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A B S T R A C T

A path to carbon neutrality requires the development of refrigeration units that use no refrigerant 
or emit less greenhouse gas (GHG), such as Thermoelectric coolers (TECs). Using the life cycle 
inventory assessment (LCIA), the environmental impacts of the manufacturing process of TECs 
were analyzed, including greenhouse gas emissions, human carcinogenic toxicity (HCT), terres
trial ecotoxicity (TE), freshwater ecotoxicity (FE), mineral resource scarcity (MRS), and fossil 
resource scarcity (FRS). The alumina plate manufacturing process produces the most GHG 
emissions because it uses a lot of electricity in the sintering process. The type of energy source 
significantly affects GHG emissions, HCT, FE, and FRS but has only a limited impact on TE and 
MRS. Also, TE, FE, and MRS are affected by the mineral resources used to manufacture the legs.

Also, GHG reductions in the manufacturing process have been predicted based on Korea’s 
electricity supply and demand plan for 2030. According to the plan, fossil energy is expected to 
decrease in 2030 compared to 2021, while renewables and nuclear power are expected to in
crease. For every 1 MWh of cooling amount, GHG emissions are predicted to decrease from 2.9 kg 
CO2-eq in 2021 to 1.95 kg CO2-eq in 2030 with a greener energy mix.

In addition, generating 2.1 % with green hydrogen would reduce total GHG emissions by 1.7% 
p more than grey hydrogen generation. Increased use of nuclear and hydrogen energy and 
decreased use of coal energy are likely to be the biggest drivers of reductions. This study suggests 
that alternatives to alumina plates that are more environmentally friendly should continue to be 
explored along with process improvements such as fast heating rate or sintering aids.

1. Introduction

The use of refrigerants in the operation of refrigeration units results in increased greenhouse gas (GHG) emissions and contributes 
to climate change [1–3]. The main F-gases emitted include chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) which 
have an atmospheric lifetime of up to 50,000 years, resulting in long-term environmental impact [4]. To mitigate environmental 
concerns, alternative cooling methods that do not use refrigerants or that emit less greenhouse gases are essential.

In a warming world, civilizations rely more on access to cooling, and the increased demand for cooling contributes significantly to 
climate change [5]. The development of refrigerant substitutes in refrigeration is a promising way to reduce the environmental and 
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climate system impacts of the global increase in cooling demand on climate change [6]. Thermoelectric coolers (TECs) are refrigeration 
units that do not use refrigerants and have the advantage of not posing a threat to the environment and climate system.

Using the Peltier effect, TECs can convert electrical energy into temperature gradients. TEC systems consist of three key elements: 
thermoelectric legs (p-type and n-type semiconductors), heat sinks, and heat exchangers. Electrons move from the lower energy region 
inside the p-type to the higher energy region inside the n-type through the cold junction, transferring the absorbed heat through the 
cold side to the hot junction, causing the heat to be dissipated in the heat sink [7]. Additionally, TEC devices have advantages such as 
light weight, no moving parts, no or little noise, and no vibration. As a sustainable energy technology, TECs are utilized in compact 
refrigerators, wearable medical devices [8], automotive air-conditioners [9], and cooling devices for electronics [10].

Life cycle assessment (LCA) is used to assess the potential environmental impacts from raw material acquisition, via the use phases, 
to waste management [11]. LCA has been conducted in various fields, including construction, the chemical industry, agriculture, 
metals, waste management, transport, etc. LCA quantitatively and systematically evaluates environmental impacts such as global 
warming, scarcity, toxicity, etc. In addition, the results of LCA analysis can be used for marketing, strategic planning, and more [11]. 
LCA can even lead to new insights during the development of new technologies and can support policymakers in their work [13].

To date, there have been several LCA analyses to analyze the environmental performance of thermoelectric materials, with a focus 
on analyzing the environmental impact of different types of modules, one of the components used in TECs. Iyer and Pilla [14] eval
uated the environmental impact of seven types of commercial or non-commercial TE modules (applied to thermoelectric generators, 
instead of coolers) over their life cycle. They found that, with some exceptions, TE modules provide significant positive environmental 
benefits over their lifecycle, regardless of the type of module used. They also found that the benefits of TE are comparable to those of 
renewable energy, including solar and wind energy. Soleimani et al. [15] divided thermoelectric modules into three categories 
(inorganic, organic, and hybrid), and an LCA was performed to consider the environmental performance of thermoelectric materials 
based on their efficiency. The results showed that the life cycle impact of inorganic thermoelectric materials was significantly higher 
than that of organic and hybrid because the manufacturing process of inorganic materials is very energy intensive.

Research has been conducted to combine thermoelectric coolers with PV systems or phase change materials to reduce energy 
consumption during the use process. Irshad et al. [16] investigated the carbon emissions of a PV-connected TE air-cooling system, a 
grid-connected TE air-cooling system, and a split air-conditioner. Based on a capacity of 0.75 tons, the electricity consumption of a split 
air-conditioner is 2.65 MWh/year, while a grid-connected TE system can save 1.09 MWh/year of electrical energy compared to the 
split air-conditioner. CO2 emissions were calculated using a CO2 intensity of 1.21 kg/kWh, and the grid-connected TE system reduced 
CO2 emissions by 35.49 tons/life compared to a split-air conditioner.

Bozorgi et al. [17] analyzed the global warming potential of a phase change material (PCM)-based thermoelectric (TE) refrigerator. 
The CO2 emissions of the system were found to be 1190 kg over the 15-year lifetime. In terms of hotspots in the life cycle, they 
concluded that the use stage emits nearly 97 % of the total CO2, with most emissions coming from the use stage in the system. The 
PCM-based TE refrigeration system can be used without electricity for 29.4 % of a week, thereby reducing power consumption and the 
resulting emission during use process.

For comparison, the study by Solano-Olivares et al. [18] is analyzed, which experimentally evaluated the life cycle of a solar 
absorption and commercial air conditioning system. The functional unit was defined as “114,400 kW [sic] of cooling amount during 
lifetime 10 years”. The solar absorption air-conditioning system has an emission of 0.139 kg CO2-eq per kW and the commercial 
air-conditioning system has an emission of 0.697 CO2-eq per kW.

A general review of the existing literature shows that environmental impact analyses have been conducted mainly based on leg 
type, which is the main material related to the efficiency of TECs or analyzed the use stage rather than the manufacturing process. 
Accordingly, it is important to analyze the impact of the input energy, which is expected to be as influential as the input material, since 
only the input material of the module has been mostly analyzed in previous studies.

