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Abstract  

Waste Heat Recovery (WHR) from heavy-duty diesel generators 

using Thermoelectric Generators (TEGs) offers a potential way to 

improve total system efficiency and reduce fuel consumption. This 

study combines experiments and numerical simulation to evaluate 

the performance of Hi-Z HZ 14 TEGs modules applied to a 6- 

cylinder, 60 kVA diesel generator. Experimentally, TEG modules 

were mounted equidistantly along the exhaust manifold, 40 cm 

from the engine, and tested at idle (750 rpm) with and without 

active air‑ side cooling. Hot‑ and cold‑ side temperatures, 

open‑ circuit Voltage (Voc), load power, and conversion efficiency 

were recorded. A matching TEG configuration was simulated 

under the same boundary conditions. As a result, active cooling 

increased the temperature differential and consistently improved 

power output and efficiency relative to natural convection. An 

efficiency of 2.1% was observed, in reasonable agreement with the 

simulation and consistent with typical TEGs performance under 

comparable operating conditions. Although this value confirms the 

feasibility of TEG integration in heavy-duty diesel exhaust 

systems, further improvements are possible through material 

selection, heat-sink optimization, and advanced cooling strategies.  
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1 Introduction 

Heavy-duty diesel generators are extensively used in 

construction, mining, and industrial operations because of their 

reliability, exceptional longevity, and consistent high-power output 

under extreme operational conditions [1][2]. However, their energy 

conversion efficiency remains low, typically 25% to 30%. This 

means that a considerable fraction of fuel energy, roughly 35%, is 

exhausted as waste heat, dissipated without doing practical work 

[3]. 

Unutilized thermal energy not only directly translates into fuel 

economy losses but also enhances operational costs while 

increasing greenhouse emissions [4][5]. Capturing and reusing this 

waste heat presents a strategic opportunity to enhance fuel 

economy and system performance, while reducing emissions. Of 

the numerous Waste Heat Recovery (WHR) technologies studied, 

Thermoelectric Generators (TEGs) stand out due to the absence of 

moving parts, their solid-state operation, scalability, and ability to 

convert temperature differentials to electrical power via the 

Seebeck effect [6][7]. Reliability and low-maintenance needs make 

TEGs desirable for integration into diesel generator systems [8]. 

Unfortunately, the low efficiency of TEGs, as rapidly as they can 

convert heat to electricity, is detrimental to commercial TEGs 

modules, which only have a 5-10% efficiency [9][10]. Although the 

effectiveness of commercially available TEGs remains low 

compared to other WHR technologies, their solid-state, compact, 

and integrated characteristics render them desirable for practical 

use in diesel-powered power systems. With the imperative to 

maximize energy efficiency and reduce emissions in heavy-duty 

generators, incremental improvements enabled by TEG technology 

can have significant cumulative impacts. To improve the cold-side 

cooling of the TEGs modules, the thermal management of the 

module needs to be improved. This, in turn, will allow the module 

to maximize efficiency and power output. 

The use of liquid cooling, finned heatsinks, and even phase 

change materials have all been explored towards TEGs 

performance enhancement [11][12][13]. Most of the focus has been 

on small-scale engines in a laboratory setting, which makes it hard 

to relate the findings to larger diesel generators. Moreover, the 

research on commercial TEGs modules and performance 

benchmarking in realistic heat exhaust scenarios is limited. 

In our prior work, in situ, field‑ calibrated measurements are 
essential for capturing the actual phenomenological dynamics of 

operating systems. For instance, the multiple‑ current–voltage 
(MCV) measurement frameworks coupled with deep learning to 

visualize  and  estimate  void  fraction  transitions  under 

non‑ stationary two‑ phase flows can demonstrate that 

instrumentation designed around real operating conditions produces 

data with the fidelity needed for model training and validation, 
rather than relying solely on laboratory surrogates [14][15]. 

Building on this, the experiment‑ anchored Multiphysics 

simulations to interpret transient thermofluidic and phase‑ change 

phenomena illustrate how calibrated simulations generalize 
experimental insights beyond a single test point [16][17]. By 

analogy, TEGs evaluation on diesel exhaust requires both in‑ situ 
measurements (to capture the actual exhaust pulsations, thermal 

gradients, contact resistances, and on‑ engine boundary conditions) 

and validated simulations (to deconvolve heat‑ transfer pathways 
and predict performance across the operating envelope). This 

integrated perspective is largely missing from prior TEG studies on 
generator sets and motivates the present experimental–simulation 

assessment. 

