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ABSTRACT 

The need for efficient energy conversion and utilization has magnified on account 

of global environmental concerns, leading to a dramatic rise in focus on technologies that 

can accomplish such enhanced efficiencies. In this context, thermoelectrics (TEs) have 

emerged as a prominent platform on account of rigorous research that has enabled a 

significant leap in their conversion efficiencies, which enhances their potential to lower 

fossil fuel consumption. However, the advent of novel TEs has been accompanied by 

growing concerns about the use of scarce and toxic constituent elements in most of these 

materials/systems, raising questions about their eco-friendliness. While these concerns 

must be suitably addressed, the very nature of looking at TEs solely in terms of either 

benefits during their usage, or at issues with their constituents, confines the notion of 

sustainability to one or few stages of their life cycle. This creates doubts about the 

traditional claims of TEs being ecofriendly, since other environmental issues associated 

with their life cycle, such as impacts caused by their production or end-of-life treatment, 

remain neglected. These gaps hinder a true assessment of ecological credentials of TEs as 

an energy harvesting platform, and also make it difficult to provide adequate directions to 

policymakers and other stakeholders on the nature of steps required to make this platform 

ecologically suitable and economically viable.  

To ameliorate these gaps, this work explores the environmental profile of TEs using 

life cycle assessment (LCA). TE devices – modules and generators – were evaluated for 

environmental performance across their life cycle for three applications differing in their 

nature of waste heat emission and mobility. These were: (a) baseload coal-based power 
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plant (static, constant emission); (b) peak load natural gas-based power plants (static, 

periodic emission); and (c) automobiles (mobile, intermittent emission). For all end-uses, 

TEs were assessed on various impacts. The first-ever exhaustive inventory analysis to date 

was conducted for production of TE devices, while three end-of-life (EOL) scenarios were 

considered to determine the benefits and pitfalls of recycling TEs as these use scarce 

constituents. Subsequently, the results from these LCA analyses were used to distill key 

findings and postulate principles for developing sustainable thermoelectrics.  

LCA analysis of TEs showed that both high electricity consumption for TE 

processing and use of constituent elements that emit toxic waste during their extraction and 

refining, caused the bulk of their production-related impacts. Further, while TE devices 

were observed to be environmentally sound for applications involving continuous waste 

heat emission (coal-based power), they showed ineffectiveness for periodic (gas-based 

electricity) and intermittent waste heat emission (automobiles) to varying degrees. In 

addition, recycling of TEs was seen to have moderate influence on their ecological output, 

with heat exchanger-based components playing a more significant role. Lastly, using the 

results from LCA analyses, eight sustainability principles were postulated for TEs 

encompassing their entire life cycle, that can guide policymakers to work with other 

stakeholders on enhancing overall eco-friendliness of this platform.  
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CHAPTER ONE 

INTRODUCTION 

1. Thermoelectrics: An Introduction & Literature Review 

1.1. Thermoelectrics: The Context 

Efficient energy conversion and utilization has been a long-held imperative for 

numerous sectors, principally guided by concerns about substantial energy costs, scarcity 

of fossil fuels, and notions of energy security1–7. These concerns have compounded in 

recent years with the advent of climate change as a pernicious threat to sustainable and 

healthy existence of all living forms, an aspect highlighted yet again in the recent IPCC 

report8. This has led to the development, promotion and application of several energy 

conversion, harvesting and storage technologies4,5,9–13. Among these, thermoelectrics 

(TEs) have surfaced as an important energy harvesting platform, particularly over the past 

few decades, on account of the large amounts of waste heat generated across multiple 

sectors14–19. Initially discovered in the early 1800s20, TEs have witnessed immense growth 

over the past two decades through significant improvement in their ability to convert waste 

heat into useful electricity21–24. Such improvements have been achieved on the back of 

novel, more efficient TE materials, as well as the execution of strategies designed to 

enhance their power factor and/or reduce their thermal conductivity22–28. This has been 

closely accompanied by the ever-widening range of their potential applicability. 

Traditionally, TEs have been developed, tested and evaluated for sectors involving high 
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fossil fuel use and associated waste heat emissions, such as thermal and nuclear power 

plants, automobiles, and industries like steel and cement, apart from the customary 

aerospace sector14,23,24,29–34. However, recent initiatives have advocated their use for online 

storage and computing (servers), body-wearables, micro- and nano-electronics, 

refrigeration, and even temperature or climate control systems, such as in seats for 

automobiles24,25,29,30,35–39. Additionally, TEs have also been evaluated for their electricity 

generation in conjunction with established renewable energy technologies, such as 

solar20,24,40 and geothermal energy24,41,42. Apart from high conversion efficiencies, such 

broadening of applicability for TEs is in part due to their availability in various topologies, 

expanding from the standard rectangular topology to other alternatives, including in 

flexible forms23,43,44. Moreover, these benefits are complemented by the near-zero emission 

of both noise and greenhouse gases during their usage, as well as the absence of any moving 

parts17,23,43,45–49.  

Together, the aforesaid benefits reveal the prime reasons for growing relevance of 

this platform. Yet, its predominant use is currently limited to space shuttles and some niche 

sectors23,48, such as body-wearables for instance. This is despite the emergence of new 

thermoelectric systems, that have addressed the long-stifling commercial predominance of 

bismuth-telluride (BT) for several years44,48–50. A plethora of reasons explain the low use 

of TEs on large scale, including low device conversion efficiencies (< 10 %), high costs of 

raw material and manufacturing, poor mechanical and thermal stability at operational 

temperatures, and decrease in conversion efficiency with time due to mismatch in 

component properties23,43,56,47–49,51–55. Even as efforts are underway to address these issues, 
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another concern has increasingly gained credence that raises fundamental questions on 

ecofriendliness of this platform – namely, the use of toxic and scarce constituent elements 

in all major TEs23,57,58. However, these concerns also highlight another central challenge 

with the current framework of evaluating TEs, namely, the analysis of their performance 

solely in terms of benefits or pitfalls related to a single or few stages of their life cycle, 

such as fuel saved by their use, or exposure of workers to toxic elements during their 

production. Such an approach disregards issues that engulf other life cycle stages, such as 

ecological impacts of extracting and refining various constituent elements, or end-of-life 

treatment employed for TEs at the end of their life. This starkly increases the probability 

of the ecological burden of TEs getting shifted to other stakeholders59–61, especially final 

consumers, who may be unaware of its consequences. Further, it also impedes the 

possibilities for truly developing sustainable thermoelectrics that are also commercially 

viable for large-scale production and application. This in turn impedes possibilities for 

policymakers to advocate and achieve the successful adoption of this technological 

platform, both via individual as well as collective actions in coordination with other 

stakeholders, for lowering environmental risks associated with its use for various 

commercial applications.  

1.2. Life Cycle Assessment: Literature Review & Gaps  

An excellent way to overcome all the above-mentioned challenges is to use the life 

cycle assessment (LCA) methodology to arrive at a set of principles that can guide 

policymakers and other stakeholders to undertake effective steps for development of 

sustainable thermoelectrics. LCA has emerged as an extremely powerful tool to estimate 
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the comprehensive environmental impacts of any product or service across its entire life 

cycle over the past two decades59,61–65. Its strong attractiveness stems in part from being 

effective at mapping major environmental hotspots and critical impact drivers, along with 

showing the need for multi-stakeholder action to reduce these impacts61,66. Further, the use 

of LCA has been popularized by the standardization of its methodology by the International 

Organization for Standardization (ISO)67,68.  

With regard to designing and/or developing sustainability principles, the use of life 

cycle approach – or focusing on various stages of life cycle – has been an important tool 

for various domains, be it green engineering69, sustainable chemistry70, green tribology71, 

or batteries in stationary72 and mobile applications73. However, it is only the studies on 

batteries72,73 that have used the LCA approach, albeit solely from the perspective of 

lowering life cycle greenhouse gas (GHG) emissions. These principles, encompassing all 

stages of life cycle, focus primarily on lowering energy consumption during production, 

focusing on specific aspects during use – such as on charging patterns for batteries – and 

extending the life of technologies for various domains. Such principles provide clarity for 

policymakers on the specific nature of policies and steps that need to be undertaken by 

them and/or other stakeholders – such as researchers and product manufacturers or 

technology providers – for ensuring both ecological suitability and economic viability of 

the concerned domain. Yet, such principles have not been postulated till date for 

thermoelectrics (TEs), which can prove to be a vital technology in a world where fossil 

fuels are expected to play a pivotal role in meeting global energy demand even amidst 

global focus on renewable energy, as outlined in the recent IPCC report8.  
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 The primary reason behind the lack of such principles for TEs stems from the lack 

of enough LCA studies on this domain to estimate its ecological gains and drawbacks, 

despite the vast growth in LCA studies on energy-related technologies (generation, 

conversion, harvesting and/or storage) over the past three decades74,75,84–93,76,94,77–83. Only 

a few studies have sought to evaluate TEs from the life cycle ecological perspective for a 

variety of applications95–99. Ghojel (2005)95 estimated the environmental impacts of a TE 

waste heat recovery system, composed of bismuth-telluride (BT) modules, during its 

assembly and use phase, as a replacement to alternators in automobiles. Later, Sergienko 

et. al (2010)99 conducted gate-to-gate LCA to calculate the material resource requirement 

for manufacturing a single BT cooling module using MIPS (material input per service unit) 

analysis. In the same year, Patyk (2010)97 presented a preliminary analysis on ecological 

impacts of BT-based thermoelectric generators (TEGs) for use in passenger cars, 

woodstoves and combined heat-and-power (CHP) production. Subsequently, Patyk 

(2013)98 undertook a more detailed analysis of life cycle impacts and costs for TEGs and 

steam expanders used in natural gas-based power units. Lastly, Kishita et. al (2016)96 

attempted to gauge the economic and environmental viability of BT-based TEGs for 

automobiles used in Suita city in Japan till the year 2030.  