Since electricity is used in all the production processes of the materials that make up TECs, changes in the electricity grid mix 
directly affect GHG emissions and environmental impact. Therefore, it is necessary to analyze the impact of the electricity grid mix. 
However, existing studies on the life-cycle environmental impact of TECs have been very limited in their analysis of changes in the 
electricity grid mix.

The Ministry of Trade, Industry, and Energy of South Korea develops a basic electricity supply and demand plan every two years to 
forecast mid-to long-term electricity demand for the next 15 years and to expand electricity facilities. The 9th Plan [19], released in 
2020, and the 10th Plan [20], released in 2022, have somewhat different projections (targets) for the share of electricity generation by 
2030. The main direction is to reduce the amount of coal-fired power generation and increase nuclear power and renewable sources. 
The 9th Plan projected coal at 30.3 % of 2030 generation, but the 10th plan projects an even larger decline to 20.1 %. Compared to 
34.3 % in 2021, this is a significant decrease. In addition, nuclear power generation is expected to increase its target by 7.4%p from 
25.0 % in the 9th to 32.4 % in the 10th, while renewable energy is expected to increase its target by about 3.9%p from 20.0 % in the 9th 
to 23.9 % in the 10th. With a renewable energy share of 6.2 % in 2021, the plan is to more than triple that by 2030. In the 10th Plan, the 
share of hydrogen and ammonia co-firing power generation was newly established at 2.1 %. The 9th and 10th Plans also established a 
new category for power generation using fuel cells as of 2030, which was 2.8 % in the 9th Plan and 2.6 % in the 10th Plan.

Therefore, the first goal of this study is to analyze the GHG emissions and environmental impacts of ecotoxicity and scarcity in the 
production of TECs by region. It is assumed that the manufacturing process is the same, but all the materials used as inputs to the 
process are produced in the country or available in the global market, and the GHG emissions and environmental impacts are 
accordingly calculated. The results of this study are expected to serve as a reference for exploring hotspots by showing the difference in 
emissions due to differences in raw materials and energy-producing countries with the same process using the same materials. The 
second objective of this study was to analyze the changes in GHG emissions from the production of TECs in South Korea in response to 
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changes in the projected energy mix of Korea’s electricity generation in 2030. In addition, we wanted to identify the effectiveness of 
policy changes by checking the GHG reduction effect of the energy mix and applying the LCA methodology as a tool to support 
policymaking.

2. Methods

2.1. Modules to analyze

A TEC is made of three main components: p-type and n-type legs, ceramic plates, and copper tabs. TECs are composed of a module 
in which a pair of p-type and n-type semiconductor legs is coupled to form a row. The copper tab is used to combine semiconductor legs 
and ceramic plates to allow electricity to flow. In addition, a ceramic plate that absorbs or releases heat is attached to the legs.

In this study, a bismuth-telluride module (Kelk Ltd.) [21] was selected and analyzed. According to Soleimani et al. [15], Bi2Te3 
modules generate the least negative environmental impact among inorganic thermoelectric materials. Bi2Te3 modules have reached 
commercially viable levels of performance and are one of the most widely used thermoelectric materials available today.

The legs of the module are composed of a p-type leg (Bi2Sb1.6Te3) and an n-type leg (Bi2Te2.4Se0.6) . The ceramic plate is made of 
aluminum oxide (Al2O3) and copper tabs are thin lines made of copper (Cu). Detailed information on the weight of each material is 
provided in Table S1 in the Supplementary Information. The module created by assembling the main materials is assumed to be 
mounted in a TEC refrigerator that may store food and pharmaceuticals at low temperatures.

2.2. Life cycle assessment

LCA was conducted according to the guidelines of ISO 14040 and 14044 [11,12]. ISO 14040 provides the principles and framework 
of the LCA, and ISO 14044 is the requirements and guidelines of the LCA. Referring to ISO 14040, there are four phases in an LCA: Goal 
and Scope definition, Life Cycle Inventory (LCI), Life Cycle Impact Analysis (LCIA), and Interpretation. Therefore, following the 
guidelines of ISO 14040, the four phases of this LCA study are described below. 

1) Goal and Scope definition: The LCA goal of this study was to evaluate the environmental impacts, including greenhouse gas 
emissions of thermoelectric coolers over their manufacturing process, and find ways to reduce them. For this goal, the environ
mental impacts of the electricity grid mix change used in all processes were analyzed in detail. Therefore, p-type and n-type legs, 
ceramic (alumina) plates, and copper tabs consisting of thermoelectric coolers were analyzed. The regions analyzed were France, 
the United States, Australia, China, and South Korea. The regions were selected because they have a special grid mix with a high 
proportion of generation from nuclear or renewable or fossil fuels.

In addition to greenhouse gas emissions (GHG), the analysis focused on resource scarcity and ecotoxicity. Resource scarcity of 
fossils (FRS) and minerals (MRS) and ecotoxicity of freshwater (FE), terrestrial (TE), and human carcinogenic toxicity (HCT) were 
analyzed.

Also, the goal and scope definitions include LCA standards and functional units. A functional unit is a quantitative measure of the 
functionality provided by the product [22]. The functional unit is 1 MWh of cooling amount from 47.89g module set during lifetime. A 
module with a similar specification, KSM-09071C [23], exhibits a Qc,max value of about 50 W. If we assume that the COP of the 
thermoelectric module is slightly less than 0.3 [24], the input power required can be estimated to be about 170 W. The lifetime is 
calculated as 100,000 h [25]. The calculation method and results for cooling amount and input power are described in Table S2 in the 
Supplementary Information (see Fig. 1). 

2) Life cycle inventory (LCI): LCI is an inventory of input and output data of a product system [12]. LCI data were collected using 
Ecoinvent v3.8 database [26] and modeled using the openLCA v2.0.3 program [27]. In this study, we refer to the input/output data 
of the bismuth-telluride module manufacturing process in the paper by Iyer and Pilla [14]. The system boundary in Fig. 2 shows the 

Fig. 1. Structure and composition of a TEC.
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input/output data. The input data are energy, water, and chemicals that are required to form the final components through the 
process using the powder as shown in Fig. 2. Output data includes output materials and chemicals released into water, soil, and air.