Accordingly, this study addresses the identified gap by 

presenting a combined in‑ situ experimental and numerical 

simulation framework for evaluating TEGs waste‑ heat recovery 

on a six‑ cylinder, 60 kVA diesel generator. The TEGs modules are 

evaluated under realistic exhaust pulsations while varying module 
type, placement along the manifold, engine speed, and the presence 

of active cooling. The experimentally acquired temperature, ΔT, 

Voc, I–V, power, and efficiency data are then used to calibrate and 
validate the simulation, enabling attribution of performance to 

specific thermal‑ resistance pathways and operating variables. 

 

2 Research methodology 

The study is conducted in two main stages: the experimental 

investigation and the numerical simulation. In the first stage, the 

performance of the Bi2Te3-based TEG module (model HZ-14HV, 

60.01 mm × 60.01 mm) was investigated on a heavy-duty six- 

cylinder, 60 kVA diesel generator to evaluate power output at 

different temperatures on both hot and cold sides. Based on similar 

operating conditions, the second stage is performed to assess the 

detailed performance of TEGs. 

2.1 Experimental investigation 

2.1.1 Installation configuration 

The experimental setup for evaluating the TEG module is 

shown in Fig. 1 and is implemented on the exhaust pipe of a heavy- 

duty diesel generator. The experimental procedure was designed by 

adapting approaches commonly reported from previous works on 
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exhaust heat recovery with thermoelectric generators. In particular, 

the setup aligned with the methodology of Imran et al., who 

mounted TEG modules directly on the muffler of a diesel engine, 

used K-type thermocouples to measure temperatures on the hot and 

cold sides, and recorded the multimeter's precision electrical output 

[18]. While no specific international standard exists for in-situ TEG 

testing on exhaust systems, the present work followed standardized 

measurement practices, including sensor calibration and uncertainty 

evaluation, to ensure data reliability. The TEG assembly is 

mounted directly onto the exhaust surface using a machined 

aluminum heat sink to improve thermal conduction to the hot side. 

K-type thermocouples are strategically positioned: one on the 

exhaust pipe surface beneath the TEG hot side, and another 

embedded within the heat sink fins on the cold side. In this 

experiment, two thermocouples are used to monitor the temperature 

gradient across the module. An additional set of thermocouples 

measures the inlet and outlet air temperatures on the cooling side. 

Electrical output from the TEG is recorded using a precision digital 

multimeter, ensuring accurate measurements of both open-circuit 

voltage and load current. 
 

Fig. 1. Experimental setup 

To enhance heat dissipation from the cold side during certain 

test runs, active forced-air cooling is introduced by channeling 

airflow from the generator alternator cooling outlet to the heat sink. 

This cooling source is selected because it utilizes existing airflow 

generated by the alternator fan, eliminating the need for additional 

energy input from external fans. The configuration enabled a direct 

comparison between natural convection cooling and active cooling 

conditions, allowing quantification of the performance 

improvement attributable to enhanced cold-side heat rejection. 

2.1.2 Test procedures and calculation 

The generator is set under an engine speed condition of 750 

rpm. For each configuration (cooling mode on/off), data is recorded 

over a 10-minute steady-state period after thermal stabilization. 

Electrical power output (P) can be obtained by Eq. (1). 
 

𝑃 = 𝐼2𝑅 (1) 

where I is the measured current across the load resistor and R is the 
load resistor's resistance. While the conversion efficiency (𝜂) was 

determined using Eq. (2). 
 

𝑇ℎ − 𝑇𝑐 1 + 𝑍𝑇 − 1 
𝜂 = × 

𝑇ℎ 1 + 𝑍𝑇 − 
 𝑇𝑐 

𝑇ℎ 

(2) 

with 𝑇ℎ is the hot-side temperature, 𝑇𝑐 is the cold-side temperature, 
and 𝑍𝑇 is the figure of merit. 

2.2 Numerical simulation 

2.2.1 TEGs 3D model and simulation 

A 3D model of the cooling system was developed, 

incorporating the TEG modules, heatsink geometry, ducting, and 

mounting interfaces as seen in Fig. 2. 

