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Abstract  
In this paper, a unique method for using thermoelectric generators (TEGs) to generate electricity 
is introduced, a technique that makes use of a cold oil tank and hot exhaust gases from generators. 
A set of TEGs and an integrated cold oil tank are connected to the diesel generator as part of the 
suggested design. A pertinent thermal modeling was designed and a thorough parametric study 
was carried out to show the validity of this innovative concept. The parametric study has 
demonstrated that when the generator power and the thickness to thermal conductivity ratio of 
each TEG in the system are increased, the temperature differential in each TEG module and the 
power produced by the assembly of TEGs both exhibit linear increases.  The length of the TEG 
plate and the height of the exhaust gas duct cause an exponential increase in the temperature 
differential across each TEG module. The TEG assembly's power output increases linearly with 
TEG surface length and decreases exponentially with exhaust gas duct height.  Using an exhaust 
gas duct height of 0.05 m, and a TEGs plate length of 1 m, the parametric study showed that power 
generation of up to 2778 W is feasible under the predetermined circumstances of a diesel generator 
with an output of 125 kW. When compared to a conventional setup, the new hybrid generator in 
this scenario may be able to increase power generation by up to 2.22%. 
 

 
Keywords: Diesel Generators; Thermoelectric Generators; Power; Oil tank; Thermal Modeling; 
Parametric Analysis. 
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Nomenclature 
 
𝐴𝐴        Area of the gas duct  
𝐴𝐴𝑎𝑎𝑎𝑎        Air to fuel ratio  
𝐶𝐶𝑝𝑝,𝑔𝑔        Specific heat of gas 
𝐷𝐷ℎ        Hydraulic diameter 
𝐹𝐹𝑒𝑒𝑒𝑒        Fraction of exhaust gas energy from total energy 
𝐻𝐻        Duct height 
ℎ𝑐𝑐        Convective heat transfer coefficient of the cold oil 
ℎℎ        Convective heat transfer coefficient of the exhaust gas 
𝑘𝑘        Thermal Conductivity of each TEG module 
𝐿𝐿        TEG Plate length 
𝑚̇𝑚𝑓𝑓        Fuel mass flow rate 
𝑚̇𝑚𝑔𝑔        Gas mass flow rate 
𝑁𝑁𝑁𝑁        Nusselt number 
𝑃𝑃        Duct perimeter  
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔       Power generated by the generator 
𝑃𝑃𝑃𝑃        Prandtl number 
𝑞𝑞𝑐𝑐        Fuel heat of combustion  
𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐       Heat rate of combustion  
𝑄̇𝑄𝑒𝑒𝑒𝑒        Power lost in the exhaust gases 
𝑅𝑅𝑅𝑅        Reynolds number 
𝑆𝑆        TEG surface area 
𝑡𝑡        Thickness of each TEG module 
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎        Ambient temperature 
TEG        Thermoelectric Generator 
𝑇𝑇∞𝐶𝐶        Cold oil tank temperature 
𝑇𝑇∞ℎ        Temperature of the exhaust gas exiting the generator 
𝑢𝑢∞        Hot gas velocity 
𝑉̇𝑉𝑔𝑔        Gas volumetric flow rate 
 
Symbols 
 
𝜂𝜂𝑔𝑔        Efficiency of generator 
𝜌𝜌𝑔𝑔        Exhaust gas density 
𝜇𝜇𝑔𝑔        Gas dynamic viscosity  
 
 
1- Introduction 
  

Numerous researchers have focused on enhancing the utilization of renewable energy sources 
and managing energy due to the necessity of energy for daily activities such as powering 
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computers, transportation, communications, cutting-edge medical equipment, and much more [1-
8]. However, the energy research community has been encouraged by governments in 
industrialized nations to give priority to scientific solutions targeted at lowering energy use and 
reducing carbon dioxide emissions [9-11]. Extensive study in the areas of renewable energy and 
energy management is required to accomplish this goal [12-13]. Indeed, meeting the global desire 
to conserve energy and cut operating costs requires careful attention to energy management. It 
entails the methodical preparation of energy-saving strategies, ongoing monitoring of energy 
consumption, efficient management methods, and conservation initiatives. The recovery of waste 
heat has also become a crucial element in the field of energy management, driven by the limitations 
set by the second law of thermodynamics. This procedure makes it easier to produce new energy 
sources, which raises the overall effectiveness of energy systems [14-17]. The use of 
thermoelectric generators is one of the techniques for heat recovery, and as a result, thermoelectric 
technology has become widely used in heat recovery applications. A variety of heat sources, 
including internal combustion engines [18–21], stoves [22–24], cars [25–28], biomass gasifiers 
[29], chimneys [30], diesel engines [31–34], and fuel cells [35], have effectively adopted it. 
Thermoelectric generators are simple and quick ways to generate electricity and recover heat 
everywhere there is or can be a temperature gradient, despite their relatively low conversion 
efficiency [36–37]. Thermoelectric generators also represent a crucial component for integration 
into hybrid heat recovery systems since they can be rapidly connected with various heat recovery 
heat exchangers wherever a temperature gradient can be created [38–41].    

