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Resumen

Objetivo: Analizar la evolucion y las dinamicas de investigacion relacionadas con el uso de generadores
termoeléctricos (TEG) para la produccion de hidrogeno verde con el fin de identificar a los principales
contribuyentes, las areas tematicas y las oportunidades tecnologicas dentro de este campo. Metodo-
logia: Se presenta una revision sistematica basada en el enfoque PRISMA 2020 para identificar redes
de coocurrencia y evaluar el impacto de la integracion de TEG en sistemas de energia solar, procesos
de recuperacion de calor y aplicaciones de energia geotérmica. Un total de 119 documentos cientificos
fueron indexados en las bases de datos de Scopus y Web of Science entre 2012 y 2026. Resultados: Los
resultados revelan un aumento exponencial en la produccion cientifica, alcanzando un maximo histo-
rico de 27 documentos en 2025. Esta tendencia destaca la consolidacion de TEG como un componente
clave en las estrategias globales de descarbonizacion y transicion energética. Discusiones: Las tenden-
cias actuales de investigacion posicionan a los TEG como un componente fundamental en la sosteni-
bilidad de los sistemas de generacion de energia. Su integracion con fuentes de energia renovable y
residual ha demostrado ser tanto técnicamente viable como ambientalmente ventajosa, facilitando la
generacion dual de electricidad e hidrogeno. Conclusiones: EL analisis concluye que la investigacion
sobre la tecnologia de TEG para la produccion de hidrogeno verde experimento un crecimiento de
250% entre 2020y 2025, con Asia representando el 74% de las contribuciones. Los TEG demuestran una
clara viabilidad para la generacion dual de electricidad e hidrogeno.

Palabras claves: revision sistematica, generador termoeléctrico, hidrogeno verde, recuperacion
de calor residual, transicion energética.

Abstract

Objective: To analyze the evolution and research dynamics related to the use of thermoelectric gener-
ators (TEG) for green hydrogen production to identify the main contributors, thematic areas, and tech-
nological opportunities within this field. Methodology: A systematic review based on the PRISMA 2020
approach is presented to identify co-occurrence networks and assess the current impact of TEG inte-
gration on solar energy systems, heat recovery processes, and geothermal energy applications. A total
of 119 scientific documents were filtered in the Scopus and Web of Science databases between 2012
and 2025. Results: The results reveal an exponential increase in scientific production, reaching a historic
peak of 27 documents in 2025. This trend highlights the consolidation of TEG as a key component in
global decarbonization and energy transition strategies. Discussions: Current research trends position
TEG as a fundamental component in the sustainability of energy generation systems. Their integration
with renewable and residual energy sources has been shown to be both technically viable and envi-
ronmentally advantageous, facilitating the dual production of electricity and hydrogen. Conclusions:
The analysis concludes that research on TEG technology for green hydrogen production experienced a
250% growth between 2020 and 2024, with Asia accounting for 74% of the contributions. TEG demon-
strates clear feasibility for dual generation of electricity and hydrogen.

Keywords: systematic review, thermoelectric generator, green hydrogen, waste heat recovery,
energy transition.
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1. Introduction

The growing energy demand, coupled with the depletion of fossil fuels reserves
and the consequent rise in pollutant emissions, has precipitated a severe
environmental crisis and intensified the urgency for sustainable energy
alternatives [1]. In response, there is a growing need for alternative energy sources
to supply energy demand across multiple end-use sectors including transport,
residential/commercial buildings, and industry [2].

A systematic plan is required to gradually reduce the use of fossil fuels. With
this context, hydrogen has emerged as a key vector for achieving decarbonization
goals across multiple sectors of the economy [3]. Hydrogen is characterized by its
high energy density, versatility for use in diverse applications, and clean
combustion, which makes it a promising energy source in the pursuit of
sustainability [4].

Hydrogen can be produced primarily through two main types of processes:
electrochemical processes (proton exchange membrane electrolysis cells and
microbial electrolysis cells) and thermochemical processes (biomass gasification,
steam reforming, partial oxidation, supercritical water gasification, agueous-phase
reforming, and biomass pyrolysis) [5]. Depending on the production pathway,
hydrogen is classified into five categories, commonly referred to as colors:
turquoise, gray, brown, blue, and green [6].

The generation of green hydrogen involves the use of energy derived from
sustainable resources. Currently, green hydrogen is more expensive to produce
than hydrogen generated from hydrocarbon-based fuels or through natural gas
reforming. Therefore, green hydrogen requires supportive policies and regulations,
as well as the development of alternative production methods that enable it to
become cost competitive [7].

Green hydrogen is an emerging fuel for the transition toward cleaner and more
sustainable energy systems. This type of hydrogen is produced through the
chemical process of electrolysis, in which water is converted into hydrogen and
oxygen [8]. Energy derived from sustainable resources is used to power the
electrolyzer. The hydrogen produced can be stored for various applications, such
as aviation, maritime transport, and the chemical industry [9]. This alternative
method of hydrogen production is gaining traction as a promising strategy to
mitigate environmental impacts and reduce emissions.

Another technology associated with renewable energy is the TEG [10]. These
devices have the capability to generate electricity from a thermal source, which can
subsequently be used for hydrogen production through water electrolysis. The
operating principle of TEG is based on the Seebeck thermoelectric effect, whereby
a temperature difference generates an electric current [11]. The thermal energy
required by TEG can originate from various sources, such as combustion exhaust
gases, industrial waste heat, and renewable sources (solar and geothermal) [12].
The reliability and adaptability of TEG make them a promising technology for
integration into green hydrogen generation and storage systems.

The analysis of the literature reveals that green hydrogen is a key fuel for
achieving a carbon-free energy transition. Furthermore, TEG are identified as
devices with the potential to harness various thermal sources for electricity
generation. Given the importance of green hydrogen, TEG may represent a
promising solution for the simultaneous production of electricity and hydrogen.