While all these studies provide some useful insights, they also suffer from several 

prominent issues. Almost all of them focus solely on a single TE material – bismuth-

telluride95–97,99 – which does not represent the diversity of this platform, especially given 

the numerous and more efficient TEs that have been developed over the past two decades. 

Further, the dominant focus of these studies95,97,99 is on energy savings and/or CO2 



 6 

emissions (greenhouse gas or GHG emissions) related to the use stage, while either partly 

or wholly neglecting the energy consumed to process TEs, as well as the effects of their 

end-of-life (EOL) treatment. Such focus on GHG emissions also ignores aforementioned 

challenges about toxicity and scarcity of constituent elements. A lone paper98 that does 

attempt to focus on these issues, considers silicon-telluride, containing 50 wt. % each of 

both silicon and tellurium, as thermoelectric material. However, literature100 shows that 

this composition cannot exist in solid state at room temperature, and that it must dissociate 

into two phases for its stable existence, as a result of which its TE properties are likely to 

be impacted. 

But the central lacuna of previous LCA studies is the dearth of detailed inventory 

for processing TEs and other device components from initial raw materials. Additionally, 

none of these studies attempt to understand the effect of end-of-life treatment, particularly 

the possibility and likely effect of recovering and recycling TEs on conserving scarce 

constituent elements. Moreover, barring one study on automobiles96, all these studies 

assume constant availability of waste heat for electricity generation, which is not the case 

for either automobiles or other applications like power plants that meet peak loads. In such 

cases, variation in operating temperature leads to thermal cycling that has a deleterious 

influence on conversion efficiency of TEs (explained in Chapter 2). Yet, the effect of nature 

of waste heat generation on TE conversion efficiency and thereby, on their life cycle 

performance for impacts beyond global warming, has not been understood till date.  

Together, the aforementioned gaps render it difficult to evaluate the ecological 

credentials of this energy harvesting platform. This in turn hinders the development of 
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principles that can guide policymakers as well as other stakeholders, particularly 

researchers, TE device manufacturers and also potential end-users of this technology, on 

implementing steps to ensure and improve both economic viability and ecological 

suitability of TEs. Due to the lack of these beneficial developments, the possibilities for 

enhancement and sustenance in futuristic relevance of TEs is hampered. Any redressal of 

these issues and the postulation of such sustainability principles for TEs would thus merit 

a detailed study that addresses the aforementioned gaps by analyzing environmental 

performance of existing TEs for various applications, while keeping in mind their nature 

of waste heat emission.  

Hence, in line with similar exercises that have been previously undertaken for other 

domains as pointed earlier, this study uses life cycle assessment (LCA) methodology to 

initiate discussion on sustainability principles for thermoelectrics. To accomplish this task 

via redressal of gaps in existing literature, this discussion focuses on four tasks that were 

undertaken as outlined in subsequent sub-sections, followed by its organization.  

1.3. Research Tasks 

1.3.1. Task 1: Inventory Development 

Since the lack of detailed inventory impedes a thorough life cycle analysis of TEs, 

the immediate task was to develop the first-ever exhaustive inventory for the entire life 

cycle of TE devices (modules and generators). The primary focus was on detailing all steps 

involved from raw material extraction till the manufacturing of TE device components and 

their final assembly, as little is known on inventory of these steps. In addition, end-of-life 
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treatment steps that have hitherto been ignored were also developed for disposal and 

recycling processes for TEs. The focus of this task and subsequent tasks, was to consider 

multiple TEs, including but not confined to bismuth-telluride. 

1.3.2. Task 2: Environmental Performance Assessment 

The second task involved estimating and evaluating the ecological impacts of TE 

devices, both during their production and across their entire life cycle (using LCA 

methodology), for various applications. Since the potential applications for TEs differ in 

their nature of waste heat generation, they were classified into three groups (Table 1-1). 

For each TE device, major impact contributors and reasons behind their prominent 

contribution were identified for the production stage. Further, for each of the chosen 

applications, life cycle assessment (LCA) methodology was used to evaluate the life cycle 

performance of representative example mentioned in Table 1-1. For all considered 

applications, TE devices were evaluated not only on global warming, but also on other 

impacts that look at their toxicity- and scarcity-related performance, while keeping in mind 

the associated limitations of each analysis.  

Table 1-1: Classification of applications and representative examples used in this work 

 

Type of application 
Representative example used 

Nature of waste heat emission Mobility status 

Continuous  Stationary Coal-based power plant 

Periodic/Intermittent  Stationary Natural gas-based power plant 

Periodic/Intermittent  Mobile Automobiles 
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1.3.3. Task 3: Effect of End-of-Life (EOL) Scenarios 

Since the EOL stage has not been studied in any depth in previous LCA studies on 

TEs, there is a complete lack of information on ecological gains that can be attained by 

recycling specific TE device components (including TEs themselves). Hence, three 

different EOL scenarios were envisaged to understand their capability in shaping the 

environmental outcomes of TE devices chosen for each considered application (Table 1-1).  

To define these EOL scenarios, the 6R-based material flow approach, as envisaged 

by Jawahir et. al (2016)101, was deployed, as it describes the practical incorporation of 

circular economy vision within the life cycle of numerous products and technologies. For 

EOL treatment, this 6R-based approach was deployed for different components to envision 

three scenarios that involve three kinds of EOL treatments: most expected, practically 

possible, and aggressive level of recycling (described in Chapter 2). 

1.3.4. Task 4: Principles of Sustainable TEs  

Since the ultimate objective of this study was to develop key principles that can 

enable policymakers and other stakeholders to determine the steps needed for ecological 

and commercial viability of thermoelectrics, the obtained results from LCA studies were 

distilled to postulate these principles. As mentioned earlier, the principles were developed 

on an exercise similar in nature to that undertaken for sustainable chemistry70,102, green 

tribology71, green engineering69 and batteries72,73. These principles were designed to 

encapsulate key parameters that impact the entire life cycle of TEs, so that they could help 

the concerned stakeholders in undertaking specific actions to make this platform more 
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ecofriendly, while acknowledging the limitations of this study. Figure 1.1 shows the 

linkages between the earlier-mentioned gaps and the proposed tasks in this work. 

 

Figure 1.1: Research gaps and corresponding tasks 

1.4. Organization of Dissertation  

In line with the research gaps and tasks that have been highlighted (Figure 1.1), the 

rest of this dissertation is organized as follows. Chapter 2 lists the various aspects of LCA 

– goal and scope (including system boundary), functional unit, inventory development, 

impact assessment and interpretation – that were used for the three representative examples 

analyzed in this work. Chapter 3 describes the impact results and presents subsequent 

discussion on LCA of various TE modules that were considered to harvest waste heat from 

a baseload coal-based power plant. This evaluates the potential of this platform for 

stationary applications where waste heat is constantly emitted. Subsequently, Chapter 4 

discusses the impact results on LCA of these modules upon use in a peak load natural gas-
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based power plant, to evaluate their outcomes for stationary applications involving periodic 

and/or intermittent waste heat generation. Subsequently, to also capture applications that 

involve mobility, two thermoelectric generators were considered from existing literature, 

based on some of the modules studied in previous chapters, and were evaluated for their 

ecological performance in automobiles in Chapter 5. Across these three chapters, the initial 

three tasks (Tasks 1-3) were completed.  

