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Abstract

This study evaluates the performance and environmental impact of thermoelectric generators (TEGs) by analyzing
various thermoelectric materials and system geometries. A comprehensive life cycle assessment is conducted to
quantify the embodied energy and carbon emissions associated with different materials. The study employs
particle swarm optimization to optimize TEG geometry, aiming to enhance power output while minimizing
environmental impact. The results demonstrate that material selection significantly influences both energy
conversion efficiency and sustainability. Specifically, PbTe-based TEGs achieve the highest power output, whereas
SiGe-based modules exhibit the highest environmental footprint. Through optimization, an 80% increase in power
output is achieved for certain configurations, alongside a reduction in CO, emissions. Key findings highlight PbTe-
based TEGs as the most efficient energy converters, while Bi,Te,-based modules strike a balance between
performance and sustainability. In contrast, SiGe-based TEGs have the highest environmental footprint due to their
high embodied energy. Additionally, the study reveals that optimizing the number of thermocouples and leg
dimensions significantly improves energy conversion efficiency and reduces carbon emissions. These findings
provide valuable insights for designing next-generation TEG systems that effectively balance performance and
environmental responsibility.
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INTRODUCTION

The global energy demand has significantly increased due to the widespread use of electronic devices'. In
this context, the world faces two major challenges: meeting the growing energy demand and reducing the
environmental impact associated with traditional power plants"”. Renewable energy sources, such as wind,
solar, and thermal, can offer sustainable power generation". Various systems have been introduced to
harvest these energy sources and convert them into electricity including conventional energy conversion
methods, such as wind turbines, or microscale technologies, such as thermoelectric generators (TEGs)".

TEGs are solid-state devices that convert temperature gradients between hot and cold sides into
electricity”. These devices rely on thermoelectric materials that transport charge carriers and phonons,
enabling direct heat-to-electricity conversion”. TEG modules are compact, scalable, and can be easily
integrated into systems where a temperature gradient is present”. In several applications, TEG modules
have demonstrated unique potential for waste heat harvesting'™. Numerous studies have explored TEG
integration in solar energy systems, automotive applications, and industrial waste heat recovery, resulting in
diverse module designs with varying materials and sizes'”. The findings indicate that these TEGs can
operate continuously as long as a temperature difference is maintained, making them a favorable option for
power generation in applications where other renewable energy systems experience intermittent
production”. However, while their efficiency is lower compared to other renewable sources, advancements
in materials have improved their performance!". In this context different studies have examined the impact
of material selection on TEG performance, evaluating both traditional thermoelectric materials (e.g., Bi,Te,,
PbTe, and SiGe) and recently developed alternatives such as CoSb,, GeTe, Sn,Se, BiCuSeO, SWNTs/
PEDOT, Bi, ,Sb, .,Te, + graphene?, etc. Other researchers explore the performance of flexible TEGs using
advanced materials, where the flexibility of the materials is crucial for applications in wearable devices,
portable electronics, and other flexible energy harvesting systems*'*.. However, these studies mainly assess
TEG efficiency based on key material parameters, overlooking environmental impact and long-term
performance, both crucial for commercial scalability.

Recently, several studies have investigated the environmental impact of TEG materials. Chan et al. analyzed
four commercial TEG modules, assessing efficiency, reliability, and long-term performance"”. However,
their study highlighted gaps in data on material properties, size limitations in commercial models, and the
lack of a detailed greenhouse gas (GHG) emissions analysis. Lan et al. examined the environmental and
economic impact of TEG leg geometry and structure, considering material properties and heat
dissipation"®. Their findings suggest that optimizing TEG configurations can reduce CO, emissions by
1.0%-72.1%, especially for low hot-source temperatures and high-ZT materials. However, these
modifications adversely affect economic viability and thermal efficiency. Ibn-Mohammed et al. conducted a
comprehensive analysis of the techno-environmental impact of various TEG modules, highlighting the
significant influence of material selection". Their findings show that fabrication requires substantial
electrical energy, with non-oxide materials such as Bi,Te, posing high toxicity risks due to tellurium and
antimony. In contrast, oxide-based materials demonstrate lower toxicity but are associated with higher
environmental impacts of cobalt oxide. Soleimani et al. assessed the environmental impact of TEG materials
during production, considering resource consumption, emissions, waste, energy demand, and global
warming potential®’. Their analysis of inorganic, organic, and hybrid materials revealed that inorganic
types generally have the highest impact due to energy-intensive manufacturing, except for Bi,Te,, which had
the lowest impact among all studied materials. These studies highlight the growing concern regarding the
environmental footprint of TEG materials, yet significant research gaps remain. Therefore, advancing
sustainable TEG systems requires further research to optimize energy conversion efficiency while
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minimizing environmental impact.