Models of two-stage serial and parallel thermoelectric generators were constructed in 2014 
by Sun et al. [42]. The models use medium-temperature skutterudite and low-temperature bismuth 
telluride thermoelectric materials, while the exhaust gas from internal combustion engines serves 
as the heat source. It is discovered that the thermoelectric materials' characteristics rely on 
temperature. The heat transfer coefficient between the hot and cold sides, as well as the 
temperatures of the heat and cold sources, affect performance metrics such as output power, 
conversion efficiency, and exergy efficiency. 

In 2015, Shixue et al. [43] presented an advanced mathematical model of a thermoelectric 
generator that includes the effect of the temperature gradient in the flow direction. Engine 
operating conditions might cause variations in the exhaust gas parameters. Therefore, the impact 
of these variations on the best thermoelectric performance—achieved with the help of Fortran—
was taken into consideration in order to maximize the overall power output. It was discovered that 
the exhaust gas flow rate had a significant impact on the ideal module areas that corresponded to 
the maximum power output, but not the gas temperature. In the same year, In et al. [44] presented 
a study that provides useful information on optimization of the TEG system, including 
optimization of the system layout, and configuration of TEG. Furthermore, a theoretical analysis 
was used to forecast the heat transfer characteristics of thermoelectric modules, and these 
predictions were compared to experimentally determined heat transfer characteristics. 

In 2017, Vale et al.  [45] reported a parametric study and optimization approaches of a 
thermoelectric generator (TEG) for the recovery of energy from the exhaust gas in Diesel vehicles 
used in freight transport. A heavy-duty vehicle (40 tonnes) and a commercial vehicle (3.5 tonnes) 
have the TEG fitted in their tailpipes. The cooling water serves as the heat sink and the exhaust 
gas as the heat source. Plain fins and offset strip fins are the two heat exchanger layouts that are 
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taken into consideration. Plain fins, which produce a maximum electrical power of 188 W for the 
commercial vehicle and 886 W for the heavy-duty vehicle, are the best option based on the study's 
criteria. For the light-duty vehicle, the best recovery efficiency is roughly 2%, with an average 
thermoelectric material efficiency of about 4.4%. 

In 2018, Mostafavi and Mahmoudi [46] presented a study that deals with the general modeling 
of a thermoelectric generator system, including the modeling of the cooling system for the cold 
side of thermoelectric generator, system of heat transfer from smokestack to the hot side of 
thermoelectric generator and also the modeling of the thermoelectric modules themselves. Next, 
an experimental prototype of this thermoelectric generator is built, and the theoretical and 
empirical results are compared for nominal voltage, current, and power of the manufactured 
system. This is done to validate the obtained equations. This contrast, particularly at low 
temperatures, demonstrates the viability of the modeling that is being provided and the strong 
agreement between the theoretical and real results. In the same year, Nour Eddine et al. [47] 
investigated using analytical and experimental methods how engine exhaust gas pulsations affect 
a thermoelectric generator's ability to recover wasted heat. The findings verify that engine exhaust 
gas composition and engine exhaust gas pulsation are the two primary engine exhaust gas features 
that influence TEG performance. 

Massaguer et al. [48] proposed a novel method in 2020 for automotive thermoelectric 
generators to address the cold-start problem and lower NOx, HC, and CO emissions. The authors 
suggest using an exhaust gas heater in conjunction with a thermoelectric generator. The 
autonomous system's purpose is to convert waste heat into electric heat, which can swiftly boost 
the temperature of exhaust gases to the ideal level. According to the results, it is possible to boost 
the catalyst's efficiency by up to 94%. Furthermore, in a WLTC operating cycle with a threshold 
exhaust gas temperature of 350 °C, the system may reduce pollutant emissions of NOx, HC, and 
CO by up to 94%, 91%, and 97%, respectively. 