Therefore, this study performs a bibliometric analysis focused on the use of TEG
for green hydrogen production. In addition, it evaluates the potential applications
of TEG in the utilization of renewable energy sources and waste heat recovery. The
research aims to identify the main contributors, thematic areas, and technological
opportunities, as well as to assess the overall potential of TEG.
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2. Methodology

This section describes the methodology of the systematic review and meta-
analysis of the PRISMA 2020 approach to identify relevant trends, reduce biases
and delete irrelevant and low-quality studies in scientific production [13]. The
Scopus and Web of Science databases were used as primary information resources
to generate the dataset from experimental and computational studies that describe
the main technological applications of TEG in green hydrogen production systems
and heat recovery processes [14].

The systematic review and meta-analysis followed a series of structured steps.
First, the appropriate formulation of the query equation was determined. Second,
filtering procedures were applied based on inclusion and exclusion criteria, in
accordance with the PRISMA 2020 guidelines [13].

Relational patterns were identified among countries, research topics, fields of
study and institutions. Finally, a literature search was conducted to assess the
potential of TEG technology for green hydrogen production and waste heat recovery
applications across transport, commercial and residential buildings, and industrial
systems [15].

The query equation used in the Scopus and Web of Science databases to identify
documents related to TEG technologies is presented in equation 1. The
ScienceDirect Topics engine was employed to identify keywords commonly applied
in scientific vocabulary to select the keywords for the search equation. This query
equation was conducted in the Scopus and Web of Science databases on November
4,2025, yielding a total of 298 documents from 2012 to 2026.

("green hydrogen" OR "hydrogen production") AND ("thermoelectric
generator" OR "thermoelectric device" OR "thermoelectric conversion" OR (1)
"thermoelectric power generation" OR "thermoelectric equipment").

The methodology provides a standardized framework documenting systematic
reviews and meta-analyses from the bibliometric data. This review process ensures
bias reduction and strengthens the validity of results during the identification,
selection and evaluation stages of scientific publications related to the application
of TEG for green hydrogen production and waste heat recovery systems.

Figure 1 presents the methodology of systematic analysis based on PRISMA 2020
approach [13]. In the identification phase, a total of 299 records were retrieved from
the Scopus and Web of Science scientific databases. This dataset was subjected to
a refinement and selection process under the PRISMA 2020 framework, applying
exclusion criteria such as the removal of duplicates, automated exclusion of
irrelevant documents, and inclusion only of publications in the form of peer-
reviewed scientific articles.

Subsequently, during the screening stage, 194 unique documents were filtered,
selecting only those studies that directly addressed TEG applications within the
energy context. Articles related to biomedical applications (n = 10), material
development for TEGs without energy integration (n = 15), and studies with low
impact on green hydrogen production and heat recovery systems (n = 13) were
excluded.

Finally, 119 studies were included in the systematic review, consolidating a
specific dataset that represents the current state of knowledge on the use of TEG
for green hydrogen production and heat recovery systems. The PRISMA 2020
framework enhanced the traceability of data analysis, enabling replicability in
future similar studies.

Furthermore, the set of metadata from the Scopus and Web of Science
databases were also exported to represent the co-occurrence networks from the
application of VOSviewer software and describe the main results of the meta-
analysis based on the application of TEG in the production of green hydrogen and
the integration of renewable energy resources for waste heat recovery applications
in energy generation systems.
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Figure 1. Systematic analysis methodology.
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3. Results

3.1. Number of documents per year

The results show an exponential increase in the number of published
documents. Between 2012 and 2020, a total of 34 publications were reported, while
between 2021 and 2024 the number rose to 85. This represents a 250% increase in
research on hydrogen production through TEG, reflecting significant growth within
the scientific community in this field of study. Between 2021 and 2024, an average
of 21 publications per year was observed, reaching a maximum in 2024 with 27
documents. The increase in scientific production may be associated with energy
transition objectives aimed at decarbonization, where hydrogen and the use of
residual energy sources represent key solutions for reducing and substituting fossil
fuel consumption. Figure 2 shows the variation in the number of documents
published between 2012 and 2024.

Figure 2. Annual publications on research in hydrogen production through TEG.
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3.2. Geographic distribution analysis

The documents published between 2012 and 2024, 74% were concentrated in
Asia. The remaining percentages were distributed as follows: 10.1% in the Americas,
8.4% in Europe, 4.8% in Africa, and 2.6% in Oceania. The seven countries with the
highest scientific output on hydrogen generation from TEG were Iran (41), China (37),
Saudi Arabia (18), Canada (14), India (13), Turkey (13), and Iraq (10). In general, the
results indicate that research on hydrogen production from TEG is not uniformly
distributed; instead, it reflects national energy priorities, policies, sustainability
strategies, and resource availability. In countries such as Iran and Saudi Arabia,
research on hydrogen production technologies is promoted to foster energy
diversification. Similarly, countries such as China, India, and Turkey have invested
significantly in decarbonization and clean energy. Finally, industrialized countries
such as Canada show interest in hydrogen as a means of reducing greenhouse gas
emissions. In Figure 3, the global distribution of publications by country on the
research topic, prepared using Microsoft Excel, is shown.

Figure 3. Geographical distribution of publications.

Source: Own elaboration.
3.3. Institutions

Based on the metadata, 160 institutions were identified as contributors to this
field between 2012 and 2024. The three institutions with the highest number of
publications were the University of Tehran, with 14 documents, followed by Ontario
Tech University (8) and Prince Sattam Bin Abdulaziz University (7).

The participation analysis revealed that only 17.5% (28/160) of the institutions
published more than three documents. A total of 61.3% (98/160) published between
two and three documents, while the remaining 21.3% contributed only one
document. In Table 1, the ten institutions with the highest global productivity in the
selected research topic are shown.

Table 1. Top 10 of the most productive institutions in the subject.

N° Institution Country Documents
1 University of Tehran Iran 14
2 Ontario Tech University Canada 8
3 Prince Sattam Bin Abdulaziz University Saudi Arabia 7
4 GLA University, Mathura India 7
5 Isparta University of Applied Sciences Turkey 7
6 King Khalid University Saudi Arabia 6
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Urmia University [ran 5
Iran University of Science and Technology |lran 5
King Saud University Saudi Arabia 5
10 [University of Guilan Iran 5

Source: Own elaboration.
3.4. Journals

45 journals published documents on this research topic. The International
Journal of Hydrogen Energy ranked first with 20 publications. The second, third, and
fourth positions were occupied by Energy, Renewable Energy, and Sustainable
Energy Technologies and Assessments, each with 7 publications. In Table 2, the
main journals specializing in hydrogen production through TEG are shown.