Contributions of this study

Upon reviewing the existing literature, it is clear that most published works have primarily focused on
enhancing the performance of TEG modules by integrating different types of materials. However, only a
limited number of studies have examined their environmental impacts despite this being a critical aspect of
any renewable technology. Moreover, most studies on the environmental impact of different TEG materials
consider TEG modules of similar sizes, typically referring to commercial TEG modules. Additionally,
research investigating the environmental impact of TEG materials throughout their production phases,
including raw material supply, transportation to the manufacturing site, and final material fabrication, often
lacks sufficient data, particularly for the latter two stages. This limitation arises because different TEG raw
materials require distinct processing equipment and varying energy inputs for transformation and
manufacturing, leading to non-generalizable results and making comparative studies impractical.
Furthermore, most existing studies focus either on material selection or geometric optimization, often
neglecting a holistic approach that integrates both aspects through innovative multi-objective optimization.
Moreover, the trade-offs between environmental benefits and performance efficiency remain insufficiently
explored. This study presents a comprehensive approach to TEG module design to address these gaps by
integrating performance assessment with environmental impact evaluation. Specifically, the optimization of
TEG system geometry is conducted using particle swarm optimization (PSO)-based multi-objective
optimization to simultaneously maximize power output and minimize environmental impact. By refining
design parameters, this approach enhances efficiency while reducing material-related emissions, paving the
way for next-generation TEG modules that are both high-performing and sustainable. Overall, the findings
provide valuable insights for researchers, policymakers, and industry professionals seeking to improve the
sustainability and efficiency of thermoelectric energy conversion systems.

METHODS

This study investigates the performance and environmental impact of various TEGs. The analysis is based
on the geometry of commercially available TEGs and the different types of TEG materials commonly used
in previous research. While the input parameters are derived from experimentally validated data reported in
the literature, this study employs a novel computational framework to generate new insights. Specifically,
the methodology involves advanced modeling, performance optimization, and environmental impact
assessment, which extend beyond the scope of the original experimental studies. By leveraging validated
data, this approach enables a comprehensive evaluation of TEG materials and designs without the need for
additional experimental validation, ensuring both reliability and the generation of original findings.

In this context, Several assumptions have been considered to achieve the main objectives of the present
study. These assumptions are outlined as follows:

1. A temperature difference of 30 K is assumed. This value is a realistic and conservative estimate for low-
grade waste heat recovery system applications.

2. The TEG module is assumed to have a 20-year operational lifespan. This is justified by the high durability
and absence of moving parts in TEG systems, which align with the typical lifespan of photovoltaic (PV)
systems.

3. TEG systems are solid-state devices that require negligible maintenance due to the absence of mechanical
components or moving parts. This aligns with standard assumptions for long-term applications of solid-
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state technologies.

4. It is assumed that the TEG system experiences no significant performance degradation over its lifespan.
Minor degradation from oxidation or thermal cycling is estimated to occur in real-world scenarios, but its
impact is minimal for encapsulated modules under stable thermal gradients.

5. The estimated environmental impact is primarily attributed to the embodied energy associated with the
raw materials used in the TEG module. Variations in processing techniques and energy inputs across
different stages of the TEG lifespan lead to non-generalizable outcomes, complicating direct comparisons
and limiting the practicality of broader studies.

System geometry

A TEG module is a solid-state device that converts heat into electricity through the Seebeck effect. It
consists of multiple thermoelectric couples, typically made from semiconductor materials, arranged in a
series of p-type and n-type legs connected by a conductive electrode. These legs are sandwiched between
two ceramic plates, which provide mechanical support, facilitate heat transfer, and ensure electrical
insulation. When a temperature difference is applied, charge carriers move from the hot to the cold side,
generating electricity. The schematic 3D geometry of TEG module is presented in Figure 1. TEG efficiency
is fundamentally influenced by material properties, the temperature gradient, and the system design. For
instance, the design factors play a pivotal role in determining the overall performance of the module.
Specifically, the arrangement of thermocouples directly influences internal resistance and voltage output,
while the selection of electrode materials governs electrical conductivity and thermal stability. Additionally,
the ceramic plates are crucial for ensuring effective thermal insulation and heat transfer. Consequently,
optimizing the geometry of the TEG module, with careful consideration of these factors, is essential for
maximizing its thermoelectric performance and overall operational efficiency.

Commercial TEG modules are available in various system geometries, sizes, material compositions, and
power ratings. This study considers different types of TEG materials to evaluate the performance of TEG
modules with a standardized geometry. The dimensions of the various components in these TEG modules
are equivalent to those of the most common commercial TEG module. The detailed dimensions of
commercial TEG components are presented in Table 1.

Performances calculation

The output of a TEG module depends on several factors, including the temperature gradient (AT), the
Seebeck coefficient (S), internal resistance (R, ), and the number of thermocouples (#). This study uses
different materials for various types of TEGs. Since different materials have varying Seebeck coefticients and
electrical resistivities, material selection plays a crucial role in performance. Ideally, materials used in TEG
applications should exhibit a high Seebeck coefficient, high electrical conductivity, and low thermal
conductivity to maximize electrical performance. The equivalent Seebeck coefficient for each TEG module
is summarized in Table 2.

Once the equivalent Seebeck coefficient (S) for each TEG module is determined, the open-circuit voltage

[42].

can be evaluated using

V,=nxSxAT (1)
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Table 1. Dimension of the different components for commercial TEG module

Item Leg dimension (mm) Number of p and nlegs Copper electrode (mm) Number of electrodes Ceramic cover (mm)
Size 2x2x34 256 2%x2x03 128 40x40x%x0.5

Table 2. The seebeck and the internal resistances for each leg of TEG

Ref Material structure TEG leg S for legs (nV/K) p (mQ/cm) S (uvV/K) R, 1:c (1)
TEGT  Sigg,Gegos (P, AS) n-type 173%" 2577 173 332
Sioo,Geg o3 (B) p-type +173%" 2577
TEG2  Bi,SeysTe,, n-type 170 137 176.4 0173
BigsSbysTes p-type +182.8% 1304
TEG3  Mgy,Bi) 405505 T€0 002 n-type 2108 1t7 207 0.817
Big.SbycTes p-type +204%% 137
TEG4  PbTe n-type -343.1%7 1.495% 294.73 0.198
PbSnTe p-type +246.3% 1.495%
TEGS  Bi,Te, n-type -160"" 6.328%% 220 0.709
Sb,Te, p-type +28087 436"
TEG6  Bi,Te, n-type -160"" 6.32°% 160 0.839
Bi,Te, p-type +160%" 6.32"
TEG7  CoSb, n-type -2208% 2509 210 3.52
Zn,Sb, p-type +200" 280
TEG8  SiGe n-type 200" 1219 2175 0.442
TI,BiTe, p-type +235M41 55041
Heat rejected
‘ © Electrodes
n-leg
Temperature { p-leg
gradient Ceramic plates

="
Heat source

Figure 1. The schematic 3D geometry of the commercial TEG module.

On the other hand, the short-circuit current for the TEG module can be calculated using*:

Voc—V:
Iy = TR 2)
STEG

where Vi, represents the TEG output voltage which varied between 0 and V; R, ;4 is the internal TEG
module resistance and can be calculated as follows**):
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Rsrec =P 7 &)

where L is the length of the TEG legs, A is the cross-sectional area of the TEG leg, and p denotes the
electrical resistivity of the TEG material, as summarized in Table 2.

2],

After evaluating the current and voltage outputs, the power output of the TEG can be determined using!*”:

_ Ureg X Voo)=(VrEea)? (4)

P
TEG
RsTEG

System inventory input

Before assessing the environmental impact of the materials used in the manufacturing process of a TEG
module, it is essential to analyze its energy inventory first. Fundamentally, a TEG module consists of
multiple thermocouples connected in series. Each thermocouple comprises two legs, designated as n-type
and p-type, which are composed of a mixture of different semiconductor materials. To determine the
embodied energy associated with each mixture, several methodological steps must be undertaken. This
subsection summarizes the key formulas and methods used to conduct this analysis. The total embodied
energy (CEC) for each mixture material is dependent on the embodied energy index EI, for each element i.

The values for (EI) are obtained from the literature; therefore, the CEC can be calculated as follows!**:

CEC :Z(wi X Miotal X Ell) (5)

[45].

where o, represents the mass fraction of element i (%), and it can be calculated as follows

n; X Mj
@i = X(ni x Mp) ©)

where n;, and M, are the molar ratio and mass of element i, respectively.