In 2022, Gurbuz et al. [49] presented a series of tests that are performed on the exhaust waste 
heat recovery using a thermoelectric generator (TEG) in a propane-fueled spark-ignition (SI) 
engine. Two engine coolant exchangers (Ec_hex) are positioned on both surfaces of the rectangle 
exhaust heat exchanger (Ex_hex) to form a three-layer TEG. To let propane pass through the TEG, 
copper serpentine pipes are inserted into each Ec_hex, creating a unique design. The paper's 
findings show that, in the engine's 1500–5000 rpm range, the DC electrical power of the TEG with 
propane is greater than that of the TEG without propane, with a difference of 11.5–12.1%. 

In 2023, Lan et al. [50] suggested a system of recovery of waste heat from exhausted gas of 
a proton exchange membrane fuel cell (PEMFC) to produce hydrogen using thermoelectric 
generators. A water electrolysis cell, thermoelectric generator (TEG) modules, and a PEMFC are 
all part of the system. A sensitivity analysis has been used to examine the effects of the cooling 
technique, electrical array arrangement, and PEMFC outlet temperature on the system efficiency, 
output power, rate of hydrogen production, and payback period. In particular, the findings indicate 
that the water-cooling method produces hydrogen at a rate 31.4–44.8% higher than the air-cooling 
method. 
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To regard the fluctuations of exhaust heat in practical situations, Luo et al. [51] presented a 
study in 2024 that adopts a transient fluid-thermal-electric multiphysics model to investigate the 
dynamic performance of the thermoelectric generator. The findings indicate that variations in 
exhaust temperature have a more significant impact on the dynamic properties than variations in 
exhaust mass flow rate. A decrease in exhaust heat improves the thermoelectric generator's 
dynamic performance; an increase in exhaust heat has the opposite effect. 

 
In conclusion, the difficulties encountered in practical applications of thermoelectric 

generators (TEGs) are mostly related to the capacity to generate significant temperature changes 
rather than finding hot and cold sources. Stated differently, the hurdles lie in optimizing 
temperature gradients among TEGs and subsequently in producing power through more suitable 
means of coupling the hot and cold sources in a matched arrangement. In particular, the following 
deficiencies are apparent even though exhaust gas and water are excellent hot and cold supplies in 
the literature: 

1. Configurations that use TEGs as a wall to directly divide the hot flow from the cold flow 
are rare. When TEGs are used for direct separation, the temperature differentials between 
them will be greater than when they are adhered to the surface of the exhaust pipe; 

2. The research that employ TEGs as a separator of plane walls are few. By using the TEGs 
as a plane wall separator, it will be possible to install more TEGs, decrease the additional 
pressure losses caused by pasting TEGs on surfaces, and allow the exhaust gas to travel 
farther, increasing the convective capacity between the hot exhaust gas and the hot 
surfaces of the TEGs; 

3. The use of cold tanks as sources of cold fluid without the need for pumping power has 
not advanced. Studies that use oil as a cold source are also rare. In comparison to water, 
oil has two main advantages: it is lighter, especially in applications where weight is a 
critical consideration, like small portable Diesel generators; it can also heat up to higher 
temperatures than water, especially in confined geometry like those of Diesel generators 
(which increases the time of power generation). 
 

In light of the above results of the literature review and to address the research gaps indicated, 
the current study proposes an innovative concept for power generation by using hot exhaust gas 
from generators in conjunction with a cold oil tank in order to increase the temperature differential 
while using thermoelectric generators (TEGs) as direct separation in a plane wall between the 
exhaust gas and oil. A diesel generator is connected to a number of TEGs and an integrated cold 
oil tank in the desired design. This configuration is distinguished by a flow of diesel generator’s 
exhaust gas and cold oil in a tank, separated by a plate with several series-connected TEGs. As a 
result, the hot exhaust gas flow will heat the upper surface of each TEG module while the cold oil 
will cool the lower surface. This temperature difference will thus be created, permitting the 
production of electrical energy. A thermal model of the required design has been prepared to 
validate the aforementioned novel concept. This model predicts the performance of the power 
production based on a variety of parameters, including the power output of the diesel generator, 
the thickness and conductivity of each TEG module, the height of the exhaust gas duct, and the 
length of the TEGs plate. 

The work's uniqueness lies not only in the benefits mentioned above but also in its ability to 
combine TEG power generation with diesel generator power, increasing the diesel generator's 
output and thereby lowering fuel usage. Additionally, the current work offers a streamlined 
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theoretical thermal technique that can be applied to comprehensive parametric studies for 
evaluating the viability of novel TEG power production systems and/or configurations for any 
fluids used as hot and cold sources. 