Later, results from Chapters 3-5 were used to arrive at key principles for developing 

sustainable thermoelectrics. These principles, along with a thorough explanation on their 

importance as well as specific case studies to further highlight the benefits of their practice, 

are expounded on in Chapter 6 (Task 4). Finally, Chapter 7 provides a brief summary of 

the work, and also sheds light on the directions in which future research can be undertaken. 
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CHAPTER TWO 

MATERIALS AND METHODS 

2. Materials, Methodology and Assessment 

2.1. Materials – Rationale & Choice  

As described in Chapter 1, three separate LCA exercises were undertaken in this 

work, namely, the LCA of TE devices for:  

(a) Baseload coal-fired power plants;  

(b) Peak load natural gas-based power plants; and 

(c) Automobiles  

For each exercise, different choices were made for TE devices considered in the 

specific end-use. Nevertheless, a general description is provided on the nature of TE 

devices that were considered for this analysis.  

Typically, TEs are used as generators, which in turn consist of numerous 

components that can be assembled in multiple topologies48,49,103,104. However, the most 

common typology used to construct such generators – known as thermoelectric generators 

or TEGs – is the rectangular topology48,49,103,104. Hence, for this work, generators of this 

topology were considered wherever applicable, with the exact nature of such device used 

for this work shown in Figure 2.1(a). This generator103,104 consists of: (a) Plate-fin type 

heat exchanger, which induces turbulence in waste heat flow to extract its energy and 

provide it for supply to thermoelectric modules; (b) Thermal grease and insulation, which 
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respectively enable or disable thermal conduction in desired manner to ensure that the 

waste heat is supplied to thermoelectric modules; and (c) Thermoelectric modules(one 

module is marked in blue box in Figure 2.1(b)). Thermoelectric modules in turn consist of 

four components: (a) Thermoelectric (TE) legs – both p- and n-type; (b) Metallic tabs, 

usually made of copper, that are used to connect these TE legs electrically in series and 

thermally in parallel; and (c) Ceramic plates, typically made using alumina, that are used 

to house this entire arrangement between them103,104.  

 

Figure 2.1: (a) Thermoelectric generator and (b) Thermoelectric module – of the kind 

considered in this work (blue colored box represents the components that constitute 

modules – p-type and n-type TE legs, metal tabs and ceramic plates) 

 

For this work, commercially produced TE devices were chosen for two reasons. 

The first was that commercial products typically represent proven technical capability for 

any technology, as only such products can attain enough commercial viability to generate 

and meet existing demand50. In addition, commercial production for any product is 

generally optimized for resource and energy consumption, so the use of energy or resource-

intensive processing methods for such modules has either already been addressed, or it 

remains an unresolved issue that can be highlighted through this work.  
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Regarding TE devices, these are almost entirely produced at the modular level on 

commercial scale, with generator production typically delegated to the end-user in line with 

their specific requirements. This hinders the availability of information on commercial 

TEGs in public domain. At present, more than 50 companies produce TE modules 

globally50, of which ~ 30 produce these for power generation applications. However, data 

on their elemental composition and processing techniques was available for only seven 

modules produced by six of these companies (with some assumptions). These seven 

modules – all of the kind shown in Figure 2.1(b) – encompassed five different TEs: two 

each of bismuth-telluride (BT) and skutterudite (SK) systems; and one each of Half-

Heusler (HH), lead-telluride (PT) and silicide (SC) systems.  

More information on these modules is provided in Tables 2-1–2-4. Table 2-1 

provides all the necessary details about chosen modules – namely, the material system used 

in TE legs, manufacturing company, and the naming convention used. Table 2-2 provides 

details on dimensions of each module and/or its TE legs – which were obtained or assumed 

from concerned journal papers that also discuss the fabrication and/or usage of these 

modules. Further, Table 2-3 provides data on the mass of individual components of the 

aforementioned modules – as obtained from calculations undertaken using modular, TE 

leg and other component-related dimensions, along with the use of specific assumptions 

for metallic tabs and alumina plates wherever needed. Finally, Table 2-4 gives the values 

of important TE parameters for the chosen modules, such as: (a) Hot-side (𝑇𝐻) and cold-

side temperatures (𝑇𝐶); (b) Conversion efficiency (𝜂, %); (c) Amount of both input heat 

power (𝑄𝑖𝑛𝑝𝑢𝑡) and output power generated by a single module (𝑃𝑜𝑢𝑡𝑝𝑢𝑡); and (d) Number 
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of modules required for each system to convert 1000 W (or 1 kW) of input waste heat into 

useful electricity (this number is later used in this study).  

Table 2-1: Details about chosen modules 

Table 2-2: Dimensions of TE legs and overall module  

TE 

Material 
Names 

Chemical composition of legs 
Manufacturer 

p-type leg n-type leg 

Bismuth-

Telluride 

(BT) 

BT-1105 Bi0.4Sb1.6Te3 Bi2Te2.4Se0.6 II-VI Marlow 

BT-2106 Bi0.4Sb1.6Te3 Bi2Te2.4Se0.6 KELK 

Skutterudite 

(SK) 

SK-1103 
DD0.76Fe3.45Ni0.6Sb

12 

Ba0.08La0.05Yb0.04C

o4Sb12 

II-VI Marlow 

SK-2107 CeyFexCo4-xSb12 Yb0.3Co4Sb12 

Shanghai 

Institute of 

Ceramics 

Half-

Heusler 

(HH) 

HH108,109 
Hf0.5Zr0.5CoSb0.8S

n0.2 

Hf0.5Ti0.25Zr0.25NiS

n0.99Sb0.01 

Evident 

Thermoelectrics 

Lead-

Telluride 

(PT) 

PT110,111 
PbTe-2 % MgTe, 

doped with 4 % Na 

PbTe, doped with 

0.2 % PbI2 

Mottainai 

Energy Co. Ltd. 

Silicide 
SC106,112,1

13 

(Mn0.98Mo0.02) 

(Si0.9865Al0.0035Ge0.

01)1.74 

Mg2Si0.4Sn0.6 KELK 

Module  
Dimensions (mm3) 

Module TE legs 

BT-1104,105 40.13 × 40.13 × 4  2 × 2 × 2  

BT-2106 55 × 51.5 × 4.4  2.5 × 2 × 2  
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Table 2-3: Mass break-up various components in chosen TE modules (in grams) 

Table 2-4: Major thermoelectric parameters of chosen TE modules 

SK-1103 50.8 × 50.8 × 7  4 × 4 × 4  

SK-2107 50 × 50 × 10  5 × 5 × 7.5 

HH108,109  26.5 × 26.5 × 5 (Height is assumed)  1.8 × 1.8 × 2  

PT111 18 × 15 × 6.8 (Height is obtained via calculations)  2 × 2 × 2.8  

SC112,113 23.5 × 23.5 × 9.75 (Height is assumed) 4.5 × 4.5 × 6.75  

Module P-type legs  N-type legs  Ceramic plates  Other components  Total  

BT-1 6.93 7.67 9.54 0.54 24.69 

BT-2 10.98 12.15 24.61 0.15 47.90 

SK-1 14.89 15.11 20.39 2.40 52.79 

SK-2 45.36 41.53 19.75 0.80 107.44 

HH 3.58 3.50 5.55 0.75 13.38 

PT 0.73 0.72 2.13 1.65 5.23 

SC 5.06 2.89 4.36 0.09 12.41 

Module 𝑻𝑯 (°C) 𝑻𝑪 (°C) 𝜼 (%) 𝑷𝒐𝒖𝒕𝒑𝒖𝒕 (W) 𝑸𝒊𝒏𝒑𝒖𝒕 (W) 𝑵 

BT-1105 170 50 4.08 4.17 102.21 9.78 

BT-2114 250 30 7.00 18.00 257.14 3.89 

SK-1115 560 100 7.50 11.51 153.44 6.52 

SK-2107 575 65 7.30 25.08 343.56 2.91 

HH109 600 100 4.50 15.5 344.44 2.90 

PT111 600 30 8.80 3.5 39.77 25.14 

SC112,113 550 30 6.40 4.81 75.20 13.30 
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Keeping in mind the above-mentioned information on TE modules, the specific 

type of TE device considered for each end-use, and the background rationale for these 

choices, are provided in the sub-sections below.   

2.1.1. Stationary Applications: Power Plants  

Since no data could be obtained on TEGs based on the chosen seven modules – 

either with their manufacturers or in other literature – and since it was difficult to undertake 

any analysis on how these modules would perform upon use of heat exchanger due to 

paucity of time and capability, heat exchanger components were excluded from the 

purview of analysis for electric power plants. Hence, TE modules were considered as the 

final TE device for both baseload coal-based and peak load natural gas-based power plants.  