3) Life cycle impact assessment (LCIA): The purpose of an LCIA is to analyze the environmental significance of a product system by 
providing additional information to evaluate the results of an inventory of its inputs and outputs [12]. In this study, LCIA was 
conducted with the ReCiPe2016 Midpoint method. ReCiPe2016 is a state-of-the-art method for converting life cycle inventories 
into life cycle impact scores at the midpoint and endpoint levels [28]. The midpoint analysis of the ReCiPe2016 method combines 
the output inventory that affects each item and analyzes human toxicity, mineral depletion, tec. The endpoint analysis combines 
the midpoint items and is calculated into the groups of human health, ecosystem health, and resource availability. The reason for 
the midpoint in this study is to specifically analyze the environmental impact of the manufacturing process of TECs.

4) Interpretation: Interpretation is a systematic technique for quantifying and evaluating the results of the previous step, LCI or LCIA. 
Interpretation provides further confirmation of the goal and scope parameters and can be used to assess whether the system 
boundaries are appropriate. In this study, the results were interpreted within the system boundary considering the input/output 
inventory and TEC manufacturing process.

2.3. System boundary

Fig. 2 illustrates the system boundary of the manufacturing process. In this study, the environmental impact was calculated by 
assuming that the module was later applied to a refrigeration unit.

The manufacturing stage includes the process of each material from raw material to finished material. For this stage, we refer to the 
module’s process in the paper by Iyer and Pilla [14], and the inventory details are given in Table S3~S6 of Supplementary Information.

For the p-type and n-type legs, the manufacturing process starts with the raw materials of the elemental powders that make up each 
leg. Each leg is formed after powder mixing, hot pressing, ingot polishing, and leg dicing. Alumina plates are produced by ball milling, 
sintering, and polishing alumina powder available in the market. Copper tabs are produced by purchasing copper sheets available on 
the market and cutting them according to the specifications. The materials are then assembled and connected in pairs to form a module 
of 55 mm × 51.5 mm × 4.4 mm.

Fig. 2. The system boundary of the TEC manufacturing stage.
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2.4. Electricity data

The environmental impact of electricity generation plays a crucial role in LCA, as almost all production processes use grid elec
tricity [29]. Various types of energy sources generate electricity, and the environmental impact value and GHG emissions of electricity 
generated from different energy sources vary. Generating electricity from renewable sources is expected to make a better environ
mental contribution than generating electricity from fossil fuels.

We analyzed the differences in GHG and environmental impacts by electricity generation share using the 2021 electricity gener
ation energy share data of five countries (France, United States, Australia, China, and South Korea) provided by the IEA (International 
Energy Agency) [30]. The Ecoinvent database of energy generation types in each country was used for analysis. Among the five 
countries analyzed, United State and China have regional data in the Ecoinvent database, while France, Australia, and South Korea 
have representative national values only. Therefore, we analyzed the Western Electricity Coordinating Council (WECC) in the U.S. and 
the Guangdong (GD) area in China as representative values.

Additionally, in South Korea, MOTIE (Ministry of Trade, Industry and Energy) prepares the basic electricity supply and demand 
plan every two years. It is a long-term plan for the next 15 years and is designed to forecast mid-to long-term electricity demand and 
expand electricity facilities accordingly. Comparing the 9th Plan (covering 2020–2034) and the 10th Plan (covering 2022–2036), the 
10th Plan shows a decrease in fossil fuels and an increase in nuclear and renewable energy (as of 2030) compared to the 9th Plan, as in 
Table 1. In contrast to the baseline 2021 grid mix, the 9th Plan adds fuel cells as a new generation source, and the 10th Plan adds 
hydrogen and ammonia co-firing on top of that. The calculation of future GHG reductions expected by 2030 is based on the basic 
supply and demand plan in Table 1.

2.5. GHG emission calculation methods

The GHG emissions of electricity generation using fossil fuels (coal, natural gas, oil), renewables (solar PV, solar thermal, wind, 
biogas), nuclear, and hydro used in this study were obtained from the Ecoinvent v3.8 database. GHG emissions from electricity 
production using waste included biogas. Emissions from fuel cells and hydrogen and ammonia co-firing generation, which are 
currently being developed to keep up with the plans to increase the proportion of green energy in the future, are calculated directly 
using government sources, industry reports, and other sources. In 2.5.1, fuel cell generation and, in 2.5.2, hydrogen and ammonia co- 
firing generation are discussed in detail, including the references used and the calculations.

2.5.1. Fuel cell generation
A fuel cell is a system that produces electricity and heat without combustion. In this study, it is assumed that natural gas steam 

reforming (NGSR) [31] is used to produce hydrogen for a molten carbonate fuel cell (MCFC) system. The 47 % efficiency of the molten 
carbonate fuel cell, the model DFC 3000 produced by FuelCell Energy Corporation, was used for the calculation. The Gyeonggi green 
energy park, one of the world’s largest, built by Posco Energy in South Korea, a private energy producer, consists of a 2.8 MW FuelCell 
Energy DFC3000 power plant to provide continuous baseload power to the country’s power-starved grid [32]. The density and heating 
value of the municipal natural gas used in the fuel cell are based on the lower heating value data (9800 kcal/Nm3) provided by the 
Korea gas corporation [33]. The formula for calculating GHG emissions from combustion of natural gas is given in (1). Since the 
unburned fraction is typically small [34], it is assumed that the carbon in the fuel is completely oxidized. 

Combustion GHG emission=Energy use × Emission factors (1) 

Emission factors for stationary combustion in the energy industry are based on the IPCC 2006 guideline. The emission factors for 
natural gas are 56100 g CO2/GJ, 1.0 g CH4/GJ, and 0.1 g N2O/GJ. Three representative greenhouse gases, CO2, CH4, and N2O, were 
used to calculate the combined GHG emission value. The calculation was based on the global warming potential, which is equal to 1 
(CO2) , 28 (CH4), and 265 (N2O), respectively [35]. The upstream process of natural gas used in South Korea was calculated based on 
Choi and Song [36]. The GHG emissions from the recovery, processing, and liquefaction in natural gas-producing countries, as well as 
the import, regasification, and distribution process in South Korea, were obtained [36].

Table 1 
Energy generation forecast details (as of 2030).

Energy source 9th Plan 10th Plan

Fossil fuels 53.6 % 43.0 %
Coal 30.3 % 20.1 %
Natural gas 23.3 % 22.9 %

Renewables 20.0 % 23.9 %
Solar PV 7.8 % 9.5 %
Wind 6.9 % 6.3 %
Biogas (including Waste) 2.6 % 3.4 %
Hydrogen and ammonia co-firing – 2.1 %
Fuel cell 2.8 % 2.6 %

Nuclear 25.0 % 32.4 %
Hydro 1.4 % 0.7 %
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2.5.2. Hydrogen and ammonia co-firing generation
A new addition to the 10th basic electricity supply and demand plan of South Korea, hydrogen and ammonia co-firing power 

generation is a method of generating hydrogen and ammonia, which are carbon-free fuels, using existing coal and LNG generators.
There are three types of hydrogen: green, blue, and grey hydrogen. Green hydrogen is produced by electrolyzing water using solar 

or wind energy, and grey hydrogen is produced by reforming fossil fuels. And blue hydrogen is clean hydrogen that captures and 
removes carbon dioxide from fossil fuel reforming. Currently, South Korea plans to import green hydrogen produced in Australia and 
other countries with abundant renewable energy resources using ammonia carriers. However, of the hydrogen planned to be produced 
domestically in 2030, 48.4 % of grey hydrogen and 38.7 % of blue hydrogen are produced by reforming fossil fuels, compared to 12.9 
% of green hydrogen [37].

Table 2 summarizes the greenhouse gas emissions according to the green and grey hydrogen energy systems in the references. In 
terms of greenhouse gas emissions, green hydrogen ranges from 0.35 to 4.38 kg CO2-eq per kg H2 and grey hydrogen ranges from 8.50 
to 11.24 kg CO2-eq kg of H2, with the minimum value of grey hydrogen being about twice as large as the maximum value of green 
hydrogen. Therefore, it is necessary to analyze green hydrogen and grey hydrogen separately, and the emissions of green hydrogen and 
grey hydrogen per kg H2 are calculated as 2.37, and 9.87 as the median of the minimum and maximum ranges, referring to the 
reference in Table 2.

To calculate the total GHG emissions, the lower heating value of hydrogen of 120.2 MJ/kg [38] and the hydrogen power generation 
efficiency of 44 % were used [39]. 

Efficiency η=Pout

Pin
(2) 

Pin =masshydrogen × LHV (3) 

The value of Pin is calculated using formula (2), and the mass of hydrogen is calculated using formula (3). 

Total GHG emissions=masshydrogen × GHG emissions per kg H2 (4) 

Finally, total greenhouse gas emissions are calculated using formula (4) as the mass of hydrogen and the GHG emissions per ki
logram of green or grey hydrogen.

3. Results

3.1. Life cycle impact analysis of the TEC manufacturing process

The results of five countries, France, the United States, Australia, China, and South Korea, were analyzed to identify differences in 
environmental impact depending on the provider of input materials and the composition of input energy in the manufacturing process 
of TECs. There are five types of environmental impacts analyzed along with GHG emissions, and the meanings of the abbreviations are 
as follows. HCT stands for human carcinogenic toxicity, TE for terrestrial ecotoxicity, FE for freshwater ecotoxicity, MRS for mineral 
resource scarcity, and FRS for fossil resource scarcity. Fig. 3 shows the percentages of electricity generation from energy sources in the 
five countries in 2021.

France has a noticeably higher share of nuclear energy (68.3 %) than the other countries, followed by renewables at 11.7 % and 
hydroelectric at 11.5 %. France uses significantly less fossil fuel than other countries, comprising only 8.4 % of its electricity. All the 
other countries considered in this study use fossil fuels as the primary energy source for electricity generation. The United States 
generates its highest share of energy from fossil fuels at 60.9 %, followed by nuclear at 18.6 % and renewable at 14.2 %. Australia has 
the highest use of fossil fuels (73.3 %) among the five countries analyzed. In particular, as shown in Fig. 3, the share of coal is very high 
at 52.8 % of fossil fuels, followed by those of renewables, including solar PV (10.4 %) and wind (9.2 %), and does not use nuclear 
power.

The largest proportion of China’s electricity is obtained from fossil fuels (66.3 %), followed by hydroelectric (15.6 %) and then 
renewables (13.4 %). China generates a significant amount of its electricity from coal, 63 % of the total. China also has the highest 
percentage of hydroelectricity generation among the five countries. Finally, South Korea has the highest proportion of nuclear (26.1 %) 

Table 2 
GHG emissions per kg H2 by hydrogen type and energy system.

Hydrogen Energy System GHG emission [kg CO2-eq/kg H2] Location Reference

Green Solar 1.58–2.95 USA [40]
Wind 0.35–4.38
Solar 3.1 USA [41]
Wind 0.86
Solar 1.06–1.57 Chile [42]
Solar 1.7–4.4 EU [43]

Grey Natural gas 11.24 USA [41]
Natural gas 8.43 Spain [44]
Natural gas 8.50 – [45]
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and renewable (6.2 %) energy after fossil fuels (66.5 %). In South Korea, coal and natural gas account for 34.1 % and 31.1 % of 
electricity generation, respectively, and nuclear power is the second highest among the five countries after France.

The results of GHG emissions and environmental impact analysis of the TEC manufacturing process can be seen in Fig. 4. All 
materials and manufacturing processes are the same in the analysis. However, the results are compared considering that the only 
differences are the place of production of each material, the place of production of electricity, and the generation mixes of the elec
tricity grid.

3.1.1. GHG emissions
In terms of GHG emissions, the largest amount of GHG emissions come from alumina plate manufacturing, followed by n-type, p- 

type, and copper tabs in all countries. Alumina plate manufacturing uses significantly more electricity than other processes because the 
sintering process consumes a large amount of electricity to heat the powder after ball milling to ensure tight adhesion. Therefore, the 
amount of GHG emissions is most influenced by energy sources. France, which has a significantly lower proportion of electricity 
generation from fossil fuels, has significantly lower GHG emissions than other countries. The GHG amounts of the largest emitter, 
China (3.99 kg CO2-eq), and the smallest emitter, France (0.49 kg CO2-eq), differ by a factor of 8.

The attribution analysis shows that except in France, the largest amounts of GHG are emitted by coal generation. France uses little 
coal for electricity generation, emitting most of its GHG from natural gas processing. Although South Korea and China use the same 
proportion of fossil fuels, as well as those of other materials (average values are considered due to lack of country-specific data), they 

Fig. 3. Generation of electricity in France, the U.S., Australia, China, and South Korea.

Fig. 4. GHG emissions and environmental impact by country according to TEC component materials.
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show a difference in GHG emissions. The reason for the difference is that China uses 63.0 % coal, while South Korea uses 34.1 % coal 
and 31.1 % natural gas. The GHG emissions from coal are greater than those of oil and natural gas [46]. The present contribution 
analysis also shows that coal generation has a greater impact on GHG emissions. China and Australia, which rank first and second in 
terms of GHG emissions, use a high proportion of coal among fossil fuels.

3.1.2. Human carcinogenic toxicity
HCT does not differ significantly between countries in the production process of p-type and n-type materials, but the difference in 

impact between countries in the production of alumina plates is significant. In particular, Australia has a particularly large HCT impact 
compared to other countries (twice that of China and about 5 times that of France). According to the contribution analysis of HCT, 
France’s electricity generation using nuclear power is the largest factor in the production of alumina plates, while electricity gener
ation using hard coal is the most influential factor in the USA, Australia, China, and South Korea. Coal-fired power plants emit large 
numbers of particles into the air as aerosols. The continuous inhalation of fine coal particles and byproducts can adversely affect 
human health such as the immune system, heart, DNA, brain, and reproductive system [47].

The contribution analysis for Australia, which has a high HCT, shows that coal has the largest impact on human health, followed by 
aluminum oxide and solar PV. Australia is dominated by solar PV among renewables, with related studies showing that a higher share 
of solar PV in power generation results in greater HCT impact [48,49]. As in Fig. 3, Australia’s share of solar PV in 2021 was 10.4 %, the 
highest among the tested nations. Rashedi and Khanam [50] reported that mono-silicon panels in solar PV emit NH3, NOx, and SO2 into 
the air, affecting particulate matter formation. The contribution analysis shows that the main contribution from p-type legs is due to 
the production of antimony. According to Fu et al. [51], symptoms of chronic antimony poisoning have been observed in residents 
living in mining areas in China, and various toxicological experiments have proven that antimony primarily causes cell damage, tissue 
degeneration, and protein denaturation, potentially leading to cancer. In this study, the global average value of antimony was used, 
producing equal impacts among countries, but the value is subject to uncertainty based on the scarcity of the resource.

3.1.3. Terrestrial ecotoxicity
For TE, only alumina plates show differences between countries, while p- and n-type legs show minimal differences between 

countries. Analysis of the p-type leg materials shows that tellurium production overwhelmingly affects TE. In the n-type leg process, 
the treatment of wastewater generated in the ingot polishing and leg dicing stages greatly affects TE. The contribution analysis shows 
that the impact of wind generation is significant in all countries. The wastewater and oil generated at the construction site of the wind 
energy farm can affect terrestrial ecotoxicity as they can seep into the underground soil and cause serious environmental problems 
[52].

In France, the contribution of nuclear generation to TE is large, with high concentrations of copper, vanadium, silver, zinc, and 
chromium in the emissions. Among them, copper is coated around the containers used to store nuclear fuel waste, and it corrodes over 
time [53]. The relatively high salinity of groundwater can promote the general dissolution of copper [54]. Since tellurium production 
data are not available in Ecoinvent v3.8 by country (only as a global average), the TE values due to n- and p-type legs are the same for 
all countries analyzed. As such, they can be subject to uncertainty. The production of tellurium and antimony has a significant impact 
on the leg production process. Industrial and mining activities have contributed large amounts of antimony (Sb) to nearby soils, 
adversely affecting soil quality and contaminating associated ecosystems [55].

3.1.4. Freshwater ecotoxicity
FE has a large impact due to the production of p-type legs. There is no difference between the country-specific impacts from the 

production of p-type and n-type legs because the global average is used due to the lack of country-specific data. However, in practice, 
the reserves of antimony resources show significant regional variations, so the results are subject to high uncertainty. In the case of p- 
type legs, the main impact is due to the production of antimony, the material that makes up the module. Mining and industrial ac
tivities result in the continuous migration of antimony into the aquatic environment, affecting the Earth’s biogeochemical cycles [51]. 
China, one of the world’s leading exporters of antimony, is experiencing water pollution from intensive antimony mining. There are 
country differences due to the manufacture of alumina plates. The trend is the same as for HCT. Solar cells have adverse impacts on FE 
as well as HCT, and LCA analyses of solar cells have shown that the main impacts are freshwater ecotoxicity and human toxicity [48,
49].

3.1.5. Fossil resource scarcity
FRS increases as the percentage of fossil fuels used increases. That is, a higher proportion of energy generated using fossil fuels 

yields a greater likelihood of fossil resource depletion. The contribution analysis shows that the largest impacts are from the use of hard 
coal and natural gas in all countries.

3.1.6. Mineral resource scarcity
MRS is affected by n- and p-type legs and alumina plates, with no significant differences between countries. N-type has the largest 

impact on MRS because bismuth production, treatment of wastewater, and tellurium production are affected. The P-type legs affect 
bismuth production, followed by tellurium and antimony production.

3.1.7. GHG reduction methods of hotspots
According to Section 3.1.1, the hotspot of GHG emissions is alumina plates. As an alternative, materials based on thermally 
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conductive and electrically insulating polymers [56,57] can be considered. Recently, polymers have been explored for their potential 
to balance high thermal conductivity with high electrical insulating properties [58]. Therefore, the consideration of substitutes is 
limited, and the efficiency of the only input, electricity, is considered.

As shown in Table S3 in Appendix A. Supplementary Information, the process of manufacturing alumina plates consists of three 
steps. Based on South Korea, 2.4 % of the total emissions of alumina plates are from ball milling, 87.3 % from the sintering process, and 
10.3 % from polishing. The contribution of the sintering process is significant. The only input material for the sintering process in 
Table S3 is electricity, except for the powder after ball milling in the previous step. Therefore, reducing electricity consumption to 
improve the sintering process is the most effective way to reduce greenhouse gas emissions.

To reduce electricity consumption in the sintering process, it is important to control the parameters to ensure complete combustion 
and stable operation to minimize energy consumption [59]. Zhu et al. [60] found that high temperature exhaust gas recirculation 
sintering dramatically improved sintering performance, which contributed to reducing CO2 emissions. Heidary et al. [61] found that in 
various ceramic sintering processes, fast heating rate results in much less heat dissipation, which can reduce energy consumption by 20 
times, and adding sintering aids can be the simplest way to reduce energy consumption, which can reduce energy consumption by 1.4 
times.

Fast heating rate, sintering aids, energy recovery system, etc. can be expected to reduce energy consumption and reduce GHG 
emissions through process improvement of the sintering process.

3.2. GHG emissions in the TEC manufacturing process according to electricity grid mix change

The carbon footprint of a manufacturing process is affected by many variables, including material substitution, process im
provements, and productivity gains due to energy efficiency improvements. The results obtained in Section 3.1 above show that the 
highest GHG emissions are generated during alumina plate manufacturing. Therefore, we focused our attention on electricity, which is 
used in all processes and sensitively affects GHG emissions.

In Fig. 5, the 2021 grid mix is the same as the value obtained from the country-specific GHG emissions in Section 3.1, calculated 
using the grid mix in 2021. Plan A is the projected grid mix included in South Korea’s 9th national basic electricity supply and demand 
plan, while Plan B is the 10th national basic electricity supply and demand plan. In addition, the value of GHG generated to produce 
TECs was analyzed assuming use of Plan A.

According to Fig. 5, Plan B will result in a 23.5%p decrease in fossil fuels, a 6.3%p increase in nuclear, and a 17.7%p increase in 
renewables in 2030 compared to the 2021 generation. Plan B also creates a new share of 2.1 % for hydrogen and ammonia co-firing 
generation. In Plan A, the fuel cell share was 2.75 %, but in Plan B, the share of the fuel cell (2.57 %) and hydrogen and ammonia co- 
firing (2.1 %) increases to 4.67 %.

Calculations were made using electricity generation data analyzable with Ecoinvent v3.8 data and the GHG analysis methods 
described in 2.5.1 and 2.5.2. As shown in Fig. 6, compared to producing TECs using the 2021 grid mix, the GHG emissions for Plan A 
were reduced by 11.5%p, while those for Plan B were reduced by 32.6%p for green hydrogen and 30.9%p for grey hydrogen. Although 
hydrogen accounts for only 2.1 % of the power generation, using green hydrogen can reduce overall GHG emissions by an additional 
1.7 % compared to using grey hydrogen. And even with the larger emissions of grey hydrogen, Plan B still has lower emissions 
compared to Plan A.

Comparing the 2021 grid mix to Plan A, renewables increase significantly by 13.8%p and fossil fuels decrease by 12.9%p. 
Comparing Plan A to Plan B, renewables increase by 3.9%p and fossil fuels decrease by 10.6%p. The change from the 2021 grid mix to 
Plan A results in a larger decrease in the share of fossil fuels and an increase in the share of renewables than the change from Plan A to 
Plan B. However, there is a larger reduction in GHG emissions when changing from Plan A to Plan B. The reason for this can be 
determined by comparing the 9th and 10th electricity supply and demand plans.

In Table 1, coal and nuclear are the most important categories. In Section 3.1, we showed that France has significantly lower GHG 
emissions with a high share of nuclear energy use. The large increase in the value of nuclear from Plan A to Plan B had a significant 
impact on the overall reduction in GHG emissions. The decrease in coal also contributed to the significant decrease in GHG emissions.

Fig. 7 shows the results of the attribution analysis. The major contributors in 2021, Plan A, and Plan B are shown, with the minor 
contributors as others. In 2021, GHG emissions were produced by electricity generation using hard coal (66.4 %), natural gas (22.8 %), 
and oil (2.1 %). After fossil fuels, tellurium production contributed 0.9 % and biogas 0.8 %. The contribution of fossil fuels to electricity 
generation decreases with Plan B, and the contribution of renewables increases. In Plan B with green hydrogen, the order of contri
bution is hard coal (57.8 %), natural gas (25.0 %), fuel cell (3.2 %), biogas (2.2 %), tellurium production (1.3 %), and solar PV (1.1 %). 

Fig. 5. Percentage of electricity generation by energy type in South Korea’s 2021 and 9th and 10th basic electricity supply and demand plans.
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The share of GHG emissions from coal generation are expected to decrease, while the share of emissions from natural gas generation 
are projected to increase. The share of emissions from renewables is also expected to increase slightly by energy type. The large 
contribution from fuel cells, which are categorized as renewable energy, is significant because in South Korea, fuel cells are powered by 
natural gas.

Fig. 8. Shows the sources of increase and decrease that contribute to the decrease in GHG emissions from 2021 to 2030. (a) is the 
result of applying Plan A, and (b) is the result of applying Plan B with green hydrogen. And (c) is the result of applying grey hydrogen in 
Plan B. Plan B shows a significant decrease in emissions from hard coal compared to 2021, and a significant decrease compared to Plan 
A. Emissions from fuel cell and hydrogen power generation in (b) and (c) have increased, but this is because they are new additions to 
the 2030 plan that do not exist in 2021.

4. Discussion

In this study, the calculations assume that each material is produced in the countries where the TECs are assembled or purchased 
from the market, but the data scarcity of some materials in the Ecoinvent database can be a limiting factor. For example, aluminum 
oxide production data used in the manufacture of alumina plates are available in the EU27, China, and South America. Also, ethanol 
production data are only categorized into the European region (RER) and the rest of the world (RoW). Therefore, in regions where 

Fig. 6. GHG emissions and potential reductions in the TEC manufacturing process.

Fig. 7. Attribution analysis of greenhouse gas emissions.
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there are gaps in data for a particular material and only average values exist, the results of some analyses may be closer to the global 
average rather than the specific region.

Additionally, some analyses use secondary data rather than primary data, so results are subject to uncertainty due to the lack of 
precisely measured data and lack of complete information by region. The life-cycle impact of nuclear power use cannot be fully 
assessed without considering the final disposal of high-level nuclear wastes, which, at present, have never been realized commercially. 
The results related to nuclear power in this study must rather be considered preliminary.

This study shows that additional carbon reductions are possible depending on the type of eco-friendly power generation in pro
duction activities for carbon neutrality. As a heat sink and heat source, alumina plates are a widely used material due to their low cost, 
light weight, and high thermal conductivity. However, this study found that alumina plates had the greatest impact on greenhouse gas 
emissions, so further analysis of other low-emission materials was considered. However, unlike thermoelectric generators, the ideal 
heat sink material for thermoelectric coolers must have high thermal conductivity as well as high electrical insulation. This limited the 
consideration of alternatives, and the development of alternatives that could be environmental benefits is essential.

In addition, process improvements such as reducing energy consumption in the manufacturing process require improving the 
efficiency of the sintering process, which is the most energy-consuming and GHG gas emitting process. In the sintering process, only 
electricity is required to adhere to the ball-milled powder, so improving the efficiency of the sintering process can lead to a reduction in 
energy consumption. During the sintering process, methods such as fast heating rate, sintering aids, energy recovery system, etc. can be 
applied.

5. Conclusion

The main objective of this study was to analyze the GHG emissions and environmental impacts of TEC manufacturing by country. 
The results of the study are expected to serve as a reference for exploring hotspots of GHG based on differences in raw materials and 
electricity generation of countries, even when TECs, which are eco-friendly cooling devices, are manufactured by the same process 
using the same materials. The ultimate goal is to analyze ways to help reduce GHG emissions. To achieve the objective, France, the 
United States, Australia, China, and South Korea were selected, and the impact of GHG emissions on human carcinogenic toxicity 
(HCT), terrestrial ecotoxicity (TE), freshwater ecotoxicity (FE), mineral resource scarcity (MRS), and fossil resource scarcity (FRS) 
were calculated through LCIA assuming that TECs are manufactured in each country.

The manufacture of TECs requires electricity, and GHG emissions depend more on the source of electricity than on the origin of the 
materials and the substances used in the process. In particular, the largest source of GHG emissions was the alumina plate 
manufacturing process because the sintering of alumina plates consumes a large amount of electricity. France, which uses a large share 

Fig. 8. (a) is the change of GHG emissions under Plan A compared to 2021, (b) is the change of GHG emissions with green hydrogen under Plan B 
compared to 2021, (c) is the change of GHG emissions with grey hydrogen under Plan B compared to 2021.
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of nuclear power, emits the smallest amount of GHG, while China and Australia, which use a large share of coal, emit the most. For 
HCT, the alumina plate manufacturing process is a hot spot, and the impact is especially dominant in Australia due to the high share of 
solar PV in electricity generation.

The production of the antimony that makes up the p-type leg affects the HCT. We found that tellurium production in the p-type leg 
process has a significant impact on terrestrial ecotoxicity, while treatment of wastewater from ingot polishing and leg dicing of the n- 
type leg process has a significant impact on TE. Among renewables, wind generation also has a large impact on TE. Freshwater 
ecotoxicity, like HCT, is also affected by solar PV and varies by country when manufacturing alumina plates, and the impact is high in 
Australia, where the share of solar PV is high. However, the reason for the high impact of p-type is due to antimony production. Mineral 
resource scarcity does not show a significant difference between counties, but the impact of n-type is higher due to the use of telluride, 
which is a rare element. In addition, the larger is the proportion of fossil fuels used, the higher is the Fossil Resource Scarcity. When 
fewer fossil fuels are used (i.e., greener electricity), there is a higher impact on GHG, HCT, FE, and FRS. Also, TE, FE, and MRS are 
affected by the mineral resources used to manufacture the legs.

The environmental impact of the use and transportation process is further analyzed in the Supplementary Information, and the 
environmental impact of the manufacturing process is negligible compared to the use process. TECs use a significant amount of 
electricity during their life cycle to convert electrical energy into heat energy, so the more eco-friendly electricity grid mix, the more 
effective the use of TECs can be. Also, compared to production, transportation emissions are very small. If it is assumed that a country 
with low manufacturing emissions exports to a country with high emissions, then all combinations do not exceed the emissions of the 
country with high emissions. From a life-cycle perspective, emissions during use are overwhelming, so it is the best environmental 
interest to use TECs with eco-friendly power sources.

Additionally, we analyzed the change in GHG emissions when TECs are manufactured using the grid mix electricity considering the 
South Korean electricity supply plan for 2030. The original plan (Plan A) was to reduce fossil fuels by 12.9%p from 2021 to 2030, 
reduce nuclear by 1.1%p, and increase renewables by 13.8%p. However, the updated plan (Plan B) is to reduce fossil fuels by 23.5%p 
from 2021 to 2030, increase nuclear by 6.3%p, and increase renewables by 17.7%p. The national electricity plan was revised to 
significantly reduce fossil fuels and increase the use of nuclear and renewable energy compared to existing plans.

Manufacturing TECs using electricity in the Plan A would total 2.56 kg CO2-eq of GHG, an 11.5%p reduction in emissions compared 
to 2.90 kg CO2-eq in 2021. In the Plan B, the reduction differs between green and grey hydrogen, with a 32.6%p reduction to 1.95 kg 
CO2-eq using green hydrogen and a 30.9%p reduction to 2.00 kg CO2-eq using grey hydrogen. Despite the small amount of hydrogen 
energy used (2.1 %), the difference in emissions between green and grey hydrogen is 1.7%p. By using green hydrogen, 1.7%p more 
GHGs (0.05 kg CO2-eq) can be reduced than if grey hydrogen is used.

On the other hand, significant uncertainty exists on how hydrogen energy will be integrated into the energy sector. For instance, 
hydrogen compression for storage and transportation can be very energy intensive. It is suggested that hydrogen storage pressures 
typically range between 20 and 25 MPa [62]. The energy required for hydrogen compression for the suggested pressure range can 
roughly be anywhere between 5 % and 15 % of the HHV of hydrogen itself [63]. Accordingly, the environmental impact from the use of 
hydrogen will also be proportionally increased. Numbers can vary as the situation in the future unfolds, and unaccounted effects may 
introduce sizeable variations.

The results of this study are projections based on the basic energy supply and demand planning and assume that the grid mix 
projections for 2030 are realized. The Korean government revises its electricity supply and demand plan every two years for the next 15 
years, and if carbon-free energy is further expanded, greater GHG reductions can be expected from the production of TECs.
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[4] P.J. Castro, J.M. Aráujo, G. Martinho, A.B. Pereiro, Waste management strategies to mitigate the effects of fluorinated greenhouse gases on climate change, 
Appl. Sci. 11 (10) (2021) 4367, https://doi.org/10.3390/app11104367.

[5] IEA, Cooling emissions and policy synthesis report, Paris, https://www.iea.org/reports/cooling-emissions-and-policy-synthesis-report, 2020. (Accessed 10 
August 2024).

[6] A. Rajan, S.K. Yee, System dynamics and metrics of an electrochemical refrigerator based on the Brayton cycle, Cell Reports Physical Science 3 (3) (2022) 
100774, https://doi.org/10.1016/j.xcrp.2022.100774.

[7] S.H. Zaferani, M.W. Sams, R. Ghomashchi, Z.G. Chen, Thermoelectric coolers as thermal management systems for medical applications: design, optimization, 
and advancement, Nano Energy 90 (A) (2021) 106572, https://doi.org/10.1016/j.nanoen.2021.106572.

[8] R.A. Kishore, A. Nozariasbmarz, B. Poudel, M. Sanghadasa, S. Priya, Ultra-high performance wearable thermoelectric coolers with less materials, Nat. Commun. 
10 (1) (2019) 1765, https://doi.org/10.1038/s41467-019-09707-8.

[9] D.H. Kim, S. Seo, S. Kim, S. Shin, K. Son, S.J. Jeon, S. Han, Design and performance analyses of thermoelectric coolers and power generators for automobiles, 
Sustain. Energy Technol. Assessments 51 (2022) 101955, https://doi.org/10.1016/j.seta.2022.101955.

[10] Z.G. Chen, W.D. Liu, Thermoelectric coolers: infinite potentials for finite localized microchip cooling, J. Mater. Sci. Technol. 121 (2022) 256–262, https://doi. 
org/10.1016/j.jmst.2021.12.069.

[11] ISO 14040, Environmental Management – Life Cycle Assessment – Principles and Framework, International Organization for Standardization, Switzerland, 
2006.

[12] ISO 14044, Environmental Management – Life Cycle Assessment – Requirements and Guidelines, International Organization for Standardization, Switzerland, 
2006.

[13] N. Thonemann, A. Schulte, D. Maga, How to conduct prospective life cycle assessment for emerging technologies? A systematic review and methodological 
guidance, Sustainability 12 (3) (2020) 1192, https://doi.org/10.3390/su12031192.

[14] R.K. Iyer, S. Pilla, Environmental profile of thermoelectrics for applications with continuous waste heat generation via life cycle assessment, Sci. Total Environ. 
752 (2021) 141674, https://doi.org/10.1016/j.scitotenv.2020.141674.

[15] Z. Soleimani, S. Zoras, B. Ceranic, S. Shahzad, Y. Cui, The cradle to gate life-cycle assessment of thermoelectric materials: a comparison of inorganic, organic and 
hybrid types, Sustain. Energy Technol. Assessments 44 (2021) 101073, https://doi.org/10.1016/j.seta.2021.101073.

[16] K. Irshad, K. Habib, S. Algarni, B.B. Saha, B. Jamil, Sizing and life-cycle assessment of building integrated thermoelectric air cooling and photovoltaic wall 
system, Appl. Therm. Eng. 154 (2019) 302–314, https://doi.org/10.1016/j.applthermaleng.2019.03.027.

[17] M. Bozorgi, P. Roy, A.R.M. Siddique, K. Venkateshwar, S. Tasnim, S. Mahmud, Experimental investigation and life cycle assessment of a phase change material 
(PCM) based thermoelectric (TE) refrigerator, International Journal of Thermofluids 19 (2023) 100394, https://doi.org/10.1016/j.ijft.2023.100394.

[18] K. Solano–Olivares, R.J. Romero, E. Santoyo, I. Herrera, Y.R. Galindo-Luna, A. Rodríguez–Martínez, E. Santoyo-Castelazo, J. Cerezo, Life cycle assessment of a 
solar absorption air-conditioning system, J. Clean. Prod. 240 (2019) 118206, https://doi.org/10.1016/j.jclepro.2019.118206.

[19] Ministry of Trade and Industry and Energy of South Korea, 9th Electricity supply and demand plan (2020) 41. https://www.korea.kr/briefing/pressReleaseView. 
do?newsId=156429427. (Accessed 20 December 2024).

[20] Ministry of Trade and Industry and Energy of South Korea, 10th Electricity supply and demand plan (2022) 85. https://nsp.nanet.go.kr/plan/subject/detail.do? 
nationalPlanControlNo=PLAN0000033810. (Accessed 20 December 2024).

[21] KELK Ltd. High performance type/Multi purpose type. Product No.: KSM-09071C.https://www.kelk.co.jp/english/products/data_1.html#data_1_2 (accessed 10 
December 2023).

[22] G. Finnveden, M.Z. Hauschild, T. Ekvall, J. Guinée, R. Heijungs, S. Hellweg, A. Koehler, D. Pennington, S. Suh, Recent developments in life cycle assessment, 
J. Environ. Manag. 91 (1) (2009) 1–21, https://doi.org/10.1016/j.jenvman.2009.06.018.

[23] KELK Ltd, THERMO-MODULE catalog: multi-purpose & multi-stage modules, Table 2), https://www.kelk.co.jp, 2008. (Accessed 12 December 2024).
[24] Y. Liu, Y. Su, Experimental investigations on COPs of thermoelectric module frosting systems with various hot side cooling methods, Appl. Therm. Eng. 144 

(2018) 747–756, https://doi.org/10.1016/j.applthermaleng.2018.08.056.
[25] I.T. Hebei, (Shanghai) Co., Ltd, thermoelectric cooler (TEC1-12710) operating tips. https://www.hebeiltd.com.cn/peltier.datasheet/TEC1-12710.pdf. (Accessed 

4 August 2024).
[26] G. Wernet, C. Bauer, B. Steubing, J. Reinhard, E. Moreno-Ruiz, B. Weidema, The ecoinvent database version 3 (partI): overview and methodology, Int. J. Life 

Cycle Assess. 21 (2016) 1218–1230, https://doi.org/10.1007/s11367-016-1087-8.
[27] A. Ciroth, ICT for environment in life cycle applications openLCA-A new open source software for life cycle assessment, Int. J. Life Cycle Assess. 12 (2007) 

209–210.
[28] M.A. Huijbregts, Z.J. Steinmann, P.M. Elshout, G. Stam, F. Verones, M. Vieira, M. Zijp, A. Hollander, R. Van Zelm, ReCiPe2016: a harmonised life cycle impact 

assessment method at midpoint and endpoint level, Int. J. Life Cycle Assess. 22 (2017) 138–147, https://doi.org/10.1007/s11367-016-1246-y.
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