Table 2. Top 10 journals ranked by number of documents published.

N° Journal Documents Percent. (%)
1 |International Journal of Hydrogen Energy 20 18.3
2 |Energy 7 6.4
3 |Renewable Energy 7 6.4
4 |Sustainable Energy Technologies and Assessments |7 6.4
5 |Applied Energy 5 4.6
6 [Applied Thermal Engineering 5 46
7 |Energy Conversion and Management 5 4.6
8 [Journal of Cleaner Production 4 37
9 [Nano Energy 3 2.8
10 |Process Safety and Environmental Protection 3 2.8

Source: Own elaboration.

Percentage analysis indicates that the International Journal of Hydrogen Energy
accounted for 18.3% of the total publications. To better visualize the relationships
among journals publishing on the research topic, a network visualization was
generated with VOSviewer, as shown in Figure 4.

Figure 4. Correlation network between journals during the period 2012 - 2024.
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Based on the VOSviewer data, 8 clusters (groups of strongly interrelated
journals) were identified, with 38 links and a total link strength of 70. The
connections among journals derive from co-authorship, keyword co-occurrence,
and co-citation. The largest node (circle) corresponds to the International Journal
of Hydrogen Energy, which indicates a higher number of global citations.

3.5. Keywords

A total of 1218 keywords were identified in research on green hydrogen
production through TEG. The most frequent keywords include “hydrogen
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production” (106), “thermoelectric equipment” (86), “thermoelectric generators”
(64), “waste heat” (51), and “solar power generation” (44). Other noteworthy
keywords are “electrolytic cells” and “proton exchange membrane fuel cells,” which
refer to devices used in water electrolysis. This process is one of the main
mechanisms for green hydrogen production. Figure 5 shows the co-occurrence
network of keywords from the research topic.

Figure 5. Keyword co-occurrence Analysis.
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3.6. Authors

In the network diagram, the size of the circles represents the number of
publications by each author, while the connecting lines indicate collaboration. The
network reveals nine groups of authors. The leading researchers in each group are
Cao Yan (green group), Zoghi Mohammad (purple group), Chen Yuning (pink group),
Sharma Kamal (light blue group), Hai Tao (orange group), Maharig Ibrahim (red
group), El Shafay (yellow group), Elmasry Yasser (brown group), and Alanazi
Abdulaziz (dark blue group).

Between 2012 and 2024, 437 authors contributed to research on green hydrogen
production through TEG. In Figure 6, the co-authorship network of authors working
on the selected research topic is shown.

In Table 3, the top 10 authors are shown with their publications and global
citations. Zoghi Mohammad is the most productive author with 6 publications,
followed by Ahmadi Pouria (5), Mehrpooya Mehdi (5), and Ozturk Murat (5),
respectively.
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Figure 6. Network co-authorship between the authors.
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Table 3. Top 10 of the most productive authors publishing on the subject.

N° Author Documents  Citations
1 |Zoghi Mohammad 6 322
2 |Ahmadi Pouria 5 631
3 |Mehrpooya Mehdi 5 241
4 |0zturk Murat 5 82
5 |Cao Yan 4 192
6 |Assareh Ehsanolah 4 356
7 |Habibi Hamed 4 282
8 |Khanmohammadi Shoaib 4 112
9 |[Dincer Ibrahim 4 198
10 |Yilmaz Fatih 4 62

Source: Own elaboration.
3.7. Applications for green hydrogen production using TEG

Green hydrogen production occurs through the electrolysis process, which uses
electric current to dissociate water. Among the technologies used for green
hydrogen generation are alkaline electrolyzers. These devices separate hydrogen
and oxygen through the reaction shown below:

Anode (water oxidation):

H,0 —>§02 +2H* 4 2e” (2)
Cathode (proton reduction):

2H* + 2e” - H, (3)
Overall equation:

H,0(1) - H,(g) +50,(2) (4)

The electrical energy required for water electrolysis can be supplied by TEG.
The versatility of TEG enables their use in various applications, as described
below.
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3.8. Solar Energy

Solar energy is one of the primary renewable energy sources worldwide [16]. Due
to its intermittent nature, solar energy systems are often coupled with energy
storage technologies [17]. Hydrogen production serves as a form of energy storage,
enabling the utilization of excess energy in these systems [18]. In this context, TEG
can recover heat dissipated during electrolysis and convert it into electricity,
thereby improving overall system efficiency [19]. Additionally, TEG can generate
electricity from the temperature difference between solar panels and the
surrounding air. This electricity can be used to power the electrolyzer.

The advancement and widespread adoption of solar technologies have become
a viable alternative in response to the progressive depletion of fossil fuels. Broadly
speaking, the utilization of energy from the sun is classified into three major areas:
photovoltaic conversion, solar thermal energy, and biofuel-derived technologies
[20]. Among these options, the production of solar fuels through the photolysis of
water to generate hydrogen has emerged as one of the most prominent pathways
for transforming solar radiation into renewable energy sources [21].

Hydrogen has been extensively studied due to its high energy content, clean
nature, and minimal contribution to carbon emissions [22]. Typically, the
photochemical processes involved in photolysis occur at temperatures below 100
°C. On the other hand, TEG devices capable of converting temperature differences
into electrical energy have found widespread use across multiple fields [23].

They are employed in hybrid photothermal electric systems, configurations
integrating photovoltaic and thermoelectric modules, applications in small
hydropower plants, photoelectrochemical systems coupled with thermoelectric
modules, waste-heat recovery processes, as well as in devices designed to harness
body heat, among other technological developments [24].

In recent years, more advanced architectures integrating thermal storage with
solar-driven conversion for hydrogen production have been proposed (see Figure
7). These systems are generally divided into two main components: a
photothermal catalytic module responsible for generating hydrogen, and a TEG
designed to recover low-grade waste heat and convert it into electricity.