In case of coal-based power plants, generally, waste heat is constantly produced 

throughout the day, so it meets baseload electricity demand (or electricity demand that 

exists throughout the day). In contrast, natural gas-based power plants are often used to 

meet peak electricity demand that exists for only a few hours per day. Such waste heat 

generation in periodic, and sometimes, intermittent manner – all of which is discontinuous 

– results in thermal cycling of TE modules19,116. This causes deterioration in modular 

conversion efficiency due to two reasons19,116,117. First, thermal cycling produces thermal 

shocks in TE legs and metallic tabs, resulting in defects and mechanical degradation at 

their interface. Second, it also enhances diffusion of elements across both these 

components, thereby affecting their purity and resultant TE performance. Hence, TE 

modules cannot be considered to operate in the same manner for continuous and 

discontinuous emission of waste heat.  
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Strikingly, there is no direct data on the extent of decrease in conversion efficiency 

(or output power) for any of the chosen modules with each thermal cycle – which is defined 

in this work as “Thermal Cycling Reduction Coefficient” or TCRC. While limited data 

exists in literature for TE systems used in these modules, it poses some challenges. For 

instance, TCRC data is not available for PT systems at all, while for other TE systems, 

these values can be calculated only for operating conditions that are different from those 

considered as optimal for these modules (Table 2-4). Hence, assumptions were made for 

TCRC values of the remaining six modules based on existing literature, as detailed in 

Section 2 of Appendix-B. Based on these assumptions, Table 2-5 shows the TCRC values 

chosen in this work. 

Table 2-5: Final TCRC values chosen in this study 

2.1.2. Mobile applications: Automobiles   

 Apart from thermal cycling, another important factor for TEs in mobile end-uses 

is their mass, which affects the amount of energy required for mobility (unlike in stationary 

applications). Hence, unlike in the earlier case of power plants, TEG components beyond 

modules, particularly heat exchanger-based components, cannot be ignored for the purpose 

of LCA of TEs in automobiles. Interestingly, literature103,104 was obtained on TE 

performance of two automotive TEGs that were composed of two of the aforementioned 

Modules  TCRC (% per cycle) 

BT-1, BT-2 0.0035 

SK-1, SK-2 0.0222 

HH 0.0050 

SC 0.0142 
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seven modules – BT-1 and SK-1. While the first generator (TEG-1) was composed of 

skutterudite (SK-1) modules, the second generator (TEG-2) contained both SK-1 and 

bismuth-telluride (BT-1) modules that were connected in series103–105. Therefore, both due 

to the availability of information on these TEGs, as well as the influence of mass of TE 

device on net fuel consumption in mobile applications, coupled with the lack of similar 

information for other modules, only these TEGs were considered for LCA in this end-use.  

More information on both these TEGs is provided in Tables 2-6 and 2-7. While 

Table 2-6 provides data on dimensions of individual components for these generators, 

Table 2-7 provides a break-up of their masses in terms of contribution from these 

components. 

Table 2-6: Dimensions of individual components of chosen generators  

Components TEG-1 TEG-2 

Heat Exchanger  

Rectangular topology 

dimensions: 0.413 m × 0.224 m 

× 0.038 m 

 

Rectangular topology volume: 

0.003592 m3 

Rectangular topology 

dimensions: 0.688 m × 0.224 m 

× 0.023 m  

 

Rectangular topology volume: 

0.003592 m3 

Copper fins 

Number: 22  

Thickness: 0.033 m  

Spacing between fins: 0.00635 

m  

Number: 22 

Thickness: 0.033 m  

Spacing between fins: 0.00635 

m 

Thermal grease 

(Grafoil laminate) 
Thickness: 1 mm  Thickness: 1 mm 
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Table 2-7: Mass of both TEGs, segregated by individual components 

Thermal 

insulation (Min-

K) 

Thickness: 2 mm  Thickness: 2 mm 

Thermoelectric 

legs 

Skutterudite leg dimensions:  

0.004 m × 0.004 m × 0.004 m  

Skutterudite leg dimensions:  

0.004 m × 0.004 m × 0.004 m  

 

Bismuth-telluride leg 

dimensions: 

0.002 m × 0.002 m × 0.002 m  

Electrical wiring Length: 5.2 m  Length: 7.4 m  

Number of 

thermoelectric 

modules 

48 SK-1 modules 
48 SK-1 modules  

50 BT-1 modules  

TEG 

Component 

Sub-component Material 

Used 

Amount 

Used in 

TEG-1 

(kg) 

Amount 

Used in 

TEG-2 

(kg) 

Heat exchanger Copper base Copper 13.263 22.104 

Side bars Copper 0.389 0.215 

Copper fins Copper 7.539 5.981 

Thermal grease 
 

Grafoil 

laminate 

0.374 0.624 

Thermal 

insulation layer 

 
Min-K 0.592 0.987 

Ceramic plate 
 

Alumina 

(Aluminum 

oxide) 

6.850 7.265 
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2.2. Life Cycle Assessment    

2.2.1. Goal, Scope & Functional Unit  

The primary goal of this set of analyses was to provide a set of holistic principles 

that can be used by various stakeholders, particularly policymakers, researchers and device 

manufacturers, to channelize their actions towards ensuring and enhancing ecological 

suitability of thermoelectric devices. Hence, these stakeholders, with policymakers playing 

the prime role in this regard, constitute the primary audience for this work. In order to 

Skutterudite 

(SK) 

thermoelectric 

legs 

n-type legs 

(Ba0.08La0.05Yb0.04Co4Sb12) 

Barium 0.005 0.004 

Lanthanum 0.003 0.002 

Ytterbium 0.003 0.002 

Cobalt 0.099 0.077 

Antimony 0.616 0.475 

p-type legs 

(DD0.76Fe3.45Ni0.6Sb12) 

Didymium 0.044 0.034 

Iron 0.077 0.059 

Nickel 0.014 0.011 

Antimony 0.583 0.449 

Bismuth-

telluride (BT) 

thermoelectric 

legs 

n-type legs (Bi2Te2.4Se0.6) Bismuth 
 

0.160 

Tellurium 
 

0.117 

Selenium 
 

0.018 

p-type legs (Bi0.4Sb1.6Te3) Bismuth 
 

0.032 

Tellurium 
 

0.075 

Antimony 
 

0.147 

Copper tabs 
 

Copper 1.101 1.725 

Electrical wires 
  

0.243 0.346 

Total 
  

31.794 40.908 
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devise these principles, this work encompasses life cycle assessment (LCA) of TE devices 

(generators and modules) over cradle-to-grave for each application, beginning with the 

extraction and processing of their constituent elements, manufacture and assembly of 

device components, use and post-life treatment. Through a proper capture of all these steps 

– classified into groups of production, use and end-of-life (EOL) – these analyses identify 

hot-spots that must be critically focused upon by policymakers and other stakeholders for 

enhancing environmental credentials of TEs across their entire life cycle. 

 

Figure 2.2: Life cycle of TE modules (processing steps and system boundary) for coal- 

and gas-based power plants 
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2.2.1.1. Production  

For the production stage, irrespective of the considered application, all steps remain 

the same from raw material extraction till assembling of components to obtain TE modules. 

In addition, for TE generators (Section 2, Appendix-C), other components – heat 

exchanger, thermal grease, electrical wires, and thermal insulation – are also incorporated. 

Hence, their production was also considered.  

For TE legs and alumina plates, initial raw materials (constituent elements or 

alumina, as the case may be) were assumed to be purchased from global market, then jaw-

crushed and ball-milled to desired nano-size levels, and subjected to multiple processes to 

obtain the final component (Figure 2.2 – which shows the system boundary for all LCA 

analyses of this work). For metallic tabs, metal sheets were considered to be procured from 

market and cut to desired dimensions. Finally, these components were assembled to 

produce the final module. On the other hand, for TEGs, thermal grease, electrical wires 

and thermal insulation were considered to be directly procured from market, while for heat 

exchanger, it was assumed that plates/rods made of metals (stainless steel or copper, as the 

case may be) were obtained from market and cut to desired dimensions in-house. Also, 

upon assembly of all components (including TE modules), the heat exchanger was 

considered to be in rectangular topology with all modules arranged in longitudinal 

configuration – as in chosen literature103,104.  

 



 24 

 

Figure 2.3:  Description and details for various components used in automotive TEGs, 

with target vehicle of Chevrolet Suburban (blue colored box represents the components 

that constitute modules – p-type and n-type TE legs, metal tabs and ceramic plates) 

 

Figure 2.2 shows more details on system boundary considered in this work for all 

the three applications, including some details on the general processing methods employed 

for TE legs. Specific information on these methods for various modules is given in the sub-

sections below, as well as in Figures 2.2 and 2.3. For all in-house processing, unless 

mentioned otherwise in respective inventory, the average U.S. 2015 electric grid was 

considered to be used due to paucity of more recent data on this subject in Simapro 

database. 