The total mass (m,,,) for TEG leg represents the sum for all mass of each element 7, (g) and it can be
calculated as follows:

My = pcomposite x V (7)

where V represents the volume of TEG leg (cm?), and p,,, ... represents composite density (g/cm’), and it
can be calculated as follows!*"":

Pcomposite = m (®)

where p, is the density of pure element i (g/cm”).

Environmental impact
The environmental impact of the TEG is dependent mainly on the energy used during the manufacturing
phase. Therefore, the amount of emission related to the manufacturing phase (EP,) for the different TEG

materials can be determined as follows®:
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EP,= CExC x F, (9)

where CExC represents the total exergy consumption equivalent to 36% of the CEC'*". F, is the emission
factor for the element p corresponding to the emission factors for electricity production from coal power
plants (i.e., CO, = 8.68 x 10" kg/m* and GWP = 9.12 x 10" kg.CO,.eq)"**.

Optimization of the TEG geometry using the PSO method

In the present study, the PSO algorithm is applied to optimize the geometry of TEG legs. PSO is a
metaheuristic optimization technique inspired by the collective behavior of birds flocking and fish
schooling. It is widely used in engineering, artificial intelligence, and other fields to solve complex
optimization problems by iteratively improving candidate solutions based on a population-based search
approach™. In this study, the optimization of TEG geometry using PSO focuses on three main geometric
parameters: the number of legs (1), leg length (I,,), and leg cross-sectional area (A,,). The optimization of
these parameters directly enhances the performance of the TEG, improving heat transfer, electrical output,
and overall efficiency, while minimizing material usage and ensuring practical feasibility.

The optimization process begins by initializing candidate solutions that include the values for #,
The search space is constrained within the boundaries 1 < /
determined based on the geometric constraints of [,,,
For this study, the PSO parameters are set with a swarm size of 50 particles and a maximum of 100

e and A,
e <4mmand 1 < A, <3 mm’. The value of n is
and A, to ensure feasibility in practical applications.

iterations, which balances computational efficiency and solution accuracy. The framework of the PSO-based
optimization approach for TEG leg geometry is summarized in Figure 2.

The movement of each particle in the search space is governed by two fundamental update equations:
velocity update and position update. The updating equations for the velocity (V;) and position (X,) of the

i-th generation (i = 1, 2, 3 ...., N) particles are defined as follows"™:
‘/iu = w\/z + Clrl (Pbsst,i - Xx) + Czrz(Gbest,i - Xz) (10)
X=X+ 'V, (11)

where o, ¢, and c,, 1, and r, are inertia weight (o = 0.7), acceleration coeftficients (¢, = ¢, = 2), and the random
number between 0 and 1, respectively. P,.,; and G, ; are the best and the global position of the particle,
respectively.

RESULT AND DISCUSSION

This analysis mainly focuses on the impact of the different types of materials and system geometry on the
performance of the TEG. This section presents the obtained results of the present study. The obtained
results are based on the type of materials and system geometry. In addition, the result of the different
geometry for commercial TEG modules and optimized geometry is also presented and discussed.

Energy inventory for different TEG materials

The energy inventory of different TEG modules considered in the present study depends on the materials
type contained in the present study. This section presents a comprehensive analysis of the different TEG
modules to determine the total energy consumed over the manufacturing phase of the different TEG
modules. The obtained results are summarized in Table 3.
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Table 3. Equivalent CEC for each TEG module

Ref Leg Equivalent El, for leg materials Material density Leg weight CEC for leg CEC for TEG module
(MJ/kg) (g/cm’) ® (MJ/leg) (MJ)

TEG1 n-type 151.82 2.43 0.0330 5.02 1284.38
p-type  151.82 2.43 0.0330 5.02

TEG2 n-type 141.2 7.64 0.103%9 14.67 3567.34
p-type 143.76 6.75 0.0918 13.2

TEG3 n-type 144.6 5.26 0.0715 10.34 2991.05
p-type 143.77 6.66 0.0906 13.02

TEG4 n-type 150 8.64 01175 17.63 4186.6
p-type 136.9 8.10 0.1102 15.08

TEG5 n-type 143.74 7.7 0.1047 15.05 3531.28
p-type 143.78 6.41 0.0872 12.53

TEG6 n-type 143.74 7.7 0.1047 15.05 3853.44
p-type 143.74 7.7 0.1047 15.05

TEG7 n-type 132.05 6.93 0.0942 12.45 3025.62
p-type 119.82 6.87 0.0934 1.2

TEG8 n-type 464.96 3.92 0.0533 24.79 6681.54
p-type 214.41 9.4 0.1278 27.41

Initialize PSO parameters:
(Swarm size, max iterations, w1, Wy,
boundary range for [j,gand A )
i
Generate initial PSO population |
!
Calculate objective function:
-Compute n based on ljggand Ajey values
- Calculate Prgg and CEC
- Evaluate fitness: f = w1 Prgg + w2 CEC
]
| Update Pbest,i and Gbest,i |
'
| Update V; and X; |
¥

No

Max iterations
reached?

Display the optimal output candidate solutions

Figure 2. The framework of the PSO algorithm considered in the present study.

Figure 3 presents a comprehensive analysis of various TEG materials, highlighting their composition,
density, and cumulative CEC. The analysis considers eight different TEG modules, each utilizing distinct n-
type and p-type semiconductor materials, including silicon-germanium (Si-Ge), bismuth telluride (Bi-Te),
and lead telluride (Pb-Te), among others. The CEC for each TEG leg is determined based on the embodied
energy index obtained from the literature (Refs.”"). The results demonstrate the significant influence of
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n-type Materials EI (MJ/kg) €00 p-type Materials EI (MJ/kg)

TEG1 gL
0 TEG
400 TEG3
TEG4

TEG1
TEG2
TEG3
TEG4

138 693 150

138 - 150
m

TEGS TEGS
200
TEG6 TEG6 200
TEG7 100 TEGY 00
TEGS [[]van  TEGS []van
Si Ge Bi Se Te Sb Mg Pb Sn Co Zn TI Si Ge Bi Se Te Sb Mg Pb Sn Co Zn TI
n-type Material Portion (%) p-type Material Portion (%)
TEGL TEG1 |92:6
80 80
TEG2 TEG2
TEG3 ©  TEG3 579 60
TEG4 4  TEG4
TEGS TEGS 611 40
TEG6 20 TEGs -
TEG7 b TEG7 583
TEGS il 72.1 DNaN TEGS 653 DNaN
Si Ge Bi Se Te Sb Mg Pb Sn Co Zn TI Si Ge Bi Se Te Sb Mg Pb Sn Co Zn TI
n-type Equivalent EIi for leg materials (MJ/kg) p-type Equivalent EIi for leg materials (MJ/kg)
TEG1 400 TEGI 424 150
TEG2 TEG2 8565 |3658
TEG3 18.09 340 TEG3 86585 (3953 100
TEG4 57.15 92.85 200 TEG4 4215 “
TEGS 72.04 L TEGS 5213
100 50
TEG6 72.04 77 TEG6
TEG7 1154 TEG7 7812 417
Mo s —.
Si Ge Bi Se Te Sb Mg Pb Sn Co Zn TI Si Ge Bi Se Te Sb Mg Pb Sn Co Zn TI
Material Material

Figure 3. Energy inventory of raw materials used in each leg of a TEG.

material portion and composition on the CEC index per TEG leg. Specifically, the embodied energy index
of each material within the TEG legs is directly related to its proportion in the leg. Notably, Tl and Ge
exhibit the highest embodied energy indices, particularly in TEGS, due to their higher proportions
compared to other TEG modules.

On the other hand, the total CEC for each TEG module is presented in Table 3. It is evident that the overall
CEC for each leg depends on multiple factors, including composition, density, and the weight of each
material. Notably, TEGS exhibits a significantly high equivalent consumed energy of approximately
24.79 MJ/leg for the n-type leg and 27.41 M]/leg for the p-type leg. This is primarily attributed to the high
embodied energy indices of 464.96 and 214.41 MJ/kg for the n-type and p-type legs, respectively, as well as
the increased leg weight. These findings indicate that the manufacturing phase of TEGS has the highest
energy consumption among all TEG systems. Specifically, the energy consumption during the
manufacturing phase of TEGS is approximately 80.78%, 46.61%, 55.24%, 37.34%, 47.19%, 42.33%, and
54.71% higher compared to TEG1 through TEG?7, respectively.

Furthermore, the embodied energy of the ceramic layer and copper electrodes was estimated, and the results
are summarized in Table 4. The findings indicate that the CEC associated with these components is
relatively low, underscoring their minor contribution to the CEC of the TEG module. As a result, the overall
energy consumption during the manufacturing phase of different TEG modules is predominantly
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Table 4. Equivalent embodied energy for the ceramic cover and the copper electrodes

Item Equivalent EI, (MJ/kg) Material volume (m®) Materials weight (kg) Quantity CEC (MJ)
Ceramic 18.95% 8x10” 0.003024 2 0n42
Electrode copper 90" 12x%10° 1.0752 x10” 128 0.1237

influenced by the thermoelectric materials themselves, whereas the impact of ancillary components such as
the ceramic and copper layers is negligible. This highlights the critical importance of thermoelectric material
selection in determining the embodied energy and overall sustainability of the TEG system.

Energy output for different TEG modules

The electrical output of different TEG modules depends on several parameters, including the S, n, and AT.
In this section, the performance of various TEGs is analyzed at AT = 30°C, and the obtained results are
presented in Figure 4.

Figure 4A presents the electrical output power of different TEG modules. The results indicate that TEG4
exhibits the highest electrical output compared to the other modules, primarily due to its higher Seebeck
coefficient. At AT = 30 °C, TEG4 generates approximately 0.2134 W, which is 77.413%, 73.383%, 67.291%,
64.058%, 55.248%, 48.782%, and 47.751% higher than TEG1, TEGs, TEG7, TEG2, TEG3, TEGS5, and TEGS,
respectively. Meanwhile, TEG5 and TEGS exhibit similar output values of approximately 0.1093 and
0.1115 W, respectively, which can be attributed to their unequal Seebeck coefficients and internal
resistances. Meanwhile, TEG5 and TEGS exhibit similar output values of approximately 0.1093 and
0.1115 W, respectively. This similarity results from a trade-off between their thermoelectric properties,
TEGS has a slightly higher Seebeck coefficient (220 pV/K) but also a higher internal resistance (0.709 Q),
while TEGS has a slightly lower Seebeck coefficient (217.5 pV/K) but a significantly lower internal resistance
(0.442 Q). The balance between these parameters leads to comparable power output levels. Moreover,
although TEG7 produces more power than these three modules, its output is still lower than that of TEG3,
TEG4, TEG5, and TEGS. This is attributed to its higher internal resistance, which offsets the benefits of its
relatively high Seebeck coefficient. These observations confirm that the power output of a TEG module is
influenced by the interplay between its Seebeck coefficient and internal resistance. It is worth pointing out
that the power output curve is determined by the interaction between the internal resistance of the TEG
module and the external load resistance. According to the maximum power transfer theorem, maximum
power output is achieved when the load resistance matches the internal resistance of the module.

The analysis of the electrical output power for various TEG modules highlights the critical influence of both
the Seebeck coefficient and internal resistance on overall performance. As illustrated in Figure 4B, the
output current decreases linearly with increasing output voltage, reflecting the impact of internal resistance
on the slope of the I-V characteristic. Moreover, the output current is not governed by internal resistance
alone; it is also influenced by the output voltage, which is itself a function of the Seebeck coefficient and the
temperature difference across the module. Therefore, selecting TEG materials with high Seebeck
coefficients, in conjunction with optimizing internal resistance, is essential for enhancing performance and
maximizing energy conversion efficiency.

Environmental impact related to the different TEG modules

After evaluating the CEC related to the different TEG materials, investigating its environmental impact is
required. In this section, the environmental impact, including the CO, and GWP is determined and
presented in Figure 5A and B, respectively.
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Figure 4. Electrical output of the different TEG modules (A) Power-voltage, (B) Current-voltage profiles.
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Figure 5. Environmental impact related to manufacturing material of TEG module (A) CO, (kg), (B) GWP (kg.CO,.eq).

Figure 5 illustrates the environmental impact of different TEG module materials, highlighting the significant
role of material selection in determining the overall environmental footprint. The results indicate that TEGS
exhibits the highest emissions in terms of both CO, and GWP, primarily due to its high CEC during the
manufacturing phase of its raw materials. In contrast, TEG1 emerges as the most environmentally
sustainable option, exhibiting the lowest emissions. Specifically, TEGS is responsible for 563.84 kg of CO,
emissions and contributes about 592.42 kg.CO,.eq of GWP, which is 420.2% higher than that of TEG1,
emphasizes the substantial variation in environmental impact among different TEG materials.

On the other hand, considering that the maximum operating time for the TEG module is 24 h per day and
assuming a lifespan of 20 years, as reported in Ref."”, the equivalent carbon emissions per 1 kWh of energy
produced can be analyzed. The results of this analysis are summarized in Table 5.
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Table 5. Equivalent carbon emissions per 1kWh of energy produced

Ref Energy production (kWh/20 year) Equivalent kg.CO,/kWh
TEGI 8.45 12.8

TEG2 13.45 22.4

TEG3 16.729 15.1

TEG4 37.39 9.5

TEG5 19.16 15.6

TEG6 9.96 32.66

TEG7 12.23 20.89

TEG8 19.54 28.86

Table 5 shows that different TEG modules exhibit varying rates of equivalent CO, emissions per unit of
energy produced (kWh). The results indicate that while TEGS records the highest total emissions, it ranks
second in terms of equivalent carbon emissions per Wh of energy produced. This can be attributed to its
higher estimated electrical output over its lifespan. Conversely, TEGs¢ exhibits the highest equivalent carbon
emissions per kWh, primarily due to its lower performance than other TEG modules. On the other hand,
TEG4 emerges as the most environmentally sustainable option, as it has the lowest equivalent carbon
emissions among all TEG modules. Specifically, producing 1 kWh of electricity using TEG4 results in 9.5 kg
of CO, emissions, which is 3.44 times lower than the equivalent carbon emissions produced by TEGs.

The analysis of equivalent carbon emissions among different TEG modules underscores the significant
influence of material selection and energy efficiency on environmental sustainability. The results highlight
the importance of optimizing TEG materials and designs to enhance energy efficiency while minimizing
environmental impact. Future research should focus on improving TEG performance and exploring eco-
friendly materials to reduce their carbon footprint.

Geometric optimization

After evaluating the overall performance of different TEG modules and their environmental impact
associated with manufacturing phases of various materials, the results indicate varying performance for the
same system geometry. The TEG geometry considered in the previous section corresponds to a
commercially available TEG system. Therefore, optimizing the system geometry is necessary to achieve
higher power output while minimizing carbon emissions. This section presents the results obtained for the
optimized system geometry.

Optimized geometry

The present optimization is based on the p- and n-type leg geometry, considering dimensions such as the
number of thermocouples, leg length, and cross-sectional area. The obtained results are summarized in
Table 6. As observed, the optimization of the TEG geometry results in different values for leg length, cross-
sectional area, and the number of thermocouples, all of which significantly influence the power output and
environmental impact of the system.

The results indicate that the optimized leg length for the different TEG modules varies between 2 and 4 mm.
Specifically, TEG2, TEG3, TEG4, TEG5, and TEGS feature shorter legs (2 mm) and a higher number of
thermocouples (290 or more). In contrast, TEG1, TEGs, and TEG7 have longer legs (4 mm) but a
significantly lower number of thermocouples (~145-146). This variation suggests a trade-off between
thermocouple density and leg length, directly impacting power generation and efficiency. Additionally, the
cross-sectional area of the TEG legs varies slightly, ranging from 2.97 to 3 mm’. Among these
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Table 6. The optimized leg dimension and size of the TEG module

Ref Optimal leglength (mm) Cross-sectional area (mm?) Number of thermocouples TEG module dimension (cm?)

TEG1 4 2.99 145 8.96
TEG2 2 2.99 291 17.98
TEG3 2 2.98 291 17.93
TEG4 2 297 293 17.99
TEG5 2 297 293 17.99
TEG6 3.99 3 145 8.99
TEG7 4 297 146 8.96
TEG8 2 3 290 17.98

configurations, TEGe and TEGS feature a cross-sectional area of 3 mm?, which provides a lower electrical
resistance and improved thermal conduction. Notably, a larger cross-sectional area helps reduce electrical
resistance, thereby enhancing electrical performance. However, it also increases thermal conductivity, which
reduces the temperature gradient across the TEG sides, potentially affecting overall efficiency.

On the other hand, the size of the TEG module is determined by considering the cross-sectional area, the
number of thermocouples, and the spacing between them. As shown in Table 6, the TEG dimensions are
primarily influenced by the cross-sectional area and the number of thermocouples. A lower number of
thermocouples requires less space, making these modules suitable for applications with spatial constraints.
However, TEG modules with larger thermocouples occupy more space but provide enhanced heat-to-
electricity conversion, resulting in improved performance.

Energy assessment and environmental impact

After optimizing the leg dimensions for different TEGs, evaluating the CEC, power production, and
environmental impact based on the optimized values is necessary. The obtained results are summarized in
Table 7. The results based on the optimized geometry for different TEG modules show an improvement in
power production of approximately 22% for TEG1, TEGe, and TEG7. Meanwhile, TEG2, TEG3, TEG4,
TEGS5, and TEGS exhibit an improvement of 80% in power production compared to the geometry of the
commercial TEG module. The results also indicate a slight reduction in the total energy consumption
during the manufacturing phase of the optimized TEG modules compared to the commercial module
geometry. This decrease in the CEC of the TEG modules leads to a reduction in CO, emissions by
approximately 0.41, 0.14, 0.91, 0.08, 0.06, 0.96, 0.93, and 0.26 MJ for TEG1, TEG2, TEG3, TEG4, TEG5,
TEGe, TEG7, and TEGS, respectively, compared to the emissions during the manufacturing phase of the
initial geometry.

To assess the environmental feasibility of various TEG modules, their equivalent CO, emissions under a
temperature difference of AT = 30 K are compared with those of other renewable energy systems reported in
the literature. Given that TEG modules are solid-state devices with operational characteristics similar to PV
systems, the environmental impact of the different TEG modules is specifically compared to that of PV
systems to ensure a more practical and meaningful assessment.

As shown in Table 7, the TEG modules exhibit higher equivalent CO, emissions per kWh compared to
several renewable energy systems documented in existing literature. For instance, Ref.”’ reports that a
concentrated PV system emits approximately 0.105 kg.CO,/kWh. This represents only 1.12%, 2.58%, 2.58%,
6.2%, 3.77%, 0.44%, 0.69%, and 1.99% of the emissions from TEG1 to TEGS, respectively. These results
indicate a relatively lower environmental feasibility for the TEG modules under the given conditions.
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Table 7. Energy assessment and environmental impact for the different TEG modules

Ref Total CEC for TEG module Maximum output  Energy production (kWh/20 CO, amount Equivalent kg.CO,

mJ)) W) year) (kg) /kWh
TEG1 1,279.66 0.062 10.85 107.99 9.96
TEG2 3,566.03 0.397 69.52 300.9 433
TEG3 2,979.93 0.494 86.47 2515 291
TEG4 4,185.63 119 196.05 353.22 1.8
TEG5 3,530.43 0.574 100.62 297.93 2.96
TEG6 3,842.06 0.073 12.78 324.23 25.37
TEG7 3,015.06 0.091 159 254.44 16
TEG8 6,678.43 0.573 100.45 563.58 5.61

However, increasing the AT can enhance the energy output of TEGs and thus reduce their equivalent
emissions. Indeed, at AT = 100 K, the equivalent CO, emissions for TEG1 to TEGS are significantly reduced
to approximately 0.114, 0.201, 0.135, 0.085, 0.14, 0.29, 0.187, and 0.26 kg CO,/kWh, respectively. Therefore,
the environmental sustainability of different TEG modules is highly dependent on both material selection
and operating conditions, particularly the AT.

Opverall, the design of TEG modules requires careful consideration of leg dimensions and the number of
thermocouples. Shorter legs with a high number of thermocouples emerge as the most effective choice for
enhancing power output. Conversely, longer legs with low thermocouple numbers may be preferable for
reducing the environmental impact associated with the manufacturing phase. Therefore, the optimal trade-
off depends on the specific objective, whether prioritizing higher power output or sustainability. In addition,
the TEG module dimensions play a critical role in balancing power output, space efficiency, and thermal
management. The choice of a specific TEG module should be based on the intended application, available
heat source, and installation constraints.

CONCLUSION

This study presents a comprehensive assessment of TEG materials and system geometries, highlighting the
critical trade-offs between performance and environmental sustainability. Through life cycle assessment, we
demonstrate that material selection substantially influences embodied energy and GHG emissions, with
SiGe-based TEGs exhibiting the highest carbon footprint. PbTe-based TEGs offer the highest energy output,
while Bi,Te,-based modules provide a balance between performance and environmental impact. The PSO-
based optimization approach significantly improves power output while reducing environmental impact,
underscoring the importance of multi-objective optimization in sustainable TEG development. The findings
suggest that optimizing system geometry, particularly through thermocouple count and leg dimensions
adjustments, enhances energy conversion and eco-friendliness. These results offer actionable insights for
researchers, engineers, and policymakers aiming to develop high-performance, environmentally responsible
thermoelectric energy systems.
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