 

 
Fig. 2. TEG is integrated into the system 

The numerical study was conducted using ANSYS Academic 

Research Mechanical and CFD, with Entitlement ID 1203476. In 

the numerical analysis, the model is set up as an internal-heat- 

transfer problem comprising two air streams: the diesel engine's hot 

exhaust gas from its muffler and the cold air flowing through the 

TEG module. These two models are separated by steel and 

aluminum solids representing the muffler and TEG materials. The 

geometric model was imported from CAD and partitioned into fluid 

and solid domains as boundary conditions with configurations of 

hot inlet, hot outlet, cold inlet, cold outlet, exhaust-pipe body, 

heatsink covers, bracket, and TEG body (see Fig. 2). Thus, the 

fluid-solid coupling at all wetted interfaces can be simulated. 

To provide robust simulation results, a mesh-independent study 

with three grids, each evaluated and refined, was conducted, using 

a similar unstructured tetra/prism topology and a near-wall 

resolution suitable for the SST k−ω turbulence model. Here, mesh 

adequacy was assessed based on changes in outlet temperatures, 

TEG heat transfer, and pressure drops. Based on the study, 

convergence was accepted when the metrics varied by less than 1- 

2% for temperature and heat transfer rate, and by less than 3% for 

pressure drop. In addition, the mass imbalance was obtained to be 

below 0.5% with global energy balance error ≤ 1–2% for residual 

targets of 10
−6

 for energy and 10
−3

 for continuity/momentum/k/ω. 

Using integral monitors of flow, outlet temperature, and TEG heat 

flux, both numerical and physical parameters converged. 

The ANSYS Fluent setup used a steady, pressure-based solver 

with the SST k–ω turbulence model. The energy equation was used 

with a conjugate calculation to simulate heat conduction through 

the steel pipe, aluminum heat sink components, and the TEG solid, 

accounting for convective heat transfer in both fluid domains. 

Gravity was neglected due to the minimum buoyancy as compared 

with the forced convection at the imposed throughflow velocities. 

The default compressible air configuration at low Mach numbers 

was maintained (constant properties, subsonic regime). Hybrid 

initialization was used from all fluid zones, and pseudo-transient 

under-relaxation (automatic timescale method) was employed to 

accelerate convergence of the steady RANS solution. Next, the 

material properties were set similar to the real experimental 

conditions. Each solid zone was assigned accordingly to ensure all 

fluid-solid interfaces were coupled with no prescribed wall 

temperature or heat flux. Hence, the interfacial heat flux is 

determined by the solution. 
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The experimental-numerical evaluation was conducted with two 

operating conditions of 750 rpm and 1500 rpm to represent the idle 

and load engine conditions, and the boundary conditions included: 

a. As for the 750-rpm case, the hot-side velocity inlet was 

specified at Uh=28.7 m s−1 and Th=91℃, while the cold-side 

velocity inlet was Uc=1.7 m s−1 and Tc=29.1℃. 

b. As for the 1500 rpm case, the hot-side inlet was Uh=46.5 m 

s−1and Th=127.3℃, and the cold-side inlet was Uc=3.0 m 

s−1with the same Tc=29.1℃. 

c. At the inlet of both cases, turbulence quantities were prescribed 

using the Intensity and Viscosity Ratio option with a 5% 

turbulence intensity and a turbulent viscosity ratio of 10, 

consistent with internal duct flows of moderate roughness. 

d. Both outlets (hot and cold) were defined as pressure outlets with 

zero-gauge pressure; backflow temperatures were set equal to 

the corresponding inlet temperatures to aid stability. All walls 

were no-slip, with thermal conditions "coupled" for the fluid– 

solid boundaries. External solid faces not in contact with fluid 

were treated as adiabatic unless explicitly part of a coupled 

interface. 

The numerical simulations were conducted for a specific 

heatsink fin geometry, following the experimentally tested fin with 

a height of 90–150 mm and a specific ducting length, to assess their 

effect on cold-side temperature reduction. The primary 

performance metric was the ΔT across the TEG module, as an 

increase in ΔT directly correlates with higher electrical output. 