A. BT-1 Module: TE Legs  

For this module, TE legs (both p- and n-type) were assumed to be produced via 

method described in literature118. Under this method, constituent elements are obtained in 

powder form, thoroughly mixed, and vacuum-sealed in quartz tubes for heating at 850°C 

for 1.5 h. Subsequently, the heated powders are reduced to nano-size via ball milling, and 

then cold-pressed and later annealed at 400°C for long duration (10 h). Finally, the 

annealed samples are polished and diced to legs of desired dimensions (Table 2-2). 
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B. BT-2 Module: TE Legs  

Based on an existing study119, it was assumed that the elemental composition of TE 

legs in both BT modules was identical (Table 2-1). For this module, elemental powders are 

hot-pressed in argon atmosphere. Later, the obtained ingots are polished and diced to final 

leg dimensions (Table 2-2). 

C. SK-1 Module: TE Legs  

This module was used from an existing study103, with both p- and n-type materials 

considered to be synthesized using procedures established in literature for p-type120 and n-

type legs respectively121.  

For p-type legs, elemental powders (Fe, Ni and Sb) are placed in quartz tubes, 

melted and then air-quenched. Later, an appropriate amount of DD (didymium, or 95.24 

wt. % Nd and 4.76 wt. % Pr) is added to the previous mixture, and the combined powder-

set is vacuum-sealed in quartz tubes. These tubes are heated along the following series of 

steps: (a) At 600°C for 3 days; (b) At 720°C for 2 days; (c) Melted at 950°C; (d) Air-

quenched; and (e) At 600°C for 5 days. Subsequently, the powders are ball-milled and 

uniaxially hot-pressed in argon atmosphere. Cylindrical hot-pressed samples are polished 

and then diced to desired leg dimensions (Table 2-2).  

Regarding n-type legs, elemental powders are mixed and then induction-melted in 

argon atmosphere. Later, the molten mass is quenched to room temperature and then 

subjected to the following series of steps: (a) Annealing (750°C, 1 week); (b) Ball milling 

and then cold pressing of powders to pellets; (c) Annealing (750°C, 1 week); and (d) Ball 

milling of pellets, followed by re-grounding them to powder form. Afterwards, these 
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powders are processed via spark plasma sintering (SPS) at 50 MPa and 650°C in argon 

atmosphere. Lastly, the samples are polished and diced to suitable dimensions (Table 2-2). 

D. SK-2 Module: TE Legs  

For SK-2 module, both TE legs were considered to be synthesized based on the 

processing methodology provided elsewhere for p-type122 and n-type legs123 respectively.  

For p-type legs, elemental powders are thoroughly mixed and vacuum-sealed in 

quartz tubes. Next, these tubes are annealed (1100°C, 30 h, 5°C/min) and then water-

quenched. Later, the obtained ingots are ball-milled and cold-pressed into pellets, which 

are vacuum-sealed again in silica tubes and annealed (700°C, 1 week). Subsequently, the 

tubes are broken to obtain the pellets, which are ball-milled to powder form. This powder 

is washed using the combination of hydrochloric and nitric acids (HCl + HNO3) for the 

removal of impurity phases (present in small amounts). Finally, the washed powders are 

sintered using SPS (600°C, 15 min) into cylindrical samples, which are polished and then 

diced to final leg dimensions (Table 2-2). 

Regarding n-type legs, elemental powders are mixed in desired amounts and sealed 

in quartz tubes in argon atmosphere. These powders are then subjected to the following 

series of steps: (a) Melting (1100°C, 12 h); (b) Saltwater-quenching; (c) Annealing (660°C, 

1 week); and (d) Ball milling to final powders. Later, these powders are hot-pressed in 

argon atmosphere, and then polished and diced to final leg dimensions (Table 2-2). 
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E. HH Module: TE Legs  

For this module, p- and n-type legs were assumed to be processed based on existing 

literature124,125. For both legs, elemental powders are obtained as ingots via arc melting. 

Later, these ingots are ball-milled to obtain nano-powders that are hot-pressed (1050°C) to 

produce bulk cylindrical samples. Lastly, these samples are polished and diced to final leg 

dimensions (Table 2-2). 

F. PT Module: TE Legs  

For the PT module, TE legs were considered to be processed based on the method 

described in an existing study111. Appropriate amounts of elemental/compound powders 

are mixed in glove-box under nitrogen atmosphere, loaded in silica tubes and flame-sealed. 

Later, these powders are subjected to the following series of steps: (a) Heating from room 

temperature (RT) to 1050°C (at 70°C/h); (b) Annealing (1050°C, 10 h); (c) Cooling from 

1050°C to 600°C (at 11°C/h); and (d) Finally, cooling from 600°C to RT over 15 h.  

Subsequently, these powders are ball-milled and placed between the diffusion 

barrier powders (Co0.8Fe0.2). The entire powder mixture (n/p-leg material + Co0.8Fe0.2) is 

hot-pressed in argon atmosphere (500°C, 30 MPa, 1 h), with heating and cooling rates of 

15°C/min and 20°C/min respectively employed for this step. Lastly, the obtained samples 

are polished and diced to desired leg dimensions (Table 2-2). 

For module fabrication111, p- and n-type legs were assumed to be placed alternately 

onto an insulated alumina substrate that contains both printed copper patterns and a heat-

conductive polymer film. Moreover, each pair of TE legs is connected with copper 

electrodes. The entire arrangement is connected via soldering for structural stability.  
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G. PT Module: TE Legs  

For this module, both p- and n-type materials were assumed to be synthesized based 

on existing literature112,113. For both legs, elemental powders are mixed and melted in 

induction furnace. The obtained ingots (after cooling) are crushed and ball-milled to nano-

powder size. Later, these nano-powders are sintered using SPS to final dimensions, with 

n-type samples additionally annealed for compound homogenization. Finally, the samples 

are polished and diced to final leg dimensions (Table 2-2). 

H. Ceramic Plates & Metallic Tabs 

Typically, while TE legs are connected using metallic tabs to transfer the generated 

electricity for further use, the entire arrangement is enclosed within ceramic plates for 

structural stability and to prevent the arrangement from shorting126. For most of the 

aforementioned modules, copper tabs and alumina plates were considered to be 

respectively used for these purposes. However, for SC module, aluminum tabs were 

assumed to be used based on existing literature112,113.  

Since the exact dimensions for both these components are not provided for any 

module barring PT111, appropriate assumptions were made in this regard. For alumina 

plates, their length and width were assumed to be the same as those for concerned module. 

Conversely, the width of each metallic tab was considered to be the same as that for each 

TE leg, while their length was treated to be the sum of length of two legs plus the space 

between them. To obtain this inter-leg spacing, TE legs were assumed to be distributed 

uniformly over the length and width of each module, i.e., equal spacing between any two 

legs as well as between the end-most leg and the end of ceramic plate (on either side). 
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For all modules except SC, copper tabs and alumina plates were considered to be 

connected to TE legs via electrical soldering, while for SC module, thermal spraying was 

considered the joining technique127. However, such technologies are expected to have 

negligible contribution to overall energy consumed in processing TE modules96,98. Hence, 

neither of these processes were considered in overall inventory calculations for chosen 

modules. More information regarding various equipment and processing parameters used 

for individual components of different TE modules is provided in the inventory section 

(Section 2.2.2). 

I. Heat Exchanger Components  

As per the studies by Kumar et al.103,104, the heat exchanger used in both TEG 

systems is a ‘plate-fin heat exchanger’ that possesses rectangular topology. It consists of 

three components: TEG base or parting sheets (on both top and bottom), fins, and two side 

bars (parallel to the direction in which exhaust gas flows), as shown in Figure 2.1. For the 

purpose of this study, fins and TEG base are made from copper103,104, while the side bars 

were assumed to be made from stainless steel (SS).  

The chosen studies103,104 mention that copper base – which is considered to refer to 

parting sheets in the plate-fin type heat exchanger – is used to ensure excellent thermal 

conduction between heat exchanger and the hot side of TE modules. Such conduction 

results in higher temperature difference between the hot and cold ends of TE modules/legs, 

thereby improving the TEG conversion efficiency. Since copper base used in chosen 

studies103,104 is similar to a small copper sheet, it was assumed that larger-sized copper 

sheets were used to produce this base.  
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Between the copper base on either side are placed copper fins103,104, that generate 

turbulence in the exhaust gas flowing through it, enabling heat transfer and temperature 

difference across the TEG for subsequent electricity generation. For both TEGs, these fins 

were considered to be made from copper sheets. Hence, it is assumed that copper sheets 

were used as initial material and were then assumed to be cut and subsequently folded in-

house using hydraulic cold pressing (that consumes negligible amount of energy and 

produces inconsequential emissions) to produce the desired copper fins.  

Stainless steel (SS) side bars are commonly available in the commercial 

marketplace, and were assumed to be made from corresponding rods. 

