤2,𝑖)

log [
(𝑇𝑓𝑙𝑜𝑤1,𝑖 − 𝑇𝑓𝑙𝑜𝑤2,0)

(𝑇𝑓𝑙𝑜𝑤1,𝑜 − 𝑇𝑓𝑙𝑜𝑤2,𝑖)
]

 

2–2 𝜀 =
ℎ𝑓𝑙𝑜𝑤1,𝑖 − ℎ𝑓𝑙𝑜𝑤1,𝑜
ℎ𝑓𝑙𝑜𝑤1,𝑖 − ℎ𝑓𝑙𝑜𝑤2.𝑖

 

3–2 ∑(𝑚𝑖𝜔𝑖) −∑(𝑚𝑜𝜔𝑜) =  0 

4–2 𝑄 +∑𝑚𝑖ℎ𝑖 −∑𝑚𝑜ℎ𝑜 =  0 

5–2 ∑𝑚𝑖 −∑𝑚0 =  0 

6–2 𝑄 = 𝐶𝑝,𝑓𝑙𝑜𝑤𝑚𝑓𝑙𝑜𝑤|𝑇𝑓𝑙𝑜𝑤,𝐼 − 𝑇𝑓𝑙𝑜𝑤,𝑜| 

7–2 𝑄𝑙𝑔2 = 𝑚8(ℎ9 − ℎ8) 

8–2 𝑊𝑝 = 𝑚𝑎,𝑜

(𝑃ℎ𝑔 − 𝑃𝑎)

𝑒𝑡𝑎𝑝𝜌1
 

9–2 𝐶𝑂𝑃ℎ𝑤 =
𝑚11’(ℎ13 − ℎ12)

𝑄𝑗𝑤
 

10–2 𝐶𝑂𝑃𝑒𝑥ℎ =
(𝑚8 +𝑚11’)(ℎ13 − ℎ12)

𝑄𝑒𝑥ℎ
 

11–2 𝑒𝑡𝑎𝑒𝑥𝑒𝑟𝑔𝑦 =
𝑄𝑒 (

𝑇𝑜
𝑇𝑟𝑤

− 1)

𝑄𝑗𝑤 (1 −
𝑇𝑜
𝑇𝑗𝑤

) + 𝑄𝑒𝑥ℎ (1 −
𝑇𝑜
𝑇𝑒𝑥ℎ

) +𝑊𝑝

 

12–2 𝑃𝐸𝐸 =
𝑊𝑒𝑙 + 𝑄

𝑄𝑓𝑢𝑒𝑙,𝐼𝑐𝑒
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Physical properties of methanol, characteristics of activated carbon, the baseline parameters 

used in the simulation cycle, thermodynamic parameters in different mixed effects in normal 

conditions, and the parameters of different flows of mixed effect cycle in normal conditions are 

shown in Tables 2-7, respectively. 

Table 3 Physical properties of methanol. 

Table 4 Characteristics of activated carbon types. 

Activated carbon Base 𝝎𝟎. 𝟏𝟎
𝟑(
𝒎𝟑

𝒌𝒈
) D.𝟏𝟎𝟕(1/K) n 𝑪𝒑𝑨𝑪(

𝒌𝒋

𝑲
) 

G32-H coconut 0.482 0.194 2.59 0.95 

Table 5 The baseline parameters used in the simulated cycle. 

Symbol Parameter Value Unit 

𝑪𝒑𝒘 Specific heat of the wall 0.480 kJ/kg.K 
𝑪𝒑𝒗 Specific heat of the gas 1.82 kJ/kg.K 

𝒎𝒂𝒄 Mass of the AC 21 kg 

𝒎𝒘 Mass of the water 5 kg 

R Gas constant 259.5 J/kg.K 

𝑪𝒘 Specific heat of the water 4.18 kJ/kg.K 

𝑻𝒂𝒅 Adsorption temperature 25 °C 

𝑻𝒄𝒐𝒏 Condensation temperature 30 °C 

𝑻𝒆𝒗 Evaporation temperature -3 °C 

Table 6 Thermodynamic parameters in different of mixed effect in normal condition. 

Point 
Mass Flow 

rate (kg/s) 

Enthalpy 

(kJ/kg) 
Concentration Pressure (kPa) Temperature (°C) 

1 0.248 99.8 0.573 0.82 38 

3 0.185 171.18 0.573 6.63 73.89 

5 0.233 208.17 0.609 6.63 84.85 

6 0.233 132.31 0.609 0.82 44.77 

7 0.062 286.52 0.573 92 129.84 

8 0.058 347.31 0.612 92 155 

Parameters Equations 

𝑳𝒎 𝐿𝑚 =  11.28 × 10−8𝑇3 − 10.1045 × 10−3𝑇2 + 0.07092𝑇 + 643.984 

𝑷𝒔 𝑃𝑠 =  133.33 × exp (18.5875 −
3626.55

𝑇 − 34.29
) 

𝝆𝒎 𝜌𝑚 = −1.01655 × 10−5𝑇3 + 8.65 × 10−3𝑇2 − 3.3388𝑇 + 1283.315 

𝑪𝒑𝒍 𝐶𝑝𝑙 =  0.9811exp⁡(0.0032𝑇) 
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9 0.058 224.02 0.612 6.63 92.19 

10 0.004 2787.96 0 92 155 

11 0.004 407.6 0 92 97.29 

12 0.178 196.57 0.596 6.63 82 

14 0.00716 2655.03 0 6.63 82 

15 0.00344 2660.36 0 6.63 84 

16 0.015 159.32 0 6.63 38 

17 0.015 259.97 0 0.87 5 

Table 7 Parameters of different flows of mixed effect cycle in normal conditions [25]. 

Flows Inlet temperature (°C) Outlet temperature (°C) Mass flow rate(kg/s) 

Exhaust gas 670.4 170 0.0235 

Hot water 87 82 1.06 

Refrigeration Water 12 7 1.64 

Cooling water 30 35 3.36 

4. Results and Discussion 

In this study, a new combined refrigeration cycle that is powered using waste heat recovery of 

an internal combustion engine is introduced and analyzed by using the first and second laws of 

thermodynamics. Performance parameters such as COP, PEE, and exergy efficiency are analyzed 

with respect to the engine water temperature, exhaust gas temperature, part-load ratio (PLR), 

generator temperature, adsorption evaporator temperature, and adsorption condenser 

temperature. 

Figure 2, Figure 3 and Figure 4 show the effect of the engine hot water temperature on the 

operation of the combined refrigeration cycle. As shown in Figure 2, as 𝑇ℎ𝑤,𝑖  grows, the COP 

increases. The range of changes in the COP of the combined cooling cycle is 1.14 to 1.36, which is 

higher than the absorption cycle, whose range of changes lies from 0.83 to 1.2. 

 

Figure 2 Influence of engine hot water temperature on COP V (Te = 5 °C, Tc = 38 °C, Thg = 

155 °C, Tev = -3 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 
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Figure 3 Influence of engine hot water temperature on COP (Te = 5 °C, Tc = 38 °C, Thg = 

155 °C, Tev = -3 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 

 

Figure 4 Influence of engine hot water temperature on exergy efficiency (Te = 5 °C, Tc = 

38 °C, Thg = 155 °C, Tev = -3 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 

As shown in Figure 3, as 𝑇ℎ𝑤,𝑖 rises, and the exergy efficiency decreases. The range of changes in 

the exergy efficiency of the combined cycle is 0.21 to 0.18, which is higher than the absorption cycle, 

whose range of changes lies between 0.17 to 0.15. As shown in Figure 4, as 𝑇ℎ𝑤,𝑖 grows, primary 

energy efficiency increases. The range of changes in the PEE of the combined cooling cycle is from 

0.76 to 0.88, which is higher than the absorption cycle, whose range of changes is 0.60 to 0.74. 

The effect of the exhaust gas inlet temperature on the combined cooling cycle as well as the 

mixed effect absorption cycle is shown in Figure 5, Figure 6 and Figure 7. As shown in Figure 5, as 

𝑇𝑒𝑥ℎ,𝑖 increases the COP increases. The range of changes in the COP of the combined cooling cycle 
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is 0.90 to 1.20, which is higher than the absorption cycle, whose range changes from 0.85 to 0.94. 

As shown in Figure 6, as 𝑇𝑒𝑥ℎ,𝑖  grows, and exergy efficiency decreases. The range of changes in 

exergy efficiency in the combined cycle lies from 0.20 to 0.18, which is higher than the absorption 

cycle, whose range of changes lies from 0.17 to 0.16. As shown in Figure 6, the PEE also increases 

with increasing⁡𝑇𝑒𝑥ℎ,𝑖. The range of changes in PEE of the combined cooling cycle lies from 0.81 to 

0.9, which is higher than the absorption cycle, whose range of changes lies from 0.8 to 0.87. 

 

Figure 5 Influence of exhaust gas temperature on COP (Te = 5 °C, Tc = 38 °C, Thg = 155 °C, 

Tev = -3 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 

 

Figure 6 Influence of exhaust gas temperature on exergy efficiency (Te = 5 °C, Tc = 38 °C, 

Thg = 155 °C, Tev = -3 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 
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Figure 7 Influence of exhaust gas temperature on PEE (Te = 5 °C, Tc = 38 °C, Thg = 155 °C, 

Tev = –3 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 

The PLR is the ratio of the electric output to the external electrical value of the engine. The value 

of this coefficient is from 0 to 1. This ratio has a significant effect on the heat dissipation of the cycle 

[13]. Figure 8, Figure 9 and Figure 10 show the effect of PRL on the combined cycle and the mixed 

effect absorption cycle. As shown in Figure 8, the COP increases with an increase in PRL. The change 

of COP in the combined refrigeration cycle is from 1.11 to 1.22, which is higher than the absorption 

cycle, whose change lies from 0.78 to 0.96. As shown in Figure 9, when the PRL increases, the exergy 

efficiency of the cycle decreases. The range of changes in the exergy efficiency in the combined 

cooling cycle is from 0.23 to 0.20, which is higher than the absorption cycle, whose range of changes 

is from 0.18 to 0.16. High cooling power usually occurs due to high-temperature differences, which 

means an excessive lack of exergy, and according to the second law of thermodynamics, the 

combined cooling cycle reduces heat loss to a greater extent. As shown in Figure 10, the PEE 

increases with the increase in PRL. The range of changes in PEE in the combined cycle lies from 0.67 

to 0.82, which is higher than the absorption cycle, whose range of changes lies from 0.59 to 0.74. 
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Figure 8 Influence of PRL on COP (Te = 5 °C, Tc = 38 °C, Thg = 155 °C, Tev = -3 °C, Tcon = 

30 °C, Tad = 25 °C, Tg = 110 °C). 

 

Figure 9 Influence of PRL on exergy efficiently (Te = 5 °C, Tc = 38 °C, Thg = 155 °C, Tev = -

3 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 
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Figure 10 Influence of PRL on PEE (Te = 5 °C, Tc = 38 °C, Thg = 155 °C, Tev = -3 °C, Tcon = 

30 °C, Tad = 25 °C, Tg = 110 °C). 

The effect of the generator temperature on the combined cooling cycle and the adsorption cycle 

is shown in Figure 11, Figure 12 and Figure 13. As shown in Figure 11, as 𝑇𝑔 grows, the COP increases. 

The change of COP in the combined cycle is from 1.06 to 1.15, which is higher than the adsorption 

cycle, whose change is from 1.05 to 1.12. Also, the results presented in Figure 12 show that the 

efficiency of the cycle exergy decreases with increasing⁡𝑇𝑔. The efficient change of exergy in the 

combined cooling cycle is from 0.19 to 0.17, which is higher than the adsorption cycle, whose change 

lies from 0.16 to 0.14. As shown in Figure 13, as 𝑇𝑔 grows, PEE increases. The changes of PEE in the 

combined cycle are from 0.62 to 0.93, which is higher than the adsorption cycle, whose range of 

changes is from 0.57 to 0.90. 

 

Figure 11 Influence of generator temperature on COP (Te = 5 °C, Tc = 38 °C, Thg = 155 °C, 

Tev = -3 °C, Tcon = 30 °C, Tad = 25 °C). 
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Figure 12 Influence of generator temperature on exergy efficiently (Te = 5 °C, Tc = 38 °C, 

Thg = 155 °C, Tev = -3 °C, Tcon = 30 °C, Tad = 25 °C). 

 

Figure 13 Influence of generation temperature on PEE (Te = 5 °C, Tc = 38 °C, Thg = 155 °C, 

Tev = -3°C, Tcon = 30°C, Tad = 25°C). 

Figure 14 and Figure 15 show the effect of the evaporator temperature of the adsorption cycle 

on the combined cycle and adsorption cycle. As shown in Figure 14, as 𝑇𝑒𝑣 increases, and the COP 

of both the cycles increases. The range of changes of the COP in the combined cycle is from 1.10 to 

1.38, which is higher than the adsorption cycle, whose range of changes is from 0.64 to 0.79. Also, 

the results presented in Figure 15 show that the cycle exergy efficiency decreases with an increase 

in 𝑇𝑒𝑣. The change in exergy efficiency of the combined cooling cycle is from 0.20 to 0.12, which is 

higher than the adsorption cycle, whose change is from 0.15 to 0.09. The evaporator pressure 
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increases as the evaporator temperature increases; this, in turn, accelerates the adsorption, 

increasing the mass of methanol and eventually the COP as well. 

 

Figure 14 Influence of adsorption evaporator temperature on COP (Te = 5 °C, Tc = 38 °C, 

Thg = 155 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 

 

Figure 15 Influence of adsorption evaporator temperature on exergy efficiency (Te = 5 °C, 

Tc = 38 °C, Thg = 155 °C, Tcon = 30 °C, Tad = 25 °C, Tg = 110 °C). 

The effect of the condenser temperature of the adsorption cycle on the combined cooling cycle 

and adsorption cycle is shown in Figure 16 and Figure 17. As shown in Figure 16, as the 𝑇𝑐𝑜𝑛 

increases, the COP of both the cycles decreases. The range of changes in the COP of the combined 

cooling cycle lies from 1.33 to 1.09, which is higher than the adsorption cycle, whose range of 

changes lies from 0.74 to 0.67. Also, the results presented in Figure 17 indicate that the efficiency 

of cycle exergy increases with an increase in 𝑇𝑐𝑜𝑛. The change of exergy efficiency in the combined 



JEPT 2022; 4(2), doi:10.21926/jept.2202020 
 

Page 16/20 

cooling cycle is from 0.13 to 0.20, which is higher than the adsorption cycle, whose change is from 

0.11 to 0.15. As the condenser temperature rises, the COP decreases, which in turn increases the 

condenser pressure, which eventually delays the desorption phase, implying that the amount of 

methanol excreted decreases and the inlet heat decreases along with the condenser temperature, 

thereby decreasing the COP. As we can see from the results, the generator temperature has little 

effect on the exergy efficiency. However, the exergy efficiency is higher at low evaporator 

temperatures. Also, at higher condenser temperatures, the exergy efficiency indicates that the 

waste energy used by this system is of a higher quality. 

 

Figure 16 Influence of adsorption condenser temperature on COP (Te = 5 °C, Tc = 38 °C, 

Thg = 155 °C, Tev = -3 °C, Tad = 25 °C, Tg = 110 °C). 

 

Figure 17 Influence of adsorption condenser temperature on exergy efficiently (Te = 5 °C, 

Tc = 38 °C, Thg = 155 °C, Tev = -3 °C, Tad = 25 °C, Tg = 110 °C). 
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5. Conclusions 

In this paper, a newly combined refrigeration cycle is introduced by combining two absorption 

refrigeration cycles and an adsorption refrigeration cycle. The comparison of the performance of 

this cycle with the base cycle (absorption refrigeration cycle) was investigated by using the first and 

second laws of thermodynamics. The effect of important parameters such as the engine water 

temperature, exhaust gas temperature, PLR, as well as adsorption evaporator temperature on the 

energy efficiency and exergy has been investigated. The following results were obtained: 

1. The exhaust gas temperature, part-load ratio (PLR), generator temperature, adsorption 

evaporator temperature, and the COP of the combined cooling cycle increased by up to 65% 

compared to the absorption refrigeration cycle when the engine water temperature was 

increased. 

2. The COP of the combined cooling cycle decreases by increasing adsorption condenser 

temperature. 

3. The exhaust gas temperature, part-load ratio (PLR), generator temperature, and adsorption 

evaporator temperature, exergy efficiency of the combined cooling cycle decrease up to 65% 

compared to the absorption refrigeration cycle. 

4. The exergy efficiency of the combined cooling cycle increases by increasing the adsorption 

condenser temperature. 

5. Combining the adsorption refrigeration cycle with the base cycle (absorption refrigeration) 

creates a good improvement in the COP of the base cycle since the COP increased up to 58%. 

Nomenclature 

COP Coefficient of performance w mass fraction of solute 

Cp 
Specific heat capacity at constant 

pressure (kJ/kg K) 
cw cooling water 

h enthalpy (kJ/kg) e evaporator 

HG high-pressure generator exh exhaust gas 

HX high-temperature exchanger flow fluid in component 

ICE internal combustion engine hg high-pressure generator 

JX Jacket water heat exchanger hw hot water 

LG low-pressure generator hx high-temperature heat exchanger 

LX low-temperature heat exchanger i inlet flow 

m mass flow rate (kg/s) jw jacket water 

P pressure (pa) lg low-pressure generator 

PEE primary energy efficiently lx low-temperature heat exchanger 

PLR part load ratio o outlet flow 

Q thermal power p pump 

R gas constant rw refrigeration water 

P Pressure ε effectiveness of heat exchanger 

T temperature (°C) ρ density (Kg/m3) 

W electric power (kW) ac activated carbon 

Δ difference value v vapor 
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C specific heat (kj/kg K) g generator 
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