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This research explored the utilization of the combined cycle of the 
Stirling Gamma engine and internal combustion to recover waste 
energy from exhaust gases in internal combustion engines. 
Integrating the Stirling Gamma engine into the exhaust gas path 
aimed to generate cooling and reduce the reliance on the engine's 
output power for the air conditioning system, ultimately enhancing 
engine efficiency. The study demonstrated that the kinetic energy 
present in the exhaust gases resulted in power dissipation ranging 
from 10 to 77 kW. By incorporating the heating component of the 
Stirling engine in the exhaust gas path, it became feasible to recover 
this wasted heat and employ it for cooling purposes. Optimal 
operating conditions were achieved when the hot source fluid was 
at a pressure of 8 bar, and the average pressure of the cold source 
was 1 bar, leading to the attainment of the lowest cooling 
temperature. Specifically, the temperature of the hot source reached 
580 degrees Celsius, while the temperature of the cold part was 
approximately -16 degrees Celsius. 

Received: 08.30.2024     
Revised:   10.05.2024   
Accepted: 10.20.2024 

 

Keyword:  
Stirling Gamma Engine 
nergy Recovery 
Gasoline Engine 
Exhaust Gases 
Cooling 

*Corresponding Author:  
Ezatollah Hassnzadeh  
Email: 
e.hassanzadeh1352@gmail.com 

 

 

https://creativecommons.org/licenses/by-nc/4.0/
https://portal.issn.org/resource/ISSN/3060-6357
https://jear.tvu.ac.ir/
https://www.doi.org/10.48301/JEAR.2024.474745.1040
https://orcid.org/0000-0002-0454-0261
https://orcid.org/0000-0001-8000-9758
https://orcid.org/0000-0002-6952-8570
https://orcid.org/0000-0002-2851-8413
https://orcid.org/0000-0001-9548-6928


Ezatollah Hassnzadeh and et al.            Experimental Investigation of Waste Energy Recovery… 

 

Introduction 
One long-term solution to reduce air pollution is using renewable energies to 

prevent the emissions caused by fossil fuels [1-3]. Therefore, industrialized 

countries have seriously put the use of other sources of energy production (clean 

and renewable energy sources) on their agenda [4]. Nowadays, using renewable 

energy is one of the world's most critical topics, considering the pollution 

problem and the limitation of fossil energy resources. Renewable energies such 

as biomass fuel and solar energy are considered one of the most important 

renewable resources of the future [5-7]. One of the most suitable renewable 

energy sources is biomass, which, in addition to being renewable, is also 

environmentally friendly [4; 8]. 

Many countries are trying to expand and develop renewable energies to 

replace fossil fuels [9; 10]. Today, various technologies are being developed to 

use renewable energy. One of these technologies that has received much 

attention is the use of a heat engine called a Stirling engine [11-13]. The Stirling 

engine is an external combustion engine with high flexibility in using different 

energy sources and can convert thermal energy from renewable sources into 

mechanical and electrical energy [14; 15]. 

Stirling engines have progressed over many years, and various designs of this 

engine have been developed. Stirling engines are known as Alpha, Beta, Gamma, 

and free pistons [16; 17]. The thermodynamic principles are the same for each 

type of Stirling engine, and the main difference between them is in terms of how 

the various components of this engine are placed next to each other [18]. All 

Stirling engines have five control volumes: compression chamber, cooler, 

regenerator, heater, and expansion chamber [19; 20]. These engines have low 

noise because, unlike internal combustion engines, they can use any heat source 

as an energy source [21; 22]. 

In conventional passenger cars, approximately 30% of the energy produced 

by the combustion engine is rejected by exhaust gases to the environment [23]. 

Therefore, the energy of the exhaust gases is a suitable source for use as the high-

temperature source in the Stirling engine to recover energy. The air conditioning 

system (A.C) is commonly used in automobiles to cool car cabins [24; 25]. 

Considering that the A.C. system takes its power from the engine, this reduces the 

power of the engine. The A.C. system consumes approximately 4 to 10 

horsepower of the engine's useful power. Using the heat of the exhaust gases as 

an energy source in the A.C. system increases engine efficiency on the one hand 

and reduces fuel consumption as a result of not using engine power for the A.C. 

system [26]. 
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The Stirling engine has been used to recover the exhaust gas heat of the 

internal combustion engine. Various factors such as the effects of working 

pressure and operating temperature of the Stirling engine on the efficiency and 

output power of the internal combustion engine have been investigated by 

researchers. Aladayleh and Allah Mehr [27] analyzed using a Stirling engine to 

recover exhaust gas heat on an air-cooled engine with direct injection. They 

found that by installing a Stirling engine in the exhaust manifold, fuel 

consumption is reduced by approximately 15%. Additionally, the power 

recovered from the Stirling engine can be used to charge the car battery or to 

operate accessories such as the oil pump, water pump, cooler compressor and 

steering pump. Batooei et al. [28] performed a thermal analysis of the alpha-type 

Otto-Stirling combined cycle to recover exhaust gas energy. They observed a 2-

3% increase in efficiency compared to internal combustion engines. In the 

Batooei study, a single Stirling motor was utilized, and an electric power supply 

was employed for its initial start-up. However, in this particular research, a novel 

approach was undertaken by incorporating two Stirling engines. These engines 

operated at varying temperatures, revolutions, and conditions, and their 

operation involved harnessing the heat derived from natural gas and engine 

exhaust gases. 

Amarlo et al. [29] conducted a thermodynamic analysis of the functional 

parameters of the new three-cylinder Stirling engine structure using GT-SUITE 

software. The analysis showed that increasing the rotational speed was 

unsuitable for increasing the engine performance and reduced the engine 

efficiency. Hasanpour Omam [30] recovered the exhaust heat dissipation of a 

gasoline engine using the Stirling cycle. They showed that the power of the Otto-

Stirling-TEG combined cycle increases by approximately 7% and efficiency by 

about 2.5%. Furthermore, the reduction in fuel consumption in the Otto-Stirling-

TEG combined cycle was 8%. Güven et al. [13] used Stirling engines for waste 

heat recovery (WHR) from exhaust gases of a heavy-duty truck diesel engine. 

They showed that the WHR system provides more than 1.3% of ICE power output 

and approximately 1% reduction in fuel consumption, which offers the Stirling 

engine a reasonable option for WHR on heavy-duty truck engines. 

In this research, using the combined cycle of the Stirling Gamma engine and 

the internal combustion engine, the wasted energy of exhaust gases was 

recovered to produce refrigeration. Experimental results have shown that the 

temperature of exhaust gases changes from 450 to 776 degrees Celsius with 

gasoline fuel and from 430 to 731 degrees Celsius with CNG fuel according to the 

operating conditions of the gasoline engine. The engine can convert this wasted 

energy into useful work. This research proposes a new structure by connecting 
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two Stirling Gamma engines. By using this structure, the energy of the engine 

exhaust gases is used as a heat source for the high-temperature source of the first 

Stirling engine. The output work of the first Stirling engine drives the second 

Stirling engine to produce cooling. 

Experimental method 
In this research, to recover the energy of the exhaust gases and use this energy 

as an A.C. system energy source, a Stirling engine with the specifications in Table 

1 was used [31]. 

Table 1. Nominal specifications of the Stirling engine.ST500 - IPCO. 

No. Engine Technical Specifications Value 

1 Type Gama 

2 Output Power 500W 

3 Thermal efficiency 8.5% 
4 Standard Charge Pressure 8 bars 

5 Working Fluid Helium, Air 

6 Operating Frequency 14Hz 
7 Fuel Natural gas, Biomass, Solar Energy 

8 Cooling substance Water 

9 Power Piston Stroke 0.075 m 
10 Displacer Stroke 0.075 m 
11 Phase Angle 90 deg. 
12 Heater Type Tube (6mm dia.) × 20 
13 Cooler Type Duct (13mm2Section Area) × 144 
14 Regenerator Material Steel Matrix (.96 porosity) 

15 Heat absorption Temperature 350-420◦ C 

16 Heat excretion Temperature 30-50 ◦ C 
17 Maximum Volume 1.79e-3m3 
18 Minimum Volume 1.37e-3m3 
19 Compression Ratio 1.3:1 

 

In the present research, experiments using biogas were first performed to 

check the capability of the developed structure with the use of biogas. In addition, 

some system parameters were obtained using biogas as a heat source. Table 2 

presents the composition of the biogas used in this research. As it is clear from 

Table 2, the major part of the biogas used consisted of methane gas and reached 

a temperature of approximately 500 degrees Celsius.  

Table 2. Biogas components were used in this research. 
Name of the ingredient The percentage of biogas constituents ()%  

CH4 87.7 

C2H6 4.7 

N2 4.7 

H2S .2 
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Name of the ingredient The percentage of biogas constituents ()%  

CO2 .05 
Other mixed gases 2.65 

 

Figure 1 illustrates the view of the Stirling engine coupling used in this 

investigation. On the left is the named hot engine that operates by receiving 

thermal energy from a heat source such as biomass. On the right is another 

Stirling engine that is named the cold engine. The cold engine produces cooling 

using the power received from the hot engine. In the hot engine, an external 

power source is used for the initial start-up, which is connected to the flywheel 

of the hot engine. After a few seconds of starting the system, the power supply 

can be cut off so the system continues working. After starting the hot engine, the 

belt drives the cold engine. The rotation of the cold engine, according to the 

Stirling engine cycle, produces cooling. In order to prevent the waste of cooling 

energy in the heating part of the cooling engine, a special insulator is used for 

insulation. Each of the two engines is filled with helium gas.  
 

 

 

 

Figure 1. Coupling Stirling refrigerator for cold generation and experimental setup-ST500 - IPCO. 
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After tests were conducted by biogas and Stirling engine parameters such as 

fluid pressure in Stirling engines were estimated, the developed system was 

coupled with an internal combustion engine to recover exhaust gas energy and use 

this energy for vehicle cooling. This research used the naturally aspirated engine in 

the combined cycle. This engine is designed based on CNG fuel and can 

simultaneously work with gasoline (Figure 2). Table 3 presents the technical 

specifications of the mentioned engine. The output power of the natural breathing 

engine changed in the range of 11 to 85 kW, according to the laboratory results. 

Table 3. Geometric and functional characteristics of the natural breathing engine. 

Engine type Spark ignition 
Engine volume (lit) 1.65  

Number and arrangement of cylinders 4 linear cylinders 

Engine compression ratio 11.2:1 
Cylinder diameter (mm) 78.6 

Piston stroke (mm) 86 
Maximum engine power (kW) 85 at 6000 rpm 

Maximum engine torque (N.m) 155 in 3250 rounds 

 

 

 

 

 

 

 

 Figure 2. Laboratory engine. EF7 IPCO.  

The engine tests were carried out at full load and sea level pressure under three 

different conditions: 

 TEAC1°C: Air temperature: 25-40 Coolant Temperature: 90°C  

 TEAC2°C: Air temperature: 50 Coolant Temperature: 90°C  

 TEAC3°C: Air temperature: 50 Coolant Temperature: 105°  

In order to calculate the starting power of the Stirling engine, these engines 

were started using an external power source (Figure 3). In this case, the amount 

of current and voltage consumed by the engine was 4.6 amps and 31 volts, 

respectively; so, the power consumption of a single motor can be obtained as 
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142.6 W. As it is common knowledge, compared to the compressor used in the 

car, the starting power of this engine is very low. 
 

 

Figure 3. Dynamo and heat chamber in Stirling engine ST500- IPCO.  

To estimate the parameters of the system first, the experiments were 

conducted under different conditions using biogas (Figure 4). 

Result and discussion 
Table 4 provides the initial conditions for five tests conducted on the Sterling 

engine to produce cooling using helium gas. All experiments were carried out for 

2 to 4 minutes. The water discharge from the copper coils was considered 

constant and equal for all five tests. The ambient temperature in all five tests was 

constant and equal to 25 degrees Celsius, and a temperature reader measured 

the cooling temperature. These tests were carried out to estimate fluid pressure 

in hot and cold engines. The power supply fixed the input power for a better 
comparison of the results. 

 

 

Figure 4. a) Stirling engine heating torch and hot engine temperature sensor, b) Cooling 

generation at the output of the Stirling Gamma engine. 
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Table 4. Different laboratory conditions for cooling production.  

4                    

5 
3 2 1 Test number 

3                    

4 
3 3 2 Power supply on time (minutes) 

4                    

4 
6 6 8 The medium gas pressure of the hot source (bar) 

3                     

2 
4 3 1 The medium gas pressure of the cold source (bar) 

Helium Helium Helium Helium Working fluid 

 

Figure 5 illustrates the temperature-time diagram for five experiments. The 

aforementioned findings were obtained through a series of experimental 

repetitions involving the coupling of Stirling engines. In this setup, one engine 

served as the hot source, while the other engine acted as the output and cold 

source. As can be observed, Experiment 1 achieved the lowest operating cooling 

temperature. The experimental results consistently demonstrated that 

increasing the average gas pressure in the hot source of the first engine, by up to 

8 bars, and reducing the average gas pressure in the cold source of the second 

engine down to 1 bar (Experiment 1) had a significant impact. Under this 

condition, the temperature of the hot source reached 580 degrees Celsius, and 

the temperature of the cold part reached almost -16 degrees Celsius.  

It was observed that factors such as the high temperature of the hot source 

and the utilization of a lightweight working fluid like helium played a crucial role 

in generating the desired cooling effect. These findings highlight the potential 

effectiveness of optimizing the gas pressure differentials and employing suitable 

working fluids to achieve efficient output cooling in Stirling engine applications. 
 



JEAR: Journal of Engineering and Applied Research     Winter & Spring 2025, Vol. 2, No. 1, p. 13-26 

 

 
Figure 5. Temperature-time diagram for five experiments performed with helium gas at different 

pressures and motor Stirling coupling mode to produce cooling. 

In the current research, using two Stirling engines, exhaust gas energy 

recovery for cabin cooling was presented as another solution. For this purpose, 

first, the temperature of the exhaust gases under different conditions was 

obtained. The results were obtained after installing the sensors at different points 

of the exhaust gases, i.e., before the catalyst, inside, and after the catalyst, 

according to the test conditions. Figure 6 depicts the temperature of exhaust gas 

in three gasoline fuel conditions.  

 

 
Figure 6. The temperature of the exhaust gases after the catalyst at different times of the engine 

with gasoline fuel. 
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Figure 7 demonstrates the cooling temperature under three tested conditions. 

As shown, the temperature of the minimum cooling fluid was in the range of -8 to 

-12 degrees Celsius after 300 seconds under different conditions. These results 

showed that cooling the car cabin can be ensured by using the developed system. 
 

 
Figure 7. Temperature-time diagram for three conditions performed with gasoline engine  

The results of the experiments conducted with CNG fuel under different 

conditions can be observed in Figure 8. As illustrated, the performance of the 

system designed with CNG gas was the same as that of gasoline fuel. The minimum 

coolant temperature ranged between -7 to -10 degrees under different conditions. 
 

 
Figure 8. Temperature-time diagram for three conditions performed with CNG engine.  
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Conclusion 
In this research, using the combined cycle of the Stirling Gamma engine and 

the internal combustion engine, the heat loss of the exhaust gases was recovered 

to produce refrigerant. In cars, air conditioners are often used to cool the cabin 

and considering that the air conditioning system takes its power from the engine, 

it reduces the engine's efficiency. The air conditioning system consumes 
approximately 4 to 10 kilowatts of useful engine power in modern cars. Due to 

the high energy of exhaust gases, installing the heating part of the Stirling engine 

on the path of exhaust gases can turn this wasted energy into useful power to 

produce cooling. In summary, the following results were obtained from the 

present study. 

 The starting power of the Stirling engine was approximately 142.6 W  

 When the pressure of the hot source fluid is 8 bars, and the average 
pressure of the cold source is 1 bar, the lowest operating cooling 

temperature is achieved. Under this condition, the temperature of the hot 

source reached 580 degrees Celsius, and the temperature of the cold part 

reached approximately -16 degrees Celsius. These working pressures were 

used in subsequent tests performed by the internal combustion engine. 

 The temperature of the exhaust gases in the engine under different 

conditions was in the range of 450 to 800 degrees Celsius, which showed 

that a large part of the loss in the engine was due to the heat dissipated 

by these gases. 

 The results demonstrated that the use of the developed system in the 

path of the exhaust gases produces the desired cooling of the car. This 

system is a suitable replacement for the A.C. system. 
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