J. Thermal Insulation (Min-K)  

As per Kumar et al.103,104, Min-K is used on 20 % surface area of parting plates (on 

either side) as a thermal insulator to prevent heat leakage and ensure smooth heat transfer 

from the heat exchanger to hot side of thermoelectric (TE) modules. Min-K is 

manufactured by Industrial Process Heat Engineering Ltd. (i.e., Improheat Industries 

Ltd.)128. It was assumed that the chemical constituents of Min K129 – namely, oxides of 

silicon (SiO2), aluminum (Al2O3), titanium (TiO2), iron (Fe2O3), calcium (CaO), 

magnesium (MgO), sodium (Na2O) and potassium (K2O) – were obtained in powder form 

and mixed with water to produce Min-K for commercial thermal insulation purposes. Since 

these chemical constituents (in powder form) are already provided in Ecoinvent 3.5 

database, separate inventories were not prepared for them, but were used from existing 

database. Also, as indicated in company literature129, evaporation of water due to dry heat 

results in curing and hardening of Min-K, thereby providing it the desired structure. Hence, 
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it was assumed that no energy consumption takes place during the application of Min-K on 

parting plate (on top of TEG base). 

K. Thermal Grease 

The chosen studies103,104 describe the use of grafoil laminate – or a laminate based 

on graphitic foil – as a component in TEGs. Due to lack of sufficient data on production of 

such foils, battery-grade graphite was considered as a substitute in this study.  

L. Electrical Wirings  

It was assumed that AWG (American wire gage) 10-gage electrical wires (diameter: 

2.59 mm; mass per unit length: 46.8 kg/m) are chosen for both TEGs. Assuming a single 

wire to span across entire length and width of both TEGs, it was calculated that 0.24 kg of 

electrical wire was required for TEG-1, while 0.31 kg of wire was required for TEG-2. 

M. Manufacture & Assembly – TEG   

Since existing literature clarifies that negligible energy is used during the assembly 

of entire generator96, this assumption was continued with for the purpose of this study. 

Table 2-8 lists the major assumptions made with regard to equipment considered 

for the various processing steps considered for TE device components, while Section 2 of 

Appendix-A explains some of the other assumptions and parameters that were considered 

in somewhat greater detail for the production stage. Detailed inventory of components is 

further provided in Section 2 of Appendix-A and Section 2 of Appendix-C.  
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Table 2-8: Major assumptions for developing inventory of production stage of TEs 

2.2.1.2. Use 

In baseload coal-based power plant, it was assumed that waste heat is continuously 

emitted. In order to make assumptions about long-term TE performance and lifetime of 

chosen modules in these plants, a comparable application was considered: space shuttles, 

where TEs are used due to limited fuel supply and the constant need for energy. In such 

applications, TEs exhibit long lifetimes (~ 15-20 years) with negligible reduction in their 

conversion efficiency34. Similar results have also been observed for some of the chosen TE 

systems (not the exact modules), albeit for fewer hours of operation54,130. Hence, the 

baseload power plant was assumed to run continuously (i.e., 24 × 7) over 15 years with TE 

devices for this exploratory work, while accepting that real-life considerations necessitate 

Aspects Assumptions made 

Equipment • Industrial-level equipment considered 

Sintering process 

parameters 

• Processes: Hot pressing, spark plasma sintering 

• Maximum sample dimensions: 2” diameter; 0.5” height  

• Hot pressing: Multi-cavity dies 

• Heating rate: 100 K/min (unless specified otherwise) 

• Holding time: 10 min (unless given otherwise) 

Component assembling • Negligible energy consumed in assembling step96,98 

Ball milling 

• Volume used per vial: 95 % (4 vials per run) 

• Fluid used: Ethanol (unless specified otherwise) 

• Volume of fluid used: 40 % of total vial volume 

• Ball-to-powder ratio = 10:1 (by weight) 

Cold isostatic pressing • No energy consumption 

Argon flow rate • 50 ml/min (unless mentioned otherwise in literature) 

Leg polishing • 5 % height removed on either end from sintered samples 
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their annual shut-down for maintenance. In other words, TE modules would operate over 

131,400 hours (15 years × 365 days/year × 24 hours/day) in baseload power plants.  

On the other hand, peak load natural gas (NG)-based power plant is considered in 

this work to meet only peak electricity demand. Hence, it was assumed that this plant 

operated for only 4 h (hours) continuously per day to address this function, based on the 

data available with the US Energy Information Administration131. Further, the lifetime of 

NG plants typically varies between 20 and 30 years131–133. Hence, it was assumed that the 

lifetime of NG plant was 25 years (or the average of this range). Thus, the total operating 

duration of TEs in peak load plants was 36,500 h (or 25 years × 365 days × 4 hours/day).  

Finally, for automobiles, it was assumed that the lifetime of both generators (TEGs) 

was 100,000 miles – the typical distance assumed for any passenger vehicle with reference 

to warranty services offered by manufacturers/dealers. The automobile under consideration 

here was Chevrolet Suburban, for which these generators were evaluated103,104. In these 

studies, the authors have assumed that the generators are placed over different regions of 

the automobile exhaust pipe to recover waste heat that encompasses differing temperature 

regimes of exhaust waste heat: TEG-1 over 280-550°C, and TEG-2 over 100-550°C (SK-

1 modules over 280-550°C, and BT-1 modules over 100-280°C), with cold side 

temperature being 100°C in either case. In terms of overall duration, the lifetime considered 

here translates to ~ 3,535 hours of automobile use.   

Based on the above-described conditions, Table 2-9 shows the lifetime and 

associated reduction (or non-reduction) in conversion efficiency of TE devices with time 

for various applications. Also, given the exploratory nature of this work, it was assumed 
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that only the fossil fuel involved in each application was replaced by the use of TE devices 

(for the sake of simplicity). In a more realistic scenario, the excess electricity produced 

could also replace the average U.S. grid-based electricity (2015-based figure, used in this 

study), which in turn would influence the environmental performance of TE devices. 

Nevertheless, this assumption about the nature of fuel replaced can help to evaluate the 

environmental outcome of TE devices with respect to the various fossil fuels they seek to 

replace in the present era. Also, it can be partially justified by the fact that since power 

producers are required to adjust their power supply in line with concerned demand, there 

is some justification for considering that the final electricity output could be reduced at the 

end of power plant itself, meaning that the TE device output replaces electricity produced 

by parent power plant (and not the remaining grid-based electricity production).  

Table 2-9: Major assumptions used in LCA studies in this work 

Use scenario 

Assumptions 

Lifetime 
Reduction in conversion 

efficiency over time 

Fuel 

replaced 

Coal-based power plant 

15 years34,54,130  

(24 × 7 use) or 

131,400 h  

Negligible or no 

reduction 
Coal 

NG-based power plant 

25 years131–133  

(4 h/day) or 

36,500 h 

Based on TCRC  

value of module 
Natural gas 

Automobiles 
100,000 miles or 

~ 3,535 h 

Based on TCRC  

of modules in TEGs 
Gasoline 
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2.2.1.3. End-of-Life (EOL): Scenarios  

At the end of their lives, components or infrastructure associated with each of the 

chosen applications are treated differently. Power plants are typically dismantled into 

individual components that are either recycled or disposed, unless the plant is salvaged and 

re-mediated, or is shuttered in as-is state without generating electricity134. A similar nature 

of process is also followed for automobiles, with its components segregated into two 

groups, one each for recycling and disposal135. Hence, both these aspects – disposal and 

recycling – were considered while envisioning EOL scenarios for TE devices in this work.  

Traditionally, TE devices are disposed of at the end of their lives96. Hence, this was 

considered as the base EOL scenario: D-scenario (or disposal). However, it is possible to 

segregate individual TE device components and subject them to recycling or disposal (like 

for power plants and automobiles). Hence, the second EOL scenario (named P-scenario or 

practical) involved the recycling of practically possible components like heat exchanger 

and alumina plates, even as other components were disposed of.  Open-loop recycling was 

considered for recycled components in this scenario due to the paucity of data on heat 

exchanger recycling64 and its actual use for alumina plates via an existing commercial 

process136. Finally, in order to enhance sustainability by incorporating the vision of circular 

economy, the third EOL scenario – named CE-scenario (or circular economy) – envisaged 

the recovery and recycling of components and materials to the highest possible degree. In 

addition to the recycling assumptions used in P-scenario, the 6R-based material flow 

approach101 was considered for recycling TEs in CE-scenario to conserve their scarce 

constituents and reduce harmful effects of their mining and processing. In terms of 
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comparison, the three EOL scenarios represent the worst (D-scenario), mid (P-scenario) 

and best (CE-scenario) outcomes from the normative sense of end-of-life treatment in 

current world.  