Figure 7. The schematic diagram of solar to hydrogen electricity and thermal

storage system: (a) top view and (b) side view.
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Source: Adapted from Zhang et al. [25].

Table 4 presents studies on the integration of TEG with solar energy systems.
Table 4. TEG applications with solar energy.

Author Methodology Results
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Proposed a system for solar A hydrogen yield of 10.4 umol/h
6] thermoelectric electrolysis (STEG) of and an overall conversion

water using iron sulfide nanosheet efficiency of 2.0% were

arrays. obtained.

The results show a 22.7%
improvement in hydrogen
production compared to
Proposed a solar thermal hydrogen conventional methods, which is
energy storage (STHET) system. This attributed to efficient solar

[25]  |system integrates photothermal catalytic|energy recycling and optimal
processes with TEG and liquid-phase TEG utilization. Furthermore, the
thermal storage. TEG demonstrated significant
utilization of waste heat,
achieving a maximum output
power of 1578.13 uW.

Proposed an integrated control strategy

combining maximum power point The average power output
7] tracking (MPS) with dual-axis solar increased by 71.73%, and the

tracking (DAST), improving the actual photovoltaic conversion

performance of the photovoltaic- efficiency improved by 10.01%.

thermoelectric generator (PV-TEG).
Source: Own elaboration.

3.9. Waste heat recovery

In recent years, energy efficiency and the reduction of industrial emissions have
become global challenges, driven by the increasing scarcity of energy resources
and worsening environmental degradation [28]. One key approach to addressing
this issue is the utilization of waste heat, which represents an abundant energy
source in various industrial processes.

TEG technology makes it possible to directly convert low- and medium-
temperature heat into electricity through the Seebeck effect. TEG are notable for
their simple design, lack of moving parts, silent operation, zero emissions, and long
service life. Owing to these characteristics, TEG technology has emerged as a
promising alternative for generating energy from waste heat.

The transportation and industrial sectors are among the largest energy
consumers worldwide, and both rely primarily on fossil fuels, which results in a
significant release of waste heat into the environment [29]. Recovering and
harnessing this wasted energy can reduce the use of non-renewable fuels, lower
C0O2 emissions, and mitigate the effects of climate change.

Moreover, because waste heat is an energy source available at no cost, the
limited efficiency of TEG becomes less critical; on the contrary, characteristics
such as their compact design, scalability, and high reliability make them
particularly suitable for this type of energy recovery application. Table 5
summarizes various waste heat sources that can be used for hydrogen production
via TEG.

Table 5. Sources of waste heat with recovery potential using TEG.

Description

Combustion gases constitute one of the most readily
exploitable waste-heat sources in various systems.
Industrial |Flue gas waste |Although they exhibit a relatively low heat transfer
waste heat |heat recovery |coefficient, their recovery is less complex than that
of other gaseous streams. Although TEG are typically
classified as low-power devices, in industrial waste-

Source \ Type
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heat recovery applications they can reach power
outputs on the order of tens of kilowatts.

Waste heat
recovery from
products of an
industrial
process

Another source of wasted thermal energy is the heat
released by products generated in various
processes, which are often underutilized. Recovering
this heat poses several technical challenges,
including limited space availability, the transient
nature of the heat source, and the predominance of
radiative heat transfer. In this context, the ability of
TEG to operate in compact, scalable configurations
makes them a suitable alternative for capturing this
form of residual energy.

Vehicle
exhaust
waste heat

Automobiles

In vehicles, it is estimated that nearly two-thirds of
the energy released during combustion is dissipated
as wasteful heat, and approximately 40% of this
thermal energy is associated with exhaust gases. It
has been estimated that if only 6% of this available
heat were converted into electricity, fuel
consumption could be reduced by approximately
10%. With this goal in mind, automotive
manufacturers, together with research centers and
universities, are developing various configurations of
TEG aimed at improving engine energy efficiency.

Source: Own elaboration.

Table 6 presents recent studies focused on the use of TEG for waste heat
recovery aimed at green hydrogen production.
Table 6. Application of TEG with waste heat recovery.

Author\

Methodology \ Results

Evaluated the efficiency of heat
pipes with flat plates integrated

The results indicate that TEG can
produce a maximum output power of

[30] . . 4115 W and achieve a conversion
with TEG for power generation gy o
from waste heat efficiency of 4.4% at a heat source
' temperature of 100 °C.
Presented a study of an integrated An 8.6% increase in engine efficiency
svstem focused on hvdrogen and a 4.9% reduction in fuel
[31] y ydrog consumption were observed.

production through the recovery
of exhaust waste heat using a TEG.

Furthermore, the system reduces HC,
C02, and CO emissions.

Investigated the use of TEG for The results indicate a maximum
recovering waste heat from a energy conversion efficiency of 7.1%
[32]  |smelting process resulting from  |and a maximum rated power output of
the thermochemical generation of |37.9 W at a mass flow rate of 0.0196
hydrogen.

kg/s.

Studied the use of a TEG to
recover thermal energy from the

The incorporation of the TEG resulted
in maximum increases of 34.5%, 31.5%,

[33] and 39.4% in hydrogen production,
exhaust gases of a proton .
efficiency, and output power,
exchange membrane fuel cell. .
respectively.
Source: Own elaboration.
3.10. Geothermal energy

Despite its potential, geothermal energy is not commonly utilized for electricity
generation [34]. Currently, the use of this energy source remains limited due to
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disadvantages such as a lack of scalability, high initial investment, and potential
environmental impacts. In this context, TEG have demonstrated potential as a
suitable solution for the sustainable utilization of geothermal energy, owing to
advantages such as scalability and the absence of moving parts.

A geothermal TEG is a system that directly converts subsurface thermal energy
into electricity by means of a thermoelectric module. These modules, being solid
state devices, generate electric current from the heat flow established between
their faces when a temperature difference exists a phenomenon known as the
Seebeck effect. Their performance increases as the thermal gradient increases.
For this reason, heat exchangers play a crucial role, as they determine the
thermal conditions achieved on both sides of the thermoelectric module. These
exchangers enable the transfer of heat from the geothermal source to the hot
side of the module and the removal of heat from the cold side to the sink. Figure
8 shows a design of TEG for geothermal applications.

Figure 8. The schematic diagram of geothermal TEG.

Hot side heat exchanger

50 cm

Borehole

Source: Adapted from Alegria et al. [35].

Table 7 presents various studies focused on the application of TEG in
geothermal energy systems.
Table 7. TEG applications with geothermal energy.

Author Methodology RIS

Conducted a comparative analysis of [The comparative analysis

the energy—-economic performance of |demonstrated that the newly
three cogeneration systems based on |proposed systems can generate
three organic cycles: the Organic both electricity and hydrogen at a
Rankine Cycle (ORC), the Trilateral substantially lower cost than

[36]  |Cycle (TLC), and the Organic Flash Cycle|conventional systems.

(OFC). Hydrogen is another product of
these systems, produced via a proton
exchange membrane electrolyzer. The
electrolyzer is powered by electricity
generated from a TEG.

Evaluated an optimized thermoelectric |The results showed that the
[37] power generation system for low to optimal design of a TEG module
medium temperature geothermal enables the generation of 1 kW of
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energy, focusing on maximizing power [power using a total of 600
output and overall system efficiency. [thermoelectric modules.

Assessed a geothermal thermoelectric |The study prototype using 10
generator (GTEG) equipped with thermoelectric modules

passive phase change heat exchangers [generated a maximum of 20.9 W
and operating without moving parts or |with a temperature difference of
auxiliary electrical power consumption {158 °C between sources, while the
in a hot dry rock (HDR) field with air  [prototype with 6 thermoelectric
temperature anomalies of 173 °C. modules produced 16.67 W under
the same conditions.

Source: Own elaboration.
3.11. Technical limitations of TEG

Although TEG are employed in multiple applications related to the energy
transition, they still exhibit significant limitations that hinder their large-scale
implementation. One of the main barriers is their low energy conversion capacity,
which is closely linked to the intrinsic properties of the materials used in
thermoelectric modules. Currently, the typical efficiency of TEG is only around 5%,
which considerably restricts the usable power that can be extracted from available
temperature gradients [39].

Nevertheless, recent advances in the field have focused on the development of
materials with improved thermoelectric properties and the optimization of new
design configurations capable of overcoming thermal and electrical constraints.
The rise of nanotechnology has spurred renewed interest in these devices, as
reflected in the accelerated growth of scientific publications on the subject.

Another relevant challenge in the performance of TEG is the gradual or sudden
loss of their functional characteristics due to thermal fatigue [40]. During normal
operation, the materials undergo continuous heating and cooling cycles that
generate differential thermal expansion. These differences in expansion lead to
the accumulation of stresses at contact interfaces, which often constitute the
primary cause of failures and the reduced lifespan and efficiency of the device
[41].

4, Conclusions

In this study, a systematic review was conducted based on 119 scientific
documents indexed in the Scopus database between 2012 and 2024, with the
objective of providing an overview of the evolution and research dynamics on TEG
applied to green hydrogen production. The results reveal a steady and exponential
growth of scientific activity, with a 250% increase in the number of publications
between 2020 and 2024. In 2024, a historical maximum of 27 documents was
reached, confirming the consolidation of TEG as a promising technology within the
framework of global decarbonization and energy transition efforts.

From a geographical perspective, Asia accounts for 74% of global research
output, led by Iran (41 documents), China (37), and Saudi Arabia (18). The Americas
contributed 10.1%, Europe 8.4%, Africa 4.8%, and Oceania 2.6%. This uneven
distribution reflects regional energy policies and research priorities: while Middle
Eastern countries focus on diversifying fossil fuel-based economies, nations such
as China, India, and Turkey prioritize technological innovation for emissions
reduction. Conversely, Canada (14 documents) leads in the Americas, underscoring
its commitment to sustainable hydrogen production.

At the institutional level, 160 entities were identified, of which only 17.5%
published more than three documents. The University of Tehran (14 publications),
Ontario Tech University (8), and Prince Sattam Bin Abdulaziz University (7) lead
global productivity. Regarding publication channels, 45 journals contributed to the
topic, with the International Journal of Hydrogen Energy representing 18.3% of total
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publications, followed by Energy, Renewable Energy, and Sustainable Energy
Technologies and Assessments (each with 6.4%).

The co-authorship analysis revealed 437 active researchers distributed across
nine collaboration groups, led by authors such as Zoghi Mohammad (6 publications,
322 citations) and Ahmadi Pouria (5 publications, 631 citations), indicating an
increasing trend in international cooperation.

The keyword analysis identified 1,218 unique terms, with “hydrogen production”
(106 occurrences), “thermoelectric devices” (86), and “waste heat” (51) being the
most representative, evidencing a strong correlation between TEG technology and
hydrogen generation through renewable and residual energy recovery. From a
technological standpoint, bibliometric results and literature review highlight three
main areas of application: solar energy systems, waste heat recovery and
geothermal applications.

In general, the integration of TEG with renewable and residual energy sources
has proven technically feasible and environmentally advantageous, enabling dual
generation of electricity and hydrogen while minimizing greenhouse gas emissions.

Nevertheless, the analysis identifies the need for further research on high-
performance thermoelectric materials, scalability strategies, and cost-benefit
optimization to ensure industrial viability. Strengthening international
collaboration networks and fostering interdisciplinary approaches among
materials science, thermal engineering, and hydrogen technologies will be crucial
to accelerate innovation.

TEG represents an emerging field at the intersection of energy recovery and
clean hydrogen production. Their growing scientific visibility, reflected in both
publication volume and diversity, positions TEG-based systems as a cornerstone
for next-generation energy transition technologies capable of contributing
substantially to global carbon neutrality goals by 2050.

Author contributions:

Franklin Elias Rodriguez Chaljub: writing - original draft, Jesis David Alvarez
Hernandez: writing — original draft, Brando Hernandez-Comas: conceptualization,
writing - review & editing, visualization, methodology, and formal analysis, José
Sanchez-de-la-Hoz: writing - review & editing, and funding acquisition and Gustavo
Richmond-Navarro: review & editing and formal analysis. All authors have read and
agreed to the published version of the manuscript.

Funding statement:

The author(s) disclosed receipt of the following financial support for the
research, authorship, and/or publication of this article: This research was
supported by the research funding program of the Universidad de la Costa (CUC),
Colombia.

5. References

[1] S. M. Alirahmi, E. Assareh, N. N. Pourghassab, M. Delpisheh, L. Barelli,
and A. Baldinelli, “Green hydrogen & electricity production via geothermal-
driven multi-generation system: Thermodynamic modeling and optimiza-
tion,” Fuel, vol. 308, p. 122049, 2022. doi:
https://doi.org/10.1016/}.fuel.2021.122049

[2] H. Zhao and Z.-Y. Yuan, “Progress and perspectives for solar-driven
water electrolysis to produce green hydrogen,” Adv Energy Mater, vol. 13,
no. 16, p. 2300254, 2023. doi: https://doi.org/10.1002/aenm.202300254

(3] Y. Cao et al,, “Techno-economic evaluation and parametric study of
generating green hydrogen from waste heat recovery of efficient solid oxide
fuel cell,” Int J Hydrogen Energy, vol. 47, no. 62, pp. 26632-26645, 2022. doi:
https://doi.org/10.1016/j.ijhydene.2022.02.160

Revista Investigacion e Innovacion en Ingenierias, vol. 14, n°1, pp. 6-24, 2025 DOI: 10.17081/invinno.14.1.8783


https://doi.org/10.17081/invinno.13.1.7902
https://doi.org/10.1016/j.fuel.2021.122049
https://doi.org/10.1002/aenm.202300254
https://doi.org/10.1016/j.ijhydene.2022.02.160

B. Hernandez-Comas, F. Rodriguez Chaljub, ). Alvarez Hernandez, J. M. Sanchez-De-La-Hoz, y G. Richmond.

[4] F. Kourougianni et al., “A comprehensive review of green hydrogen
energy systems,” Renew Energy, vol. 231, p. 120911, 2024 doi:
https://doi.org/10.1016/j.renene.2024.120911

[5] S. Shanmugasundaram, J. Thangaraja, S. Rajkumar, S. D. Ashok, A.
Sivaramakrishna, and T. Shamim, “A review on green hydrogen production
pathways and optimization techniques,” Process Safety and Environmental
Protection, vol. 197, p. 107070, 2025. doi:
https://doi.org/10.1016/j.psep.2025.107070

[6] J. Incer-Valverde, A. Korayem, G. Tsatsaronis, and T. Morosuk, “‘Col-
ors’ of hydrogen: Definitions and carbon intensity,” Energy Convers Manag,
vol. 291, p. 117294, 2023. doi: https://doi.org/10.1016/j.enconman.2023.117294

[7] E. B. Agyekum, C. Nutakor, A. M. Agwa, and S. Kamel, “A critical review
of renewable hydrogen production methods: factors affecting their scale-
up and its role in future energy generation,” Membranes (Basel), vol. 12, no.
2, p. 173, 2022. doi: https://doi.org/10.3390/ membranes12020173

[8] X. Li, C.J. Raorane, C. Xia, Y. Wu, T. K. N. Tran, and T. Khademi, “Latest
approaches on green hydrogen as a potential source of renewable energy
towards sustainable energy: Spotlighting of recent innovations, challenges,
and future insights,” Fuel, vol. 334, p. 126684, 2023. doi:
https://doi.org/10.1016/}.fuel.2022.126684

[9] S.S. Kumar and H. Lim, “An overview of water electrolysis technol-
ogies for green hydrogen production,” Energy reports, vol. 8, pp. 13793~
13813, 2022. doi: https://doi.org/10.1016/].egyr.2022.10.127

[10] S. L. Y. Win, Y.-C. Chiang, T.-L. Huang, and C.-M. Lai, “Thermoelectric
generator applications in buildings: a review,” Sustainability, vol. 16, no. 17,
p. 7585, 2024. doi: https://doi.org/10.3390/su16177585

[11] D. Ji, H. Cai, Z. Ye, D. Luo, G. Wu, and A. Romagnoli, “Comparison be-
tween thermoelectric generator and organic Rankine cycle for low to me-
dium temperature heat source: A Techno-economic analysis,” Sustainable
Energy Technologies and Assessments, vol. 55, p. 102914, 2023. doi:
https://doi.org/10.1016/].seta.2022.102914

[12] M. Shahpar, A. Hajinezhad, and S. F. Moosavian, “The influence of
diverse climate on the 3E analysis of energy, exergy, and environmental as-
pects of a hybrid module of thermoelectric generator and photovoltaic
cells,” Results in Engineering, vol. 22, p. 102337, 2024 doi:
https://doi.org/10.1016/j.rineng.2024.102337

[13] N. R. Haddaway, M. J. Page, C. C. Pritchard, and L. A. McGuinness,
“PRISMA2020: An R package and Shiny app for producing PRISMA 2020-com-
pliant flow diagrams, with interactivity for optimised digital transparency
and Open Synthesis,” Campbell Systematic Reviews, vol. 18, no. 2, p. 1230,
Jun. 2022, doi: https://doi.org/10.1002/¢l2.1230

[14] J. M. Sanchez-De-La-Hoz, J. S. Mosquera Marquez, A. D. Rodriguez
Toscano, W. A. Beleno Mendoza, ). L. Miranda Jimenez, and O. E. De Luque
Rojas, “Multi-Objective Optimization of Small Centrifugal Pumps for Liquid
Hydrogen Transport Applications Using CFD Tools,” in 2024 9th International
Engineering, Sciences and Technology Conference (IESTEC), 2024, pp. 291-
296, doi: https://10.1109/IESTEC62784.2024.10820277

[15] L. A. Diaz-Secades, R. Gonzalez, and N. Rivera, “Waste heat recovery
from marine engines and their limiting factors: Bibliometric analysis and
further systematic review,” Cleaner Energy Systems, vol. 6, p. 100083, Dec.
2023, doi: https://doi.org/10.1016/].CLES.2023.100083

Revista Investigacion e Innovacion en Ingenierias, vol. 14, n°1, pp. 6-24, 2025 DOI: 10.17081/invinno.14.1.8783


https://doi.org/10.17081/invinno.13.1.7902
https://doi.org/10.1016/j.renene.2024.120911
https://doi.org/10.1016/j.psep.2025.107070
https://doi.org/10.1016/j.enconman.2023.117294
https://doi.org/10.3390/membranes12020173
https://doi.org/10.1016/j.fuel.2022.126684
https://doi.org/10.1016/j.egyr.2022.10.127
https://doi.org/10.3390/su16177585
https://doi.org/10.1016/j.seta.2022.102914
https://doi.org/10.1016/j.rineng.2024.102337
https://doi.org/10.1002/cl2.1230
https://10.0.4.85/IESTEC62784.2024.10820277
https://doi.org/10.1016/J.CLES.2023.100083

Application of thermoelectric generators for the green hydrogen production: A systematic review.

[16] A Rodriguez-Toscano, R. Ramirez, and J. M. Sanchez-De-La-Hoz,
“Technical and environmental evaluation of using rice husks and solar en-
ergy on the activation of absorption chillers in the caribbean region. Case
study: barranquilla,” INMATEH Agricultural Engineering, vol. 70, no. 2, pp. 66—
75, Aug. 2023, doi: https://doi.org/10.35633/inmateh-70-06

[17] M. Carbono dela Rosa, J. Gomez, J. M. Sanchez-De-La-Hoz, A. Ospino
Castro, E. A. Mantilla Torres, and V. Alonso Gomez, “Spectral Analysis for
Anticipating Critical Failures in Lithium-lon Batteries: A Wavelet Approach,”
in Proceedings of the VII Ibero-American Congress of Smart Cities, ICSC-
Cities 2024, 12-14 November, San Carlos, Costa Rica, P. and T.-A. C. E. Rossit
Diego and Moreno-Bernal, Ed., Singapore: Springer Nature Singapore, Jun.
2025, pp. 81-95. doi: https://doi.org/10.1007/978-981-96-4301-1 6

[18] R. Ramirez, A. S. Gutiérrez, J. ). Cabello Eras, K. Valencia, B. Hernan-
dez, and ). Duarte Forero, “Evaluation of the energy recovery potential of
thermoelectric generators in diesel engines,” ) Clean Prod, vol. 241, p. 118412,
2019, doi: https://doi.org/10.1016/].jclepro.2019.118412

[19] R. Ramirez, A. S. Gutiérrez, J. J. Cabello Eras, B. Hernandez, and ).
Duarte Forero, “Data supporting the evaluation of the energy recovery po-
tential of thermoelectric generators in diesel engines,” Data Brief, vol. 28, p.
105075, 2020, doi: https://doi.org/10.1016/}.dib.2019.105075

[20] N. S. Lewis, “Research opportunities to advance solar energy utili-
zation,” Science (1979), vol. 351, no. 6271, p. aad1920, 2016. doi:
https://doi.org/10.1126/science.aad1920

[21] P. Zhou et al,, “Solar-to-hydrogen efficiency of more than 9% in
photocatalytic water splitting,” Nature, vol. 613, no. 7942, pp. 66-70, 2023.
doi: https://doi.org/10.1038/541586-022-05399-1

[22] W. C. Nadaleti, E. G. de Souza, and V. A. Lourenco, “Green hydrogen-
based pathways and alternatives: Towards the renewable energy transition
in South America’s regions—Part B,” Int ] Hydrogen Energy, vol. 47, no. 1, pp.
1-15, 2022, doi: https://doi.org/10.1016/j.ijhydene.2021.05.113

[23] Z-H. Zheng et al,, “Harvesting waste heat with flexible Bi2Te3 ther-
moelectric thin film,” Nat Sustain, vol. 6, no. 2, pp. 180-191, 2023. doi:
https://doi.org/10.1038/541893-022-01003-6

[24] T. Li et al, “Simultaneous atmospheric water production and 24-
hour power generation enabled by moisture-induced energy harvesting,”
Nat Commun, vol. 13, no. 1, p. 6771,2022. doi: https://doi.org/10.1038 /s41467-
022-34385-4

[25] T. Zhang et al,, “Photothermal catalytic hydrogen production cou-
pled with thermoelectric waste heat utilization and thermal energy storage
for continuous power generation,” Nano Energy, vol. 121, p. 109273, 2024. doi:
https://doi.org/10.1016/j.nanoen.2024.109273

[26] J. Jiang, X. Wang, X. Liang, ). Zhang, and L. Ai, “Superwetting molyb-
denum-based sulfide/phosphide heterostructures for efficient water elec-
trolysis and solar thermoelectricity self-powered hydrogen production,”
Appl Surf Sci, vol. 631, p. 157482, 2023. doi: https://doi.org/10.1016/].ap-
SuUsc.2023.157482

[27] W. Liu, M. Lu, H. Bai, Z. Liu, and S. Lv, “All-day autonomous MPPT
energy storage PV-TEG hybrid system based on dual axis solar tracker,” Re-
new Energy, p. 124094, 2025. doi:
https://doi.org/10.1016/j.renene.2025.124094

Revista Investigacion e Innovacion en Ingenierias, vol. 14, n°1, pp. 6-24, 2025 DOI: 10.17081/invinno.14.1.8783


https://doi.org/10.17081/invinno.13.1.7902
https://doi.org/10.35633/inmateh-70-06
https://doi.org/10.1007/978-981-96-4301-1_6
https://doi.org/10.1016/j.jclepro.2019.118412
https://doi.org/10.1016/j.dib.2019.105075
https://doi.org/10.1126/science.aad1920
https://doi.org/10.1038/s41586-022-05399-1
https://doi.org/10.1016/j.ijhydene.2021.05.113
https://doi.org/10.1038/s41893-022-01003-6
https://doi.org/10.1038/s41467-022-34385-4
https://doi.org/10.1038/s41467-022-34385-4
https://doi.org/10.1016/j.nanoen.2024.109273
https://doi.org/10.1016/j.apsusc.2023.157482
https://doi.org/10.1016/j.apsusc.2023.157482
https://doi.org/10.1016/j.renene.2025.124094

B. Hernandez-Comas, F. Rodriguez Chaljub, ). Alvarez Hernandez, J. M. Sanchez-De-La-Hoz, y G. Richmond.

[28] D. Xiao et al.,, “Thermoelectric generator design and characteriza-
tion for industrial pipe waste heat recovery,” Processes, vol. 11, no. 6, p. 1714,
2023. doi: https://doi.org/10.3390/pr11061714

[29] P. IEA, “World energy outlook 2022," Paris, France: International En-
ergy Agency (IEA), 2022. https://www.iea.org/reports/world-energy-out-
look-2022, Licence: CC BY 4.0 (report); CC BY NC SA 4.0 (Annex A)

[30]  Y.Xu,Y.Xue, W. Cai, H. Qi, and Q. Li, “Experimental study on perfor-
mances of flat-plate pulsating heat pipes coupled with thermoelectric gen-
erators for power generation,” Int J Heat Mass Transf, vol. 203, p. 123784,
2023. doi: https://doi.org/10.1016/].ijheatmasstransfer.2022.123784

[31] S. Orjuela-Abril, A. Torregroza-Espinosa, R. Garrido-Yserte, B. Her-
nandez-Comas, and J. Duarte-Forero, “Evaluation of an integrated electric
power generation system with natural gas engines operating in dual mode
through heat recovery with thermoelectric devices for hydrogen produc-
tion,” Thermal Science and Engineering Progress, vol. 47, p. 102284, 2024.
doi: https://doi.org/10.1016/}.tsep.2023.102284

[32] A. Mohammadi and O. A. Jianu, “Novel thermoelectric generator
heat exchanger for indirect heat recovery from molten CuCl in the thermo-
chemical Cu--Cl cycle of hydrogen production,” Int ) Hydrogen Energy, vol.
48, no. 13, pp. 5001-5017, 2023. doi:
https://doi.org/10.1016/.ijhydene.2022.10.251

[33] Y. Lan, ). Lu, L. Mu, S. Wang, and H. Zhai, “Waste heat recovery from
exhausted gas of a proton exchange membrane fuel cell to produce hydro-
gen using thermoelectric generator,” Appl Energy, vol. 334, p. 120687, 2023.
doi: https://doi.org/10.1016/j.apenergy.2023.120687

[34] P. Alegria, N. Pascual, L. Catalan, M. Araiz, and D. Astrain, “400 W
facility of geothermal thermoelectric generators from hot dry rocks on the
Canary Islands,” Sustainable Energy Technologies and Assessments, vol. 78,
p. 104338, 2025. doi: https://doi.org/10.1016/j.seta.2025.104338

[35] P.Alegria, L. Catalan, M. Araiz, A. Casi, and D. Astrain, “Thermoelectric
generator for high temperature geothermal anomalies: Experimental devel-
opment and field operation,” Geothermics, vol. 110, p. 102677, 2023. doi:
https://doi.org/10.1016/j.geothermics.2023.102677

[36] L. Ben Said et al,, “Optimal utilization of geothermal energy through
three organic cycles combined with a thermoelectric generator and an elec-
trolysis unit,” Case Studies in Thermal Engineering, p. 106149, 2025. doi:
https://doi.org/10.1016/j.csite.2025.106149

[37] Z. H. Khan et al,, “Optimized thermoelectric generation for efficient
low-medium temperature geothermal energy harvesting,” Renew Energy,
vol. 239, p. 122032, 2025. doi: https://doi.org/10.1016/j.renene.2024.122032

[38] L. Catalan, P. Alegria, M. Araiz, and D. Astrain, “Field test of a geo-
thermal thermoelectric generator without moving parts on the Hot Dry Rock
field of Timanfaya National Park,” Appl Therm Eng, vol. 222, p. 119843, 2023.
doi: https://doi.org/10.1016/j.applthermaleng.2022.119843

[39] M. E. Carbono dela Rosa, J. Gomez, A. Ospino, J. M. Sanchez-De-La-
Hoz, and C. Robles, “Enhanced Spectral Analysis Approaches for Predicting
Critical Failures in Lithium-lon Batteries: A Wavelet-Based Framework,”
Journal of Sustainable Development of Energy, Water and Environment Sys-
tems, vol. 13, no. 4, pp. 1-16, Dec. 2025, doi:
https://doi.org/10.13044/].sdewes.d13.0613

Revista Investigacion e Innovacion en Ingenierias, vol. 14, n°1, pp. 6-24, 2025 DOI: 10.17081/invinno.14.1.8783


https://doi.org/10.17081/invinno.13.1.7902
https://doi.org/10.3390/pr11061714
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123784
https://doi.org/10.1016/j.tsep.2023.102284
https://doi.org/10.1016/j.ijhydene.2022.10.251
https://doi.org/10.1016/j.apenergy.2023.120687
https://doi.org/10.1016/j.seta.2025.104338
https://doi.org/10.1016/j.geothermics.2023.102677
https://doi.org/10.1016/j.csite.2025.106149
https://doi.org/10.1016/j.renene.2024.122032
https://doi.org/10.1016/j.applthermaleng.2022.119843
https://doi.org/10.13044/j.sdewes.d13.0613

Application of thermoelectric generators for the green hydrogen production: A systematic review.

[40] C. L. Cramer, H. Wang, and K. Ma, “Performance of functionally
graded thermoelectric materials and devices: a review,” ] Electron Mater,
vol. 47, no. 9, 2018. doi: https://doi.org/10.1007/511664-018-6402-7

[41] V. Jovovic, D. Kossakovski, and E. M. Heian, “Thermoelectric devices
with interface materials and methods of manufacturing the same”, U.S. Pa-
tent US9865794B2, 2015, Google Patents.

Revista Investigacion e Innovacion en Ingenierias, vol. 14, n°1, pp. 6-24, 2025 DOI: 10.17081/invinno.14.1.8783


https://doi.org/10.17081/invinno.13.1.7902
https://doi.org/10.1007/s11664-018-6402-7