2.2.2 Experimental-numerical evaluation 

In the experimental study, 𝜂 was obtained from a global 

calculation based on ΔT importance. For every configuration, the 

generator is operated at both 750 rpm and 1500 rpm. Data were 

averaged over the final 300 s of the 10‑ minute steady‑ state 

window to obtain ΔT. The measured exhaust‑ gas inlet 

temperature, ambient conditions, and cold‑ side temperature were 

observed during experiments. Temperature‑ dependent material 
properties are used, and the figure of merit ZT is evaluated at the 

mean module temperature. Model calibration is limited to a single 

baseline case (no‑ cooling) by adjusting the effective contact 
thermal resistance. 

To provide a more detailed analysis, the numerical simulation is 

segmented. Referring to the z-axis of the TEGs 3D model with 

respect to the direction of the cooling air flow, the understanding of 

TEGs performance evaluation is enriched and comprehensively 

obtained. 

 

3 Results and discussion 

3.1 Experimental performance evaluation 

The effect of the temperature difference (ΔT) between the hot 

and cold sides of the TEG modules on their performance has been 

described in Fig. 3 to Fig. 5. Evaluation was made on the three 

electrical performance metrics of interest: conversion efficiency, 

output current, and output voltage. 
 

Fig. 3. Experimental correlation between temperature gradient and 

generated voltage in a heavy-duty diesel generator 

Fig. 3 Shows the correlation between temperature gradient and 

generated voltage in a heavy-duty diesel generator: V = 3.0157ΔT 

+ 23.893 (R² = 0.5206). This relationship suggests that the output 

voltage increases by approximately 3.02 mV per degree Celsius 

increase in ΔT and that there is a voltage offset of ~23.89 mV, 

which manifests at lower gradients and may be due to 

thermoelectric noise and a lack of uniform thermal distribution. The 

maximum output voltage is around 105 mV at a ΔT of 

approximately 22°C. 

The relationship between output current and ΔT is given by I = 

2.0371ΔT + 26.469 (R² = 0.5331), as seen in Fig. 4, which means 

that for every 1°C rise in ΔT, current increases by about 2.04 mA. 

The baseline current of about 26.47 mA is likely due to non- 

uniform heating and residual gradients. The current showed a peak 

of around 80 mA at a ΔT of around 22°C. 
 

Fig. 4. Experimental correlation between temperature gradient and 

generated current in a heavy-duty diesel generator 

The findings of this investigation, shown in Fig. 5, reveal a 

distinct positive correlation between the temperature difference 

(ΔT) across the TEG module and the generator's conversion 

efficiency. From the linear regression analysis, the following 

equation is obtained: 𝜂 = 0.1625Δ𝑇 + 0.4341, with a coefficient of 

determination R²=0.5661. This indicates that, on average, a 1°C 

increase in ΔT leads to an efficiency increase of about 0.1625%, a 

statistically significant enhancement. The nonzero intercept 

(≈0.43%) observed at a temperature difference close to zero can be 

attributed to measurement and system noise, as well as 

unaccounted-for dynamic and static temperature differences in the 

system. This trend is consistent with previous results by Yin, T., et 

al. (2021), who found that efficiency increased steadily with ΔT in 

TEG modules. A similar proportional rise in η with ΔT confirms 

that the temperature gradient across the module primarily governs 

the thermoelectric conversion performance, consistent with the 

present experimental findings in the diesel-engine exhaust-based 

system [18]. 
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Fig. 5. Experimental correlation between temperature gradient and 

teg efficiency in a heavy-duty diesel generator 

In this case, a moderate correlation with R² = 0.5661 is 

observed. This confirms the hypothesis that while ΔT remains a 

key performance factor for the thermal contact resistance [19], the 

degree of optimal load matching [20], the stability of the exhaust 

gas flow [21], and the effectiveness of the cooling mechanism on 

the cold side, which also significantly affects the thermoelectric 

generator's efficiency [22]. 

Measured efficiency peaked at around 5.5% with ΔT ≈ 22°C. 

This still falls short of the theoretical efficiency cap for Bi2Te3 

modules operating under the same conditions, which is usually 7– 

8%. This gap indicates efficiency losses due to suboptimal thermal 

contacts or uneven thermal interfaces on the hot and cold sides. 

Improved forced-air cooling on the chilly side, as well as better 

thermal coupling on the exhaust surface, is likely to enhance ΔT, 

and thus, the efficiency is expected to be better [23]. 

For all three metrics evaluated, the R² values suggest a 

moderate degree of correlation, which means that while ΔT is the 

main, but not the only factor in determining TEGs performance, 

other factors also contribute, such as the degree of load matching, 

the line thermal contact resistance, the variation of exhaust gas flow 

rate, and the cooling efficacy on the cold side. These results 

strengthen the conclusion that there is a need to optimize thermal 

coupling on the hot side further and enhance heat rejection on the 

chilly side, primarily through active forced-air cooling. Hence, ΔT 

can be maximized, which in turn improves the overall electrical 

output and the efficiency of the system [24]. 

3.2 Experimental-numericalevaluation 

Fig. 6 shows the steady‑ state temperature field around the 

exhaust manifold and TEGs module with a detailed hot‑ side 

block–module–cold‑ side sink and fin stack. The contours reveal a 
steep gradient concentrated across the module and mounting block, 

confirming that the dominant resistance lies in the hot‑ side contact 
and the TEGs body. The blue–green isotherms (333-364°C) within 

the fins indicate effective air‑ side heat removal. The warm "halo" 
in the pipe wall highlights lateral heat spreading in the manifold, 

which weakens with increasing distance from the module. This 

finding is consistent with an on‑ engine environment where 
conduction through the mounting block and the local convective 

film coefficient jointly set ΔT [25]. 

 

Fig. 6. TEGs modules temperature distribution for 1500 rpm case 

(peak temperature ≈ 400 K (≈ 127 °C) near the pipe–TEG contact 

with fins are ~333–364 K (60–91 °C)) 

Fig. 7 shows the comparison of Experimental (Exp) and 
numerical (Sim) efficiency calculated using Eq. (2). The Exp data 

were derived from the average of the selected experimental data, 

including the best ΔT and 𝜂, as well as the max, min, mean, and 

modus temperature of 𝑇ℎ / 𝑇 . Since the Exp data were not a single 

data point, the standard deviation of 𝜂 was calculated as 1.23, 

indicating that the range of 𝜂 spans from the highest 𝜂 = 3.47 to the 

lowest 𝜂 = 0.67. On the other hand, the Sim data were numerically 
calculated as a single point from the global evaluation of ΔT across 

the whole simulation domain. The comparison gave an absolute 
error of 0.42. In addition, the numerical efficiency (2.24%) differs 

from the experimental mean (1.82–1.89%) by 0.35–0.42 percentage 

points, which are 0.28–0.34 σ, and falls within the experimental 
95% confidence interval (0.60–3.18%). This indicates good 

agreement, with any residual offset attributable to on‑ engine 

boundary‑ condition variability rather than systematic model bias 
[26], [27]. 

 

Fig. 7. Comparison of experimental and numerical efficiency 

3.3 Segmented temperature-efficiency distribution 

Fig. 8 couples the numerical temperature field around the TEGs 

module assembly with a three‑ segment analysis along the module 

height (A: lower, B: middle, C: upper). Segments A and C exhibit 

larger ΔT (~49.9 °C and 48.3 °C, respectively), whereas the middle 

segment B shows a reduced ΔT (~37.4 °C). This distribution is 

consistent with the underlying flow and heat-transfer field. On the 

cold (fin) side, the entrance and exit regions at the lower (A) and 

upper (C) ends experience more vigorous convection due to inlet 

impingement, outlet extraction, and edge effects around the fin tips. 

These mechanisms depress the local fin temperature, thereby 

increasing ΔT across the TEG at A and C. In contrast, at mid-height 

(B), the cold-side boundary layer is more fully developed, and the 

local heat-transfer coefficient is lower, leading to warmer fins and a 

diminished ΔT. On the hot side, the contact region between 

exhaust-pipe and TEG remains close to the imposed hot-inlet level 

(~400 K) with only mild axial decay, so the variation in ΔT is 

dominated by cold-side behavior. This spatial  𝑇pattern is 
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C 

B 

A 

consistent with boundary-layer theory and recent measurements 

showing high local h near inlets/outlets, followed by decay in the 

thermally developed region, leading to warmer mid-span surfaces 

and smaller ΔT [28]. 
 

Fig. 8. Segmented temperature-efficiency distribution for 1500 rpm 

As seen in Fig. 9, the variation of η between experimental and 

numerical simulation with respect to the three-segment provides a 

different trend. Thus, efficiency at the middle segment is 26% 

lower than at the lower segment in the experiment (2.17 vs. 2.94%) 

and 39% lower in the numerical result (1.76 vs. 2.89%), mirroring 

the 25% drop in ΔT from A to B (49.9 → 37.4 °C). Agreement is 

strong at A and C, with absolute differences of 0.05 and 0.08 

percentage points, respectively. The most significant discrepancy 

occurs at B (0.40 percentage points), yet the model still captures the 

correct ranking (A ≈ C > B), indicating overall good predictive 

performance. The comparable pattern is found in the work by 

Doraghi et al. [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Comparison of experimental and numerical efficiency 

The spatial pattern is physically consistent with the temperature 

map. Near the lower and upper edges of the fin stack (A and C), 
enhanced mixing and edge‑ impingement promote greater 

cold‑ side heat removal (lower 𝑇𝑐 ), sustaining higher ΔT and η. 

Similar non-uniform convection was reported by Purohit et al. [30], 
where mid-span recirculation lowered heat transfer while edge 
impingement enhanced it. In contrast, the middle segment (B) 
experiences weaker local convection, likely due to 
recirculation/shadowing within the fin array and lateral heat 

spreading in the manifold, which elevates 𝑇𝑐 and depresses ΔT. The 

larger model–experiment gap at B plausibly stems from idealized 

inlet flow profiles and simplified treatment of contact resistances, 

which  under‑ resolve  three‑ dimensional  buoyancy  and 

jet‑ interaction effects in the central region. 

In practice, the segmented analysis shows that air‑ side 

maldistribution, rather than bulk property errors, limits 
performance uniformity. Design remedies suggested by the map 

include: (a) Fin re‑ spacing or a shallow shroud to equalize 

through‑ flow, as discussed by Zhang et al. [31] while designing a 

maldistribution-reduction manifold, (b) targeted flow guides to 

reduce mid‑ height recirculation, as conducted by Byun et al. [32] 

when directing the air in a radial heat sink, and (c) attention to 

hot‑ side/contact resistances that compound the mid‑ section 

penalty, these measures are expected to raise ΔT in the center 

segment and narrow the residual numerical–experimental gap. 

 

4 Conclusions 

This work presents an in-situ experimental and CFD-based 

numerical framework for evaluating TEGs performance on a 

six-cylinder, 60 kVA diesel generator at idle (750 rpm) and load 

(1500rpm). The main conclusions are as follows: 

a. Numerical efficiency (2.24%) closely matches the experimental 

mean (1.82–1.89%), with an absolute difference of 0.35–0.42 

percentage points and lies within the experimental 95% 

confidence interval (0.60–3.18%). This indicates good 

agreement and supports the use of the model for design and 

extrapolation. However, the overall efficiency remains lower 

than some cited studies because of the limited ΔT, contact 

thermal resistance, and cooling constraints.  

b. Experimental regressions show that voltage, current, and 

efficiency increase with ΔT (e.g., 𝜂 = 0.1625Δ𝑇 + 0.4341, with 

R²=0.5661), confirming ΔT as the primary determinant of TEG 

performance. Forced convection using alternator discharge air 

for increases ΔT, power and efficiency relative to natural 

convection, consistent with the temperature-field observation. 

c. The reduced efficiency at mid-height (segment B) results from a 

thicker cold-side boundary layer, diminished local convection, 

and stronger lateral heat spreading, which together suppress the 

local ΔT. Conversely, the edge regions (segments A and C) 

benefit from entrance/exit acceleration and edge cooling at fin 

tips, producing higher convective coefficients, larger ΔT, and 

thus greater η. Under idle operation, the system attains a field-

relevant average efficiency of ≈ 2%, establishing a clear 

baseline for subsequent design iterations. 

These findings serve as both design guidelines and performance 

benchmarks for the integration of TEG-based waste heat recovery 

systems in large-scale diesel generator applications. Future research 

should look into the variation of operating conditions, TEGs 

specifications, its economic viability and cost analysis for industrial 

implementation. 
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