Table 2-10 summarizes the major assumptions related to the three EOL scenarios 

that were chosen to evaluate their ecological benefits and pitfalls for TEs, while more 

details about these EOL scenarios are provided in the sub-sections below. A key 

assumption behind these scenarios was that TE devices were rendered unattractive at the 

end of their lifetime and were not used for any secondary purpose. This aspect has been 

later considered separately in Chapter 6 on the principles for making this platform more 

sustainable and ecofriendly.  

Table 2-10: End-of-life (EOL) scenarios considered 

End-of-life 

scenario 
Assumptions 

Aspects of 6R-based 

approach incorporated 

and other LCA-related 

considerations 

D-scenario 

(Disposal) 

• Base EOL treatment/scenario 

• All TE device components are 

segregated96 and disposed of at the end of 

their lifetime (in landfills). 

None 

P-scenario 

(Practical) 

• Heat exchanger components are entirely 

recycled as they are made of metals.  

• Alumina plates are polished and recycled 

(recycling rate: 90 %) via commercially 

used process136; rest 10 % is disposed off 

Recovery, remanufacture 

and reuse – only on 

practical basis 

 

Open-loop recycling  
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A. D-scenario (Disposal) 

Here, it was assumed that all the components were sent to a residual landfill facility 

at the end of lifetime of device. All calculations were based on the assumption that the 

landfill facility could handle up to 48,000 metric tons over its lifetime, and that after its 

dismantling (used in Ecoinvent database137), modular components were transported over 

100 miles (~ 160.93 km).   

B. P-scenario (Practical) 

Assumptions were made in this scenario regarding open-loop recycling of heat 

exchanger components and alumina plates. Of these, alumina plates were considered to be 

recycled using an existing commercial process136 at the rate of only 90 %, since these are 

typically connected to TE legs using soldering or thermal spraying techniques138, so their 

• All other components – Same as D-

scenario (due to small sizes and likely 

degradation in TE properties) 

CE-

scenario 

(Circular 

Economy) 

• Heat exchanger components and alumina 

plates – Same as P-scenario 

• TE legs – Cut by 0.5 mm on either end, 

followed by slow re-melting and 

annealing of remnant portions, and then 

gas atomization, for reuse as mixed 

elemental powders 

• All other components – Same as D- and 

P-scenarios 

Recovery, remanufacture 

and reuse – to the 

maximum degree 

possible 

Closed-loop recycling for 

TEs  

Open-loop recycling for 

other recycled 

components  

Travel distance involved for shifting modules to disposal/recycling entities = 100 miles 
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removal is a must prior to the recycling of these plates. Hence, it was assumed that 10 % 

of these plates are shaved off and disposed (like in D-scenario), while the remaining share 

was recycled using a three-step process: (a) Polishing and hammer mill chopping of used 

alumina plates; (b) Melting of alumina along with bauxite for its recovery; and (c) Hammer 

mill chopping of recycled alumina for reuse. Metal tabs were assumed to be disposed of 

(i.e., D-scenario).  

Further, heat exchanger components were assumed to be entirely recovered and 

recycled, while all other components were considered to be disposed of, as in D-scenario. 

Copper-based components were assumed to be converted to secondary copper, which may 

be used for the same or some other application. 

C. CE-scenario (Circular Economy) 

For CE-scenario, it was assumed that 90 wt. % of alumina plates and heat exchanger 

components (like in P-scenario), as well as a significant share of TE legs (both p- and n-

type) were recovered, reprocessed and recycled. For the latter, 0.5 mm of TE legs was 

considered to be removed on either side, and the residual leg portion was re-melted and 

slowly annealed for reusing back in the same module, i.e., closed-loop recycling. This 

portion was removed on the logic that leg portions attached to metallic tabs may not be 

entirely pure and could get affected by diffusion from these tabs after long years of 

operation34. Hence, it was assumed that after dismantling from modules, TE legs were cut 

down by removing 0.5 mm on either side (Step 1), followed by melting (and slow cooling) 

and gas atomization of recovered portions (Step 2) for reuse as multi-elemental powders. 

Other major assumptions included considering both water and argon requirements in line 



 39 

with the considered equipment139. For the remaining components, EOL treatment was in 

line with that used for P-scenario.  

2.2.1.4. Functional Unit 

 To determine the functional unit (FU), the nature of application and other factors 

were considered. For instance, since the original assumption was to use TE modules to 

harvest waste heat in both coal- and NG-based power plants, and each of these modules 

differ in their power output and waste heat input (Table 2-4), it was assumed that each 

module was used as a set. Further, it was assumed that the total waste heat input power 

harvested by each module set was 1000 W at any point of time, with the final electricity 

output determined by their respective instantaneous conversion efficiency. Assuming all 

modules to be operated as such sets, 1 kWh of electricity generation (over their lifetime) 

was chosen as the FU for LCA studies on both baseload and peak load power plants.  

On the other hand, for automobiles, detailed analysis on conversion efficiency of 

TEGs is available in literature104,140. Since the final objective here is fuel saving or reduce 

fossil fuel consumption141, net saving of 1 liter of gasoline was considered as the FU for 

this study. Table 2-11 shows the respective FU considered for the three applications.  

Table 2-11: Functional unit for various LCA studies 

Application Functional unit 

Coal-based power plant 1 kWh of electricity generated by each module set, 

assumed to convert 1000 W of waste heat input power 

into electricity  
Natural gas-based power plant 

Automobiles 1 liter of net fuel saving by each TEG 
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2.2.1.5. Termination Criterion  

For all aspects of this work, a termination criterion of 1 % was used to determine the 

significance of different TE device components and life cycle stages on each impact 

category. 

 

2.2.2. Inventory Development 

2.2.2.1. Production   

Using the aforementioned information on processing (Section 2.2.1.1), the first-ever 

exhaustive inventory till date was developed for production of TE devices (components, 

modules and generators). Several assumptions were made to develop this inventory, of 

which prominent ones are mentioned in Table 2-8. More information on these assumptions 

and their underlying reasons are provided in Sections 2 of Appendix-A and 2 of Appendix-

C. Further, the calculated inventory for module-related components is given in Section 2 

of Appendix-A (Tables A-2–A-29), while for other TEG components, it is given in Section 

2 of Appendix-C (Tables C-1–C-4).  

2.2.2.2. Use 

For baseload coal-based power plant, assuming negligible reduction in conversion 

efficiency and continuous operation over 15 years, Table A-30 shows the total amount of 

electricity generated by each module over its lifetime, along with their corresponding 

reference flow. Additional details about the use stage are provided in Section 3 of 

Appendix-A. On the other hand, for NG-based power plants, the total amount of electricity 

generated was different as it involved a different lifetime and duration of usage, as well as 
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individual TCRCs for each module. Table B-6 shows the total amount of electricity 

generated by each module in this case, along with the corresponding reference flow, while 

additional information is given in Section 3, Appendix-B.  

For automobiles, TCRC of TEG-1 was chosen to be the same as that of SK-1 

modules, while for TEG-2, respective number of SK-1 and BT-1 modules was used as 

weighting factor to determine its TCRC. Further, a detailed set of calculations had to be 

implemented to determine fuel saved by use of both these generators, keeping in mind their 

respective masses (Table 2-7) and calculated TCRC values. This detailed procedure is 

described in Section 3.2 of Appendix-C.  

2.2.2.3. End-of-Life   

Apart from the production stage, inventory was also developed in some detail for 

all EOL scenarios that have been described earlier, particularly the CE-scenario – a novel 

contribution of this work. While a basic description of involved steps in each scenario and 

major assumptions is provided in Section 2.2.1.3, more information and final inventory is 

given in Section 4 of Appendix-A (Tables A-31–A-46) for all TE module-related 

components, and in Section 2 of Appendix-C for generator-related components.  

2.2.3. Impact Assessment & Interpretation  

Using the exhaustive inventory developed for TE devices, their environmental 

impacts for all aforementioned applications were quantified using the hierarchist 

perspective of ReCiPe 2016 midpoint method142 using Ecoinvent 3.5 database via Simapro 

9.0 software. All modules were analyzed on eight impact categories: global warming 
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(GW), fossil resource scarcity (FRS), human toxicity – carcinogenic (HCT) and non-

carcinogenic (HNT), ecotoxicity – terrestrial (TET), freshwater (FET) and marine (MET), 

and mineral resource scarcity (MRS). While FRS and GW were chosen as TEs are justified 

primarily on grounds of lowering the use of scarce fossil fuels and associated GHG 

emissions141, other categories were considered due to scarcity and toxicity concerns of 

constituent elements in most TEs56,57.   

