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1. Introduction 

The European Sustainable Development Policy 2020 report 

highlights the need to decrease the usage of fossil-based en-

ergy sources, including coal, gas, and oil, in order to establish 

a low-carbon economy [1]. Therefore, the development of in-

novative technologies that increase energy efficiency and re-

duce fossil fuel use has become a very important issue [2]. In 

vehicles with internal combustion engines (ICEs), which con-

stitute an important part of energy consumption in the trans-

portation sector, an imported part of the fuel energy is lost to-

gether with the exhaust gases and engine cooling system. 

Therefore, the use of waste heat recycling systems in ICE ve-

hicles to improve fuel efficiency is a critical issue [3]. Ther-

moelectric generators (TEGs), which can produce energy with-

out a moving part, have an important advantage for waste heat 

energy recycling [4]. In this respect, TEGs using thermoelec-

tric material have great potential to reuse some of the waste 

energy and reduce the CO2 emissions released into the atmos-

phere while increasing fuel efficiency. TEMs convert waste 

heat directly into electrical energy using semiconductor mate-

rials [5, 6]. Therefore, TEG systems have attracted the atten-

tion of ICE automotive manufacturers and researchers [7]. 

However, use of TEM in automotive systems is currently not 

in demand due to its low energy conversion efficiencies, and 

research and development studies are still ongoing [8]. 

When the surfaces of thermoelectric modules (TEMs) used 

in the structure of TEGs are subjected to a temperature differ-

ence of ΔT, they generate electrical potential (voltage and cur-

rent) through an external electrical circuit. The voltage differ-

ence produced in TEMs is proportional to the temperature dif-

ference acting on their surfaces. The electrical power that can 

be produced with TEGs can vary from microwatts to kilowatts 

depending on the waste heat system to which it is applied [9]. 

In systems where more than a few watts are required, a series 

and/or parallel group of multiple TEMs can be used to produce 

the required power level. The required voltage and/or current 

in TEGs are obtained generally through these connecting 
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methods [10]. Today, the focus is on using many engine com-

ponents to increase the effectiveness of TEGs developed to re-

cover wasted fuel energy in internal combustion cars. The en-

gine coolant radiator and the exhaust line are the engine com-

ponents that are used the most in the literature [11]. In litera-

ture, the TEG is placed in many locations at the exhaust sys-

tem's conclusion, including after the exhaust catalyst and be-

fore the muffler and between the catalytic converter and the 

muffler's inlet [12–17]. The temperature of the engine cooling 

fluid, which is typically between 80 °C and 90 °C, is utilized 

as a heat absorber in TEG's automotive applications [18]. 

However, the high engine coolant temperature used for the 

cold side of TEMs has a detrimental impact on the TEMs' abil-

ity to produce power. In several studies, a liquid between 20 

and 30 °C was used in the low-temperature heat exchanger. 

However, it does not seem possible to bring the engine coolant 

to this temperature due to restrictions such as operating the en-

gine at regime temperature [19]. The development studies of 

TEG systems developed for waste heat recycling in internal 

combustion engine vehicles have been the subject of much re-

search [20]. 

Vázquez et al. generated 125 W DC of electrical energy in 

TEG from the hot 600 °C exhaust gases of an internal combus-

tion engine [21]. Dai et al. designed a TEG using liquid metal. 

The waste energy from the exhaust gases is transferred to the 

hot surface of the TEMs with the aid of liquid metal, and the 

electrical power of 120 W from 40 TEMs under an electrical 

load is generated [22]. Weng and Huang used theoretical sim-

ulation to investigate the effect of module number and cover-

age ratio on a TEG heat exchanger. They consequently ob-

served that adding more modules to a TEG does not increase 

its net power output [17]. Hsu et al. conducted research on the 

designs of cold-side heat exchangers for TEGs. A maximum 

of 12.41 W is produced with 24 TEMs running at an average 

temperature differential of 30 °C using finned, air-cooled alu-

minum heat exchangers [23]. Durand et al. found that by posi-

tioning the TEG system after the exhaust manifold and exhaust 

catalyst, it achieved 100 W and 30 W of electrical power, re-

spectively [24]. Kim et al. designed a three-layer TEG with a 

finned hot-side heat exchanger. They experimentally investi-

gated the performance of TEG between 1000 and 2000 rpm in 

a diesel engine and obtained a TEG output power of 119 W 

with an efficiency of 2.8% [25]. Baatar et al. designed and op-

erated a low-temperature TEG using the engine cooling fluid 

of light-duty automobiles and got an output power of approxi-

mately 28 W at idle engine speed [26]. Karri et al. designed a 

TEG utilizing an SUV vehicle's engine coolant. After account-

ing for the losses incurred when pumping the engine coolant, 

they discovered that their analyses saved about 2% of the gas-

oline [27]. The Nissan automobile company has developed a 

TEG that recycles the waste heat energy from a gasoline en-

gine's exhaust gas through 72 TEMs. With the TEG developed, 

they produced 35.6 W of power, corresponding to approxi-

mately 0.9% of the heat flux that passes over the TEMs [28]. 

Love et al. designed a TEG consisting of five Bi2Te3 thermoe-

lectric modules placed between stainless steel heat exchangers. 

They produced 3.8 W of power in tests performed at 1500 rpm 

of the engine under 70% engine load [29]. Gürbüz et al. inves-

tigated experimentally and theoretically the recovery by a 

newly developed TEG of energy lost by the hot exhaust gases 

of a propane-fueled SI engine. A maximum of 90.2 W of electri-

cal power at 4500 rpm is obtained from a 2-cylinder, liquid-cooled 

SI engine with an efficiency of 3.02% [30]. 

When the previous studies are examined, the internal com-

bustion engine waste heat recovery systems generally focus on 

the exhaust line and cooling fluid of the SI engine. In the pre-

sent paper, unlike the previous studies, in a gas engine oper-

ated with propane fuel, the engine coolant was used as TEG's 

hot side heat exchanger (Ec_hex) fluid, and propane gas was 

used as TEG's cold side heat exchanger (P_hex) fluid. For this 

purpose, a two-layer TEG is designed. Between the Ec_hex 

and P_hex layers, 20 TEMs with dimensions of 30x30 mm are 

positioned. TEMs are electrically connected in series with each 

other. Experimental studies are performed at 8 different speeds 

in the range of 1500–5000 rpm on a 2-cylinder SI engine. 

 

2. Material and Method 

A two-layer TEG having rectangular geometry is designed, 

consisting of Ec_hex contacting the hot surface of the TEMs 

and P_hex contacting the cold surface of the TEMs. Both heat 

exchangers are designed as hollow, with dimensions (WxLxH) 

of 170 mm x 210 mm x 20 mm, and produced using aluminum 

welding from 2 mm thick aluminum sheet material. The heat 

exchangers are sized according to the reverse engineering prin-

ciple, taking into account the surface area that the TEMs come 

into contact with. The surface area of TEG was sized to ac-

commodate a total of 20 TEMs with dimensions of 30 x 30 mm 

in the thermoelectric layer. Considering the allowable hot and 

cold surface temperatures of TEMs, the designed TEG has a 

maximum power generation capacity of 100 W. The heights 

and thus the volumes of Ec_hex and P_hex were designed with 

an internal volume of 535 cm3, taking into account the maxi-

mum coolant flow and maximum propane flow of the SI engine. 

In addition, a 3-layer sandwich structure was formed to ensure 

the contact of the TEMs with the heat exchanger surfaces, 

which is fixed to the heat exchangers and the TEM layer with 

5 mm-thick lower and upper fixing plates and 4 bolts. A thin 

layer of thermal paste is used to minimize the contact re-

sistance between Ec_hex contacting the hot surface of the 

TEMs and P_hex contacting the cold surface of the TEMs. The 

engine cooling fluid and propane gas are circulated counter-

clockwise with respect to each other through the heat exchang-

ers by using nipple connectors and plastic hoses. Ec_hex and 

P_hex are positioned on top of each other, and a thermoelectric 

layer is created between them, between which 20 TEMs are 

placed. The exposed side surfaces of the Ec_hex and P_hex are 

covered with glass wool to prevent heat transfer to and from 

the atmosphere. While the cooling fluid entering the TEG is 

fed from the heating radiator outlet of the engine, propane gas 

is fed from a large 45 kg industrial propane cylinder at 1.2 bar 

pressure. The temperatures of the cooling fluid and propane at 

the inlet and outlet of the TEG are detected with K-type probe 
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thermocouples. In addition, the temperatures affecting the hot 

and cold side surfaces of the TEMs are measured with K-type 

probe thermocouples placed at the midpoint of the Ec_hex and 

P_hex heat exchangers. The output parameters of the TEG are 

detected with an electronic load device assembled for the out-

put of 20 TEMs connected in series with each other. The elec-

trical load resistance applied to the output of TEG at each en-

gine revolution is fixed at the value at which the maximum 

power output is provided by a series of tests. In TEG, the com-

mercial product with the code TEG1-1263-4.3 produced by 

TECTEG is used, and its specifications is shown in Table 1. 
 

Table 1. Specifications of TEMs (TEG1-1263-4.3) [3] 

Temperature on the Hot/Cold side 300/30 ℃ 

No-load voltage 10.7 V 

Resistance to load 5.4 Ohms 

Voltage at load output 5.3 V 

Current at load output 1.0 A 

Power to load 5.2 W 

Heat pass through the module ≈ 115 W 

Density of heat flow ≈ 13 W/cm2 

 

The experimental studies are performed in a two-cylinder (in-

line type) liquid-cooled, gas-fueled SI engine. Technical specifica-

tions for Lombardini LGW 523 MPI is given in Table 2. With a 

hydraulic dynamometer coupled to the output of the engine, it is 

provided to operate at different speeds and under load. The flow 

rates of the intake air and propane gas taken into the engine are 

measured using two mass flow meters (New-Flow TLF03A10111 

and TSF03A10111, respectively). A 50/50 ethylene glycol/tap wa-

ter blend is used as the cooling system of the engine and the hot-

side fluid of TEG (inside Ec_hex). The experimental layout of an 

engine coolant energy recovery system is given in Fig.1. 
 

Table 2. Technical specifications of Lombardini LGW 523 MPI 

Cylinder number and arrangement 2 cylinders (in-line) 

Bore x Stroke (mm) 72 × 62  

Total cylinder displacement (cm3) 505  

Compression ratio 10.7:1 

Maximum speed (rpm) 5000  

Maximum power (kW) 15 (@ 5000 rpm) 

Maximum torque (Nm)  34 (@ 2150 rpm) 

Colling system  Liquid cooled 

 

 

Fig.1. Experimental layout of an engine coolant energy recovery system 
 

Experimental studies, the engine is operated in a constant 1/2 

throttle position, and the air/fuel mixture is fixed around stoichio-

metric (0.97–1.05). At each engine speed, the propane-fueled SI 

engine is run for 5 min after increasing its operating temperature. 

The efficiency (TEG_efficiency) is calculated by Eq.1.  

𝑻𝑬𝑮_𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 = (
𝑻𝑬𝑮_𝒑𝒐𝒘𝒆𝒓

�̇�𝒆𝒄∗𝒄𝒑_𝒆𝒄∗(𝑻𝒆𝒄_𝒊𝒏−𝑻𝒆𝒄_𝒐𝒖𝒕) 
) ∗ 𝟏𝟎𝟎           (1)                                                                 

Where 𝑻𝑬𝑮_𝒑𝒐𝒘𝒆𝒓, �̇�𝒆𝒄, and 𝒄𝒑_𝒆𝒄  are the output power of 

TEG, the mass flow rate of engine cooling fluid, and the specific 

heat rate of engine cooling fluid, respectively. The engine cooling 

fluid's inlet and outlet temperatures into the TEG are 𝑻𝒆𝒄_𝒊𝒏 and 

𝑻𝒆𝒄_𝒐𝒖𝒕, respectively. 
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2.1. Uncertainty analysis 

It is possible to calculate the uncertainty analysis of the experi-

mental results using Eq.2 [31]. 

∆𝑹 = [(
𝝏𝑹

𝝏𝒙𝟏
∆𝒙𝟏)

𝟐
+ (

𝝏𝑹

𝝏𝒙𝟐
∆𝒙𝟐)

𝟐
+ ⋯ +  (

𝝏𝑹

𝝏𝒙𝒏
∆𝒙𝒏)

𝟐
]

𝟏/𝟐

        (2)         

Uncertainty analysis was carried out at 5000 rpm, taking into 

account the accuracy of the instruments used in the experimental 

research in the measuring range. Table 3 provides the uncertainty 

analysis for a 5000 rpm engine speed.  

Table 3. The uncertainty analysis for a 5000 rpm engine speed 

Variable Device Accuracy Parameters 5000 rpm Error [%] 

BEP and BET Go-Power System D-100 ±1.5 % BEP 4.64 kW 0.0567 kW 1.22% 

Engine speed MotecM4 and Pick-up ±6 rpm AR* BSFC 0.569 kg/kWh 0.00406 g/kWh 0.71% 

Propane flow rate New-flow TLF03A10111 
±1.5% FS 

±0.33%** 
�̇�𝑝 0.421 kg.min-1 0.001 kg.min-1 0.24% 

Temperature 
K type thermocouple 

DAQ card 

±0.75 % Tec 82.43 °C 0.654 °C 0.79% 

±0.4 % Tp 57.7 °C 0.443 °C 0.77% 

Volt UNI-T UT33A 

Multimeter 

±0.5 % ΔT  28.03 °C 0.209 °C 0.74% 

Ampere ±2 % TEG_power 3.1 W 0.018 W 0.58% 

* AR: All range, FS: Full scale, **Accuracy of device in measurement range 

 

3. Discussion and Findings 

 

The use of TEGs for waste heat recycling of ICE cars in real 

operating conditions is becoming widespread. Many commer-

cial companies, such as GM and BMW, have already moved into 

the TEG development phase as a final product. Successful stud-

ies using TEG have converted exhaust waste heat energy into 

electrical energy with a conversion efficiency of approximately 

5–10% [32-36]. Moreover, a team from Gentherm, which devel-

ops comfort systems for automotive companies such as BMW, 

Ford, and Faurecia, carried out performance tests with the inte-

gration of TEG on BMW X6 and Lincoln MKT brand and model 

passenger cars [37]. Similarly, the LGW 523 MPI brand and 

model SI engine used in this study is currently used in the Mi-

crocar MC1 brand and model small passenger car. Therefore, 

the results of the paper have the potential to be used directly in 

the automobile industry. Fig.8 depicts the changing of engine per-

formance parameters with engine speed. The engine produced a 

maximum braking engine torque (BET) of 22 Nm at 2000 rpm 

with a 1/2 throttle opening, and at 5000 rpm the BET decreased to 

9 Nm. The brake engine power (BEP) is approximately 5.5 kW in 

the range of 3000–4000 rpm, increasing to a maximum BEP of 

5.51 kW at 4000 rpm engine speed. While the brake-specific fuel 

consumption (BSFC) is 0.297 kg/kWh at 1500 rpm, it increased 

with engine speed and reached 0.569 kg/kWh at 5000 rpm. 
 

Fig.2. Changing of engine performance parameters versus engine speed 
 

The variations of mass flow rates of engine cooling fluid and 

propane versus engine speeds is illustrated in Fig.9. In the range of 

1500–5000 rpm, at the TEG's inlet, the rates of mass flow of pro-

pane (�̇�𝒑) and engine cooling fluid (�̇�𝒆𝒄) vary between 0.183 and 

0.421 kg.min-1 and 0.0168 and 0.0441 kg.min-1, respectively. In 

addition, both mass flow rates increased based on the increase in 

engine speed. That is, depending on the rise in engine speed, the 

mass flow rates of the engine cooling fluid and propane into the 

TEG increased.  
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Fig.3. Variation of mass flow rates of engine cooling fluid and propane 

versus engine speed 
 

Fig. 4 depicts the variation of temperatures at the inlet and outlet 

of engine cooling fluid and propane into the TEG versus engine 

speed. The temperature of the engine coolant fed to the TEG from 

the heating radiator output line of the engine remained constant at 

approximately 85.5 °C between 1500 and 5000 rpm. In general, 

the engine cooling fluid temperature (Tec) at the outlet of TEG de-

creased for all engine speeds due to the heat transferred to the pro-

pane gas by the occurring heat flow across the TEMs. However, 

the engine cooling fluid temperature at the TEG output slightly de-

creased with increasing engine speed due to the rise in the propane 

gas flow rate taken into the TEG depending on the increasing en-

gine speed. On the other hand, the temperature of the propane gas 

fed into the TEG remained constant at approximately 35.2 °C in 

the range of 1500–5000 rpm. However, due to the increase in the 

mass of propane fed into the TEG with the increased engine speed, 

the outlet temperature of the propane gas (Tp) from the TEG de-

creased remarkably. While the exit temperature of propane gas 

from TEG is 62 °C at 1500 rpm, it declines to 57.6 °C at 5000 rpm. 

A positive result of this finding is that, with the rise in engine speed, 

the difference in temperature affecting the hot and cold side sur-

faces of the TEMs increases (see Fig.5). Because increasing the 

engine speed causes the outlet temperature of the propane from the 

TEG to decrease more than the outlet temperature of the engine 

coolant. 
 

 
Fig. 4. Variation of engine cooling fluid and propane into TEG inlet and 

outlet temperatures relative to engine speed 

 

The variation of the temperature at the surface of Ec_hex and 

P_hex versus engine speed is illustrated in Fig.5. As seen in Fig.5, 

the temperature at the surface of the Ec_hex in contact with the hot 

side surface of the TEMs increases from 83.5 °C to 85.4 °C with 

the engine speed. On the other hand, the temperature of P_hex's 

surface in contact with the TEMs' cold side surface decreases from 

60.2 °C to 57.4 °C. When the engine speed is raised from 1500 

rpm to 5000 rpm, the increase in Ec_hex is about 1.9 °C, while the 

decrease in P_hex is about 2.9 °C. This result contributed signifi-

cantly to the increase in the temperature difference (ΔT) between 

the TEMs' hot and cold surfaces as engine speed increased. While 

the difference in temperature (ΔT) between the ceramic layer sur-

faces in contact with the heat exchanger of the TEMs is 23.3 °C at 

1500 rpm, the temperature difference (ΔT) increased to 28.1 °C at 

5000 rpm.  

According to these results, the increase in temperature differ-

ence (ΔT) acting on the surfaces of the TEMs despite constant en-

gine coolant and propane gas inlet temperatures in the range of 

1500–5000 rpm depends on the increase in mass flow rates of the 

engine cooling fluid and propane gas. In this case, it is expected 

that the no-load/open circuit voltage of TEG, the voltage and cur-

rent under load, and finally TEG_power will increase with engine 

speed (see Fig.6, Fig.7, and Fig.8).  
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Fig.5. Variation of surface temperatures of Ec_hex and P_hex versus en-

gine speed 
 

The open circuit voltage of TEG (20 TEM series) with engine 

speed is indicated in Fig. 6. As shown in Fig.6, the no-load voltage 

of TEG increased as the ΔT acting on the hot and cold surfaces of 

the TEMs increased with engine speed (see Fig.5). While the no-

load voltage is 16.9 V at 1500 rpm, it increased to 25.6 V at 1500 

rpm. While the rate of increase in TEG no-load voltage is rapid up 

to 4000 rpm, it then slows depending on the ΔT temperature dif-

ference after 4000 rpm. 
 

Fig.6. No-load voltage of TEG (20 TEM series) versus engine speed 
 

Fig.7 depicts the variation of load voltage and load current of 

the TEG versus engine speed. In the experiments, the load voltage 

and current are measured with an electronic load device fixed to 

the output of 20 series-connected TEM modules. The applied load 

voltage is chosen for the optimum value that gives the highest 

power. The applied load voltage between 1500 and 5000 rpm 

changed in the range of 82.2–84.1 ohms. TEG's load voltage and 

load current increase with motor speed. TEG's load voltage rises 

from 9.1 V at 1500 rpm to 14.1 V at 5000 rpm. In contrast, the load 

current of TEG increases from 0.137 A at 1500 rpm to 0.214 A at 

5000 rpm. It should be noted that the temperature difference be-

tween the surfaces of the TEMs characterized the change curves of 

the load voltage and load current of the TEG related to increasing 

engine speed. 
 

Fig.7. Variation of load resistance, load voltage, and load current of TEG 

versus engine speed 
 

The change of TEG_power versus engine speed is given in Fig.8. 

Firstly, it is seen that the TEG_power increases depending on in-

creasing engine speed. The increase in TEG_power with engine 

speed depends on the increase in the difference in temperature (ΔT) 

between the hot and cold side surfaces of the TEM, which is the 

main factor for TEM technology. The minimum TEG_power is 

obtained with 1.25 W at 1500 rpm, while the maximum 

TEG_power is obtained with 3.01 W at 5000 rpm. While 

TEG_power increased rapidly up to 4000 rpm, the increase rate 

slowed down after 4000 rpm. The main reason for the slowdown 

after 4000 rpm can be depicted by the increase in heat transfer 

losses from Ec_hex surfaces to the environment, depending on the 

rise in the rate of mass flow of the hot-side fluid (engine cooling 

fluid). 
 

 
Fig.8. Variation of TEG_power versus engine speed 
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Fig. 9 illustrates the variation in TEG_efficiency with engine 

speed. TEG_efficiency is at its highest value of 3.1% at 1500 rpm, 

decreases slightly with engine speed (2.8% at 2000 rpm), and fi-

nally remains constant at around 2.75%, despite small changes in 

the range of 2500–5000 rpm. The main reason TEG_efficiency is 

maxed out at 1500 rpm is that the engine cooling fluid flow rate is 

lower at lower engine speeds than at higher engine speeds. The 

heat losses from Ec_hex to the atmosphere increased with the in-

crease in the engine cooling fluid flow rate taken into the TEG. 

Because the high engine coolant mass flow rate caused the Ec_hex 

volume to fill more and the hot fluid to come closer to the surfaces. 

However, the 2.75% TEG_efficiency obtained at high engine 

speeds is acceptable when compared with the literature. Gürbüz et 

al. stated that the TEG efficiency changed between 1-3.1% in the 

range of 1500–5000 rpm with the TEG they developed for a gas-

fueled SI engine [30]. 
 

 
Fig.9. TEG efficiency variation with engine speed 

 

TEG's contribution to the charging system with engine speed is 

illustrated in Fig.10. The test engine has an internal alternator con-

sisting of a circular permanent magnet placed in the inner bowl of 

the engine flywheel and a stationary stator winding placed inside 

this magnet. The permanent magnet placed in the inner bowl of the 

engine flywheel is rotated at the same speed as the engine. The 

internal alternator produces a maximum current of 30 amps at a 

voltage of 12.5 volts and increases with engine speed. The power 

produced by TEG corresponds to approximately 1.1% of the 

power of the engine charging system at other engine speeds except 

for 1500 rpm. The contribution rate of TEG to the charging system 

at 1500 rpm is approximately 1.26%. 

In addition to the contribution of TEG to the engine's charging 

system, there will be no need for an additional evaporator for the 

preheating (evaporation) of the propane gas fed to the engine for 

the gas-fueled SI engine. Thus, the cost of additional equipment is 

also reduced. In addition, with TEG, additional power is obtained 

in the gas-fueled SI engine without any reduction in engine power, 

thus providing fuel savings. 

 
Fig.10. TEG's contribution to the charging system versus engine speed 

 

4. Conclusions  

The results of the paper, in which the conversion of heat energy 

lost to the cooling fluid of a propane-fueled, water-cooled, 2-cyl-

inder SI engine into electrical energy with the help of a TEG is 

examined, are summarized as follows: 

 The outlet temperatures of the engine coolant taken to the TEG 

at a temperature of approximately 85.5 °C at all engine speeds 

varied between 82.4 and 83.1 °C with the engine speed. The 

exit temperature of the propane gas entering the TEG at a tem-

perature of approximately 35.1 °C changed between 57.7 and 

62 °C with engine speed. While the outlet temperature of the 

engine cooling fluid from the TEG increased with the engine 

speed, the exit temperature of the propane gas from the TEG 

decreased. Thus, the difference in temperature between the sur-

faces of the TEMs increased with engine speed.  

 The open circuit voltage of TEG, which is approximately 16.9 

volts at 1500 rpm, increased to 25.6 volts at 5000 rpm, with the 

effect of increasing the temperature difference. By increasing 

the engine speed from 1500 rpm to 5000 rpm, the load current 

of the TEM series increased from 0.137 amps to 0.214 amps, 

and the load voltage increased from 9.1 volts to 14.1 volts. The 

load resistance applied to the TEG output changed in the range 

of 82.2–84.1 ohms with the engine speed. With TEG, a maxi-

mum output power of 3.01 W was obtained at 5000 rpm with 

an efficiency of 2.7%, while a maximum efficiency of 3.1% 

was obtained with an output power of 1.25 W at 1500 rpm. 

Furthermore, the contribution rate of TEG output power to the 

power of the engine charging system is approximately 1.1% at 

other engine speeds excluding 1500 rpm (1.26%). 
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