The remaining parts of this document are organized as follows: The concept of the new 
system is introduced in Section 2, and the accompanying thermal modeling and calculations are 
thoroughly explained in Section 3. The observations, conclusions, and analysis of the findings are 
presented in Section 4. Finally, based on the findings, conclusions are offered in Section 5. 

 
2- New Suggested Concept 

 
Under varying heat flux, temperature, and convection boundary conditions, TEG to convection at 
the top and lower sides was determined to be one of the most effective layouts for thermoelectric 
generators [52–53]. As a result, in this arrangement, the bottom side is exposed to cold convection 
and the upper side to hot convection [52–53]. Thermoelectric generators that are intentionally 
exposed to convection on both sides are suggested as a unique method for producing electricity in 
this study (Fig. 1).  

 

 
Figure 1. Schematic of the proposed system of power generation. 

 
In the new design, the TEGs' put in series in the plane plate have their upper surfaces exposed 

to the hot exhaust gas from the generators, while their lower surfaces are in contact with relatively 
cold oil placed in a tank.  According to this layout, the oil tank at the bottom of the TEG plate 
provides the cold convection condition, while the larger flow of hot exhaust gas provides the hot 
convection condition for the TEGs plate. As a result, a temperature differential may be produced 
across the thickness of each TEG in the plane plate placed between the hot exhaust gas and 
relatively cold oil and then used to produce power. 

 
3- Thermal Modeling and Calculations 

 
    The thermal modeling is demonstrated in Figure 2, where the TEGs are shown as a planar wall 
with convection on both sides.  
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Figure 2. Thermal representation of the TEGs plate situation. 

 
The top side is where hot convection occurs, and the bottom side is where cold convection 

takes place. As a result, from this point forward, the term "TEGs plate" will refer to the entire 
surface area of the TEGs because it is essential to keep in mind that the TEGs are positioned closely 
next to one another on the same plane. 

 
    The temperature distribution is initially estimated using the heat diffusion equation, and the 
temperature difference in the system is then determined. The heat diffusion equation can be 
simplified to the following form [54] by treating the TEGs plate as a planar wall and assuming a 
steady-state condition with no heat generation: 

 
𝑑𝑑2𝑇𝑇
𝑑𝑑𝑑𝑑2

= 0  (1) 
 
By applying the below boundary conditions at the upper and lower surfaces of the TEG [54]: 

 
−𝑘𝑘 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
�
𝑥𝑥=0

= ℎ𝑐𝑐(𝑇𝑇∞,𝑐𝑐 − 𝑇𝑇(0))   (2) 

−𝑘𝑘 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑥𝑥=𝑡𝑡

= ℎℎ(𝑇𝑇(𝑡𝑡) − 𝑇𝑇∞,ℎ)   (3) 
 
The temperature distribution and the temperature gradient within the TEGs can be calculated by 
integrating equation (1) and applying the boundary conditions stated in equations (2) and (3) as 
follows: 

 
𝑇𝑇(𝑥𝑥) = ℎ𝑐𝑐ℎℎ(𝑇𝑇∞,ℎ−𝑇𝑇∞,𝑐𝑐)

𝑘𝑘(ℎ𝑐𝑐+ℎℎ)+ℎ𝑐𝑐ℎℎ𝑡𝑡
𝑥𝑥 + 𝑇𝑇∞𝑐𝑐 + 𝑘𝑘ℎℎ(𝑇𝑇∞,ℎ−𝑇𝑇∞,𝑐𝑐)

𝑘𝑘(ℎ𝑐𝑐+ℎℎ)+ℎ𝑐𝑐ℎℎ𝑡𝑡
  (4) 

∆𝑇𝑇 = ℎ𝑐𝑐ℎℎ(𝑇𝑇∞,ℎ−𝑇𝑇∞,𝑐𝑐)
𝑘𝑘(ℎ𝑐𝑐+ℎℎ)+ℎ𝑐𝑐ℎℎ𝑡𝑡

𝑡𝑡   (5) 
 
Where 𝑇𝑇∞,𝑐𝑐 represents the cold oil temperature and  𝑇𝑇∞,ℎ represents the generator exhaust gas 
temperature, ℎ𝑐𝑐 and ℎℎare the convective heat transfer coefficients of respectively the cold oil and 
the exhaust gas, and 𝑡𝑡 and 𝑘𝑘 are respectively the thickness and thermal conductivity of each TEG 
module. 
 
The convective heat transfer coefficient of the cold oil (ℎ𝑐𝑐) may be found from the heat transfer 
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references used in natural convection for oil [54] while 𝑇𝑇∞𝑐𝑐, will be assumed as the ambient 
temperature. Moreover, the intended parametric study will use the values of 𝑡𝑡 and 𝑘𝑘 as input 
parameters for the calculations. The operational parameters of the generator determine the values 
of 𝑇𝑇∞,ℎ and ℎℎ. Applying energy balances within the generator's operational mode is now required 
to determine the gas mass flow rate (𝑚̇𝑚𝑔𝑔) and exhaust gas temperature (𝑇𝑇∞ℎ,). The ratio between 
the output and the input of the generator is defined as efficiency. The input power represents the 
heat rate due to the combustion of the fuel while the output power represents the electrical power 
generated. The efficiency may be defined as [55]:  
 

𝜂𝜂𝑔𝑔 = 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  (6) 
 
A fraction of the heat produced during combustion is lost in the form of power in the exhaust gases 
(𝑄̇𝑄𝑒𝑒𝑒𝑒), normally this fraction (𝐹𝐹𝑒𝑒𝑒𝑒) between 30% and 40% [55]. The power lost within the exhaust 
gases may be expressed as follows [55]: 

 
𝑄̇𝑄𝑒𝑒𝑒𝑒 = 𝐹𝐹𝑒𝑒𝑒𝑒𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   (7) 

 
The result of combining equations (6) and (7) is: 

 
𝑄̇𝑄𝑒𝑒𝑒𝑒 = 𝐹𝐹𝑒𝑒𝑒𝑒

𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝜂𝜂𝑔𝑔

  (8) 

 
Likewise, the rate of energy transferred by exhaust gases can be expressed as follows [54]: 

 
𝑄̇𝑄𝑒𝑒𝑒𝑒 = 𝑚̇𝑚𝑔𝑔𝐶𝐶𝑝𝑝,𝑔𝑔(𝑇𝑇∞,ℎ − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)   (9) 

 
The rate of heat generated from the combustion of the fuel (𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) depends on the mass 
flow rate of the diesel (𝑚̇𝑚𝑓𝑓) and the heat of combustion of the fuel (𝑞𝑞𝑐𝑐). The mass flow rate of the 
fuel (diesel) may be calculated as follows [55]:  

 
𝑚̇𝑚𝑓𝑓 = 𝑄̇𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑞𝑞𝑐𝑐
= 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝜂𝜂𝑔𝑔𝑞𝑞𝑐𝑐
   (10) 

 
The mass flow rate of the gas may be calculated based on the air to fuel ratio (𝐴𝐴𝑎𝑎𝑎𝑎) of each fuel 
(diesel in this case). It can be expressed as follows [55]:  

 
𝑚̇𝑚𝑔𝑔 = �𝐴𝐴𝑎𝑎𝑎𝑎 + 1�𝑚̇𝑚𝑓𝑓 = �𝐴𝐴𝑎𝑎𝑎𝑎 + 1� 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝜂𝜂𝑔𝑔𝑞𝑞𝑐𝑐
  (11) 

 
Based on the fraction of the heat lost within the exhaust gas, the energy within the fuel and the 
ambient temperature, the temperature of the exhaust gas may be evaluated. This hot temperature 
may be found by combining the equations (8), (9) and, (11): 

 
𝑇𝑇∞,ℎ = 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐹𝐹𝑒𝑒𝑒𝑒𝑞𝑞𝑐𝑐

�𝐴𝐴𝑎𝑎𝑎𝑎+1�𝐶𝐶𝑝𝑝,𝑔𝑔
 (12) 
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It is possible to calculate the hot convective heat transfer (ℎℎ) using established heat transfer 
correlations found in reference [54] once the mass flow rate of exhaust gas is known. The velocity 
of the hot gas is related to the gas mass flow rate as follows [54]:  

 
𝑢𝑢∞ = 𝑉̇𝑉𝑔𝑔

𝐴𝐴
= 4𝑚̇𝑚𝑔𝑔

𝜌𝜌𝑔𝑔𝜋𝜋𝐷𝐷ℎ
2  (13) 

 
The hydraulic diameter of the duct (𝐷𝐷ℎ) may be calculated using the following relation [54]: 

 
𝐷𝐷ℎ = 4𝑆𝑆

𝑃𝑃
= 2𝐻𝐻𝐻𝐻

𝐻𝐻+𝐿𝐿
  (14) 

 
As mentioned previously, the convective heat transfer (ℎℎ) at the upper surface of the TEG may 
be calculated using the suitable correlations based on the type of the flow. The type of the flow is 
determined by calculation the Reynolds number using the following relation [54]:  

 
𝑅𝑅𝑅𝑅𝐿𝐿 = 𝜌𝜌𝑔𝑔𝑢𝑢∞𝐿𝐿

𝜇𝜇𝑔𝑔
  (15) 

 
The flow is assumed to be laminar for a Reynolds number less than 5 × 105. However, it is 
assumed to be mixed flow (laminar then turbulent) if the Reynolds number is above the critical 
value (5 × 105). The convection coefficient is calculated using the following correlation of the 
Nusselt number (𝑁𝑁𝑁𝑁) if the flow is considered laminar [54]:  

 
𝑁𝑁𝑁𝑁ℎ = ℎℎ𝐿𝐿

𝑘𝑘
= 0.664𝑅𝑅𝑅𝑅𝐿𝐿0.5𝑃𝑃𝑃𝑃1/3  (16) 

 
If the flow is found to be mixed, the following correlation of the Nusselt number may be used to 
calculate the convection coefficient of the hot gas [54]: 

 
𝑁𝑁𝑁𝑁ℎ = ℎℎ𝐿𝐿

𝑘𝑘
= (0.037𝑅𝑅𝑅𝑅𝐿𝐿

4/5 − 871.32)𝑃𝑃𝑃𝑃1/3 (17) 
 
As many thermal modeling reported in the literature [56-57], the thermal modeling used in this 
manuscript is a simplified thermal modeling that possesses the minimum components to perform 
a detailed parametric analysis that permits to come out with appropriate conclusions related to the 
feasibility of the suggested concept.  
 
Beyond that, the effects of design parameters will be examined like generator power, each TEG's 
thickness to thermal conductivity ratio, exhaust gas duct height, and TEG plate length. Thus, using 
initial calculations with the height of exhaust gas duct (𝐻𝐻) of 0.05 m, the TEG plate dimensions 
(length and width) assumed to 0.4 m, the cold oil temperature maintained (𝑇𝑇∞,𝑐𝑐) at 25°C, and the 
ambient temperature (𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎) held at 20°C, the influence of generator power and the ratio of 
thickness to thermal conductivity for each TEG was examined. The convective heat transfer 
coefficient of the cold oil was found at a value of 200 𝑊𝑊.𝑚𝑚−2.𝐾𝐾−1 for the aforementioned 
parametric investigation [54]. A total of 25 computations were performed in all, with each 
calculation corresponding to a unique configuration determined by the generator's power and the 
ratio of TEG thickness to thermal conductivity. Five generator power values 25 kW, 50 kW, 75 
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kW, 100 kW, and 125 kW as well as five distinct ratio values 0.002, 0.004, 0.006, 0.008, and 0.01 
were specifically evaluated. Previous researches have shown that the ratio (𝑡𝑡/𝑘𝑘) normally ranges 
from 0.002 to 0.005 [58-59]. As part of the parametric testing procedure, larger ratios for this 
parameter have been selected with the intention of examining the potential for recommending new 
ratios to improve temperature gradients. If future production becomes feasible, such improvements 
might eventually result in higher power output. The relation between the power generated from 
the TEG and the difference of temperature presented in [58] will be considered. A second set of 
computations was performed with a constant generator power of 125 kW, the cold oil temperature 
at 25°C, and the ambient temperature at 20°C in order to examine the effects of exhaust gas height 
and the length of the TEG plate. The higher ratio (𝑡𝑡/𝑘𝑘) is used. Similar to this, a series of 25 
calculations were performed, each one corresponding to a unique configuration determined by the 
height of the exhaust gas and the length of the TEG plate. The TEG plate's width and length were 
assumed to be equivalent in these computations. In particular, five distinct TEG plate lengths 0.2 
m, 0.4 m, 0.6 m, 0.8 m, and 1 m as well as five different exhaust gas duct heights 0.05 m, 0.1 m, 
0.15 m, 0.2 m, and 0.25 m were taken into consideration. 
 
4- Results and Analysis 
 
Figure 3a shows the variation in temperature differential across each TEG module for different 
thickness to conductivity ratio. Figure 3b shows the total power attained by the suggested TEG 
generators based on the intended design, which is the sum of the power created by each TEG 
module for different thickness to conductivity ratio.  

 

 
Figure 3. The variation of (a) temperature differential across each TEG module and (b) the 
power generated by the assembly of TEG modules as a function of the generator power for 

various ratios 𝑡𝑡/𝑘𝑘. 
 

As is obviously shown in Figure 3, when the space heating load and the ratio (𝑡𝑡/𝑘𝑘) both rise at the 
same time, there is an almost linear increase in the temperature difference across each TEG module 
and the resulting power produced by the assembly of TEGs. As an example of a ratio (t/k) of 0.002, 
when the generator's output is increased from 25 kW to 125 kW, the temperature differential across 

(a) (b)
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each TEG module rises from 26°C to 51°C and the power generated by the assembly climbs from 
13 W to 52 W. When the generator power is increased from 25 kW to 125 kW, the accompanying 
power provided by the assembly changes from 218 W to 534 W, and the temperature difference 
between each TEG component varies from 116°C to 210°C for a ratio of 0.01. In conclusion, it is 
clear that the increase in temperature difference and the resulting increase in power generation 
become more important as the thickness to thermal conductivity (ratio) ratio rises and as the 
generator power is raised. The temperature differential grows from 51°C to 210°C when the ratio 
is increased from 0.002 to 0.01, and the resulting power generation rises from 52 W to 534 W when 
the power output of the generator is fixed at 125 kW. 
 
According to the length (L) and duct height (H), Figure 4 depicts the variations in the temperature 
difference across each TEG module as well as the overall power produced by the suggested TEG 
generators. These variations are plotted as functions of TEG plate length for various exhaust gas 
duct heights. 
 

 
Figure 4: The fluctuation of (a) temperature differential within each TEG component and (b) 

power generated by the assembly of TEGs as a function of L for varied H. 
 

Figure 4-a highlights how the temperature differential across each TEG module diminishes 
exponentially as the TEG surface length L rises. Similar to this, when H increases, the temperature 
disparity similarly decreases exponentially. As an example, at H of 0.05 m, the temperature 
differential across each TEG module falls from 276°C to 185°C as the TEG surface length 
increases from 0.2 m to 1.0 m. As the TEG plate length increases from 0.2 m to 1 m, the 
temperature differential across each TEG module decreases from 139°C to 42°C for an exhaust 
gas duct height of 0.25 m. It should be noted that the temperature difference grows as length L 
increases, which is an exception to the aforementioned tendencies for lengths of 0.8 and 1. These 
phenomena happens as a result of the TEG plate length exceeding 0.8 m, which causes the flow in 
some areas to become turbulent, creating a mixed boundary layer surrounding the TEG plate. 
Comparing the situation with full laminar flow, the convective coefficient is improved by this 
mixed boundary layer. As a result, the variation in temperature across each TEG module is 
observed to diminish as the plate length grows as a result of this turbulence and boundary layer 

(a) (b)
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mixing. 
 
Indeed, as shown by equations 16 and 17, once the length of the flow grows, the Reynolds number 
rises, which in turn causes the Nusselt number to rise. It is crucial to remember that although the 
Nusselt number could rise, the corresponding heat transfer might paradoxically fall. This may be 
caused by the intricate interaction of convective heat transfer components, including modifications 
to flow patterns and the formation of boundary layers as flow lengthens. Equations 14 and 15 show 
that as H grows, so does the hydraulic diameter. Consequently, the Re will fall for the same exhaust 
gas flow rate. The average convective heat transfer coefficient is decreased along with the 
Reynolds number. As a result, the temperature difference across each TEG module is reduced as a 
result of the decline in the convective heat transfer coefficient. These connections are crucial to 
comprehending how variations in geometrical parameters, such as the height of the exhaust gas 
duct, can affect convective heat transfer and temperature differences in the TEG system. 
 
Figure 4-b illustrates how the power produced by the combined set of TEGs increases practically 
linearly as the length of the TEG plate increases while decreasing exponentially as the height of 
the exhaust gas duct rises. These findings demonstrate how these two parameters have a substantial 
impact on the TEG system's ability to generate power. As an illustration, the power grows from 
202 W to 2778 W for H of 0.05 m as L increases from 0.2 m to 1.0 m. This demonstrates the 
important influence of TEG surface length on energy production. The power produced for L of 0.2 
m declines exponentially from 202 W to 72 W when H rises from 0.05 m to 0.25 m. This 
demonstrates how variations in exhaust gas duct height can have a big effect on the TEG system's 
power output. Additionally, since the average convective coefficient of exhaust gas lowers, the 
temperature difference diminishes as the TEGs plate length grows. The quantity of TEG 
components also grows along with the length of the TEG plate. When the TEG surface length is 
increased, the power output increases linearly because the increase in TEGs has a dominant effect 
that offsets the decline in temperature differential. The shift to turbulence that takes place along a 
segment of the TEG plate's length and the development of a mixed boundary layer are responsible 
for the quadratic increase in power variation that starts at a length of 0.8 m when H is 0.05 m. 
 
Now, the two generators (Diesel generator and TEG generator) are considered as one generator so 
that the enhancement in power generation and then efficiency of the original diesel generator can 
be tracked and the effect of boosting the power generation with TEG and oil tank integration can 
be measured. To proceed, the percentage enhancement in power generation when the TEG and 
cold oil tank are integrated into the diesel generator with respect to the power generation with an 
original power generator is calculated for different generator power, t/k, Duct height H, and Length 
L. 
 
Figure 5 shows the variation of the percentage enhancement of power generation in function of 
the diesel generator power for different ratios (𝑡𝑡/𝑘𝑘). 
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Figure 5: Variation of the diesel generator efficiency enhancement as function of the generator 

power for different ratios of thickness and thermal conductivity of each TEG. 
 

As shown in Figure 5, the percentage enhancement in power generation decreases when the diesel 
generator power increases and increases when (𝑡𝑡/𝑘𝑘) increases. For a (𝑡𝑡/𝑘𝑘) of 0.002, if the diesel 
generator power is increased from 25 to 125 kW, the percentage enhancement of power generation 
decreases from 0.05 to 0.04%. For a (𝑡𝑡/𝑘𝑘) of 0.01, if the diesel generator power rises from 25 to 
125 kW, the percentage enhancement decreases from 0.87 to 0.43%. Finally, for a diesel generator 
power of 25 kW, the percentage enhancement increases from 0.05 to 0.87% for (𝑡𝑡/𝑘𝑘) range of 
0.002-0.01. 
 
Figure 6 shows the variation of the percentage enhancement of power generation with L for 
different H. 
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Figure 6: Variation of the diesel generator efficiency enhancement for different L and H. 

 
    Figure 6 illustrates how the improvement in power generation rises with increasing L and falls 
with increasing H. As an example, given a H of 0.05, the percentage increase in power generation 
increases from 0.16 to 2.22% when L is increased from 0.2 to 1 m. When L is increased from 0.2 
to 1 m for H of 0.25 m, the percentage augmentation of power generation increases from 0.06 to 
0.16%. The percentage enhancement for a TEG plate length of 1 m falls from 2.22 to 0.16% when 
L is increased from 0. 2 to 1 m. 
 
5- Conclusions, discussion, and future work 
 
5.1. Conclusions 
 
This study proposes a novel method for creating power with thermoelectric generators (TEGs) 
using hot generator exhaust gas and a cold oil tank. To verify the validity of this concept, a detailed 
thermal modeling approach is constructed, and an appropriate parametric analysis is conducted.  
 
The parametric investigation has shown that: 

1. The temperature differential in each TEG module and the resulting power generated by the 
assembly of TEGs both display linear increases as the generator power and the ratio of the 
thickness to thermal conductivity of each TEG are raised.   

2. The temperature differential across each TEG module increases exponentially with both 
the length of the TEG plate and the height of the exhaust gas duct.  

3. The power generated by the TEG assembly rises linearly with the TEG surface length and 
falls exponentially with the height of the exhaust gas duct.    

4. Using an exhaust gas duct height of 0.05 m, and a TEGs plate length of 1 m, power 
generation of up to 2778 W is feasible under the predetermined circumstances of a diesel 
generator with an output of 125 kW. When compared to a conventional setup, the new 
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hybrid generator in this scenario may be able to increase power generation by up to 2.22%. 
 
5.2. Discussion and future work 
 
The co-authors' novel idea has not yet been used in an experimental setting. The purpose of this 
publication was to demonstrate the potential application of the proposed notion through theoretical 
and simplified modeling. Since the proposed idea appears to have practical applications, future 
articles (a future endeavor of the co-authors) can focus on experimental investigations, more 
accurate modeling, and literature comparisons. This work serves as a first baseline to validate the 
idea of using flat plates made entirely of TEGs and to identify the best configurations for applying 
this idea when hot or cold sources, such as exhaust gas and oil, are present. Drawing from the 
above indicated discourse, the subsequent areas of focus could be: 

1. Create the identical parametric study using the same idea as described in the current 
manuscript through experimentation. In addition to providing an experimental database 
that may be utilized for the validation of numerical models, the goal will be to 
experimentally validate the notion proposed in this paper; 

2. Create more precise numerical models that can improve the accuracy of the theoretical 
modeling described in this paper and/or account for transient characteristics. These models 
will be utilized to physically understand the system's electrical and thermal behavior under 
different circumstances. They can also be utilized to evaluate the viability of new ideas 
and/or improved system setups. 
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