For each TE device, major impact contributors were identified for the production 

stage, and reasons behind their prominent contribution were determined using the 

exhaustive inventory. Subsequently, ecological impacts of all TE devices were studied 

across their entire life cycle for each considered application. In case of TE modules (used 

in power plants), the effect of optimal operational temperature range of these modules on 

ecological performance of this platform was analyzed. Conversely, for automobiles, the 

performance of both generators was compared for the chosen functional unit. Further, the 

benefits and pitfalls of all three EOL scenarios on environmental performance of TE 

devices was also evaluated.  
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CHAPTER THREE 

ECOLOGICAL PROFILE OF THERMOELECTRICS FOR 

CONTINUOUS WASTE HEAT EMITTING 

APPLICATIONS 

3. Results & Discussion 

3.1. Impact Assessment: Results   

3.1.1. Impacts: Production Stage  

Table 3-1: Characterized impacts of TE modules (per one module) 

The first objective is to analyze production-related impacts of TE modules by 

identifying prominent impact contributors and understanding reasons for their significant 

contribution. Table 3-1 shows characterized impacts of modules (per-module basis), while 

Impacts Unit BT-1 BT-2 SK-1 SK-2 HH PT SC 

GW kgCO2-eq 25.70 104.48 59.93 126.93 10.61 3.95 9.50 

TET kg 1,4-DCB eq 121.44 73.51 38.03 92.69 9.33 3.02 14.11 

FET kg 1,4-DCB eq 2.30 1.74 5.74 17.38 0.40 0.06 0.63 

MET kg 1,4-DCB eq 3.39 3.13 8.38 25.00 0.61 0.10 0.94 

HCT kg 1,4-DCB eq 1.15 3.08 2.75 6.84 0.39 0.12 0.98 

HNT kg 1,4-DCB eq 80.52 54.79 198.29 603.59 13.22 1.72 21.40 

MRS kg Cu-eq 0.31 0.18 0.17 0.57 0.10 0.02 1.06 

FRS kg oil-eq 6.85 27.01 15.53 32.85 2.74 1.02 2.54 
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Figure 3.1(a-g) shows the contribution of individual components to their impacts (scaled 

to 100 %) during production.  
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Figure 3.1: Environmental impacts of producing: (a) BT-1 module; (b) BT-2 module; (c) 

SK-1 module; (d) SK-2 module; (e) HH module; (f) PT module; and (g) SC module. 

Impacts are scaled to 100 % on respective units. Values at the top of each bar are 

characterized impacts.  

3.1.1.1. BT-1 Module  

For BT-1 (Figure 3.1(a)), p-type legs are observed to be the biggest contributor on 

five categories (TET, FET, MET, HCT and HNT), while n-type legs are seen to play a 

similar role on MRS category. On the remaining three impacts, both TE legs and alumina 

plates exhibit noteworthy contributions (≥ 20 % each).  

Regarding toxicity-related categories, the prominence of TE legs is mainly because 

of the use of antimony (in p-type legs) and tellurium (in both legs) (Step 1, Tables Table 

A-2 and A-3), and their relationship with copper. Tellurium is produced from copper 

ores143,144, while antimony is extracted and processed from stibnite ore via similar 
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methodology as that used for copper143. Copper beneficiation leads to the emission of toxic 

sulfidic tailings that are stored in heaps/ponds, from where they seep into soil (TET) and 

water bodies (FET, MET), and also increase human-related toxicity levels (HCT and 

HNT)143,145–148. Also, since antimony has a greater role than tellurium, its use in p-type legs 

(~ 30 wt. %; Step 1, Table A-2) explains their higher contribution than n-type legs on these 

impacts.  

On the other hand, scarcity of bismuth and tellurium has a predominant effect on 

MRS impact of TE legs, with bismuth being highly impactful of the two elements. As a 

result, n-type legs are more influential given their higher use of bismuth (~ 54 wt. %; Step 

1,  

Table A-3) over p-type counterparts (~ 13 wt. %; Step 1, Table A-2). Lastly, 

extensive amount of fossil-based electricity is used to process both TE legs and alumina 

plates, especially during the dicing of TE legs (Step 7, Tables A-2 and A-3) and sintering 

of alumina powders (Step 2, Table A-4). This consumes large amount of fossil fuels (FRS) 

and produces large emission of GHGs (GW) and toxic waste during coal mining (HCT).  

3.1.1.2. BT-2 Module  

Unlike BT-1, alumina plates are the most influential of all components for BT-2, 

with TE legs having a notable role (≥ 10 %) on only five impacts (TET, FET, MET, HNT 

and MRS) (Figure 3.1(b)).  

Given the similarity in chemical composition of BT legs (Table 2-1) and processing 

of alumina plates for both BT modules (Tables A-4 and A-8), these observations are 

entirely explained by the same reasons as those described for individual components of 
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BT-1. However, the predominance of alumina plates for BT-2 is solely due to use of fewer 

processing steps (and thereby, associated energy requirement) for TE legs (Tables A-6 and 

A-7) than in BT-1 (Tables A-2 and A-3). In fact, this predominance extends to all impact 

categories, with coal-based electricity (CBE) also affecting water bodies through toxic 

waste emissions during coal mining (FET, MET) and increasing non-carcinogenic toxicity 

levels (HNT)149–151. Moreover, CBE generation also causes emission of heavy metals like 

mercury and chromium, which increases both soil/land-related (TET) and cancer-related 

human toxicity (HCT)150,152–154.  

Remarkably, on almost all categories, BT-2 has comparable or higher impact than 

BT-1 (Table 3-1). This is because: (a) Mass of BT-2 is nearly twice that of BT-1; and (b) 

Alumina plates have a much higher mass share in BT-2 (51.40 %) than BT-1 (38.70 %) 

(Table 2-3), which increases their overall role in harmful effects of this module.  

3.1.1.3. SK-1 Module  

Unlike BT-2, TE legs play the biggest role on all impacts for SK-1, with alumina 

plates consigned to notable roles (≥ 10 %) on only five categories (GW, FRS, TET, HCT 

and MRS) (Figure 3.1(c)). The predominance of TE legs is mainly due to heavy use of 

antimony (≥ 85 wt. % in both legs; see Step 1, Tables A-10 and A-11) and its resultant 

ecological impact (explained in Section 3.1.1.1).  

Interestingly, although both TE legs have similar antimony content, p-type SK legs 

exhibit higher impacts on four categories (GW, FRS, TET and HCT), with n-type legs 

dominating on the other four impacts (FET, MET, HNT and MRS). The former supremacy 

of p-type legs is due to higher electricity usage for its processing, especially because of 
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using energy-intensive steps like annealing and hot-pressing of p-type powders (Steps 6, 9 

and 11, Table A-10), than for n-type legs (Table A-11). Such dominance seems remarkable, 

as p-type powders are annealed for shorter duration (10 days) than n-type powders (14 

days). Nevertheless, it can be ascribed to use of quartz tubes for annealing p-type powders, 

which severely limits the amount of material that can be annealed in a single run of furnace. 

This raises the quantum of electricity needed to process the desired amount of powder, and 

thereby, its associated harmful effects (see Section 3.1.1.1), including toxic slag emitted 

while processing metal for building transmission infrastructure (TET).   

Conversely, higher influence of n-type legs on remaining four impacts is linked to 

their larger share in mass of SK-1 (Table 2-3). This increases the amount of antimony used, 

and thereby, its toxicity-related impacts (FET, MET and HNT; see Section 3.1.1.1). On the 

remaining MRS impact, n-type legs are prominent due to the use of cobalt as constituent 

element (~ 85 % impact share). Cobalt ore is considered to be scarcer than that for antimony 

or most other TE constituent elements in Ecoinvent database143,155, which explains its role. 

Lastly, electricity consumed to process individual components also accounts in substantial 

measure on toxicity-related impacts through coal mining-related toxic waste emissions 

(FET, MET, HCT and HNT).  

3.1.1.4. SK-2 Module  

Like for SK-1, TE legs predominantly account for all impacts of this module. 

However, there is one key difference: unlike SK-1, alumina plates are seen to be 

insignificant (< 10 %) on all impacts barring GW and FRS (Figure 3.1(d)). While the 

influential role of TE legs stems from similar reasons as those for SK-1, electricity 



 51 

contributes more to some of the toxicity-related impacts (such as TET and HCT). This is 

because more amount of electricity is required to process TE legs in SK-2, especially n-

type legs (Table A-15), whose processing-related electricity usage is ~ 11 times that in SK-

1 (Table A-11). This is mainly due to much higher electricity consumption (> 100 kWh/kg 

output) for annealing and hot pressing of n-type powders in SK-2 (Steps 3 and 7, Table 

A-15), while processing steps for its counterpart in SK-1 need ≤ 60 kWh/kg (Table A-11). 

Also, cobalt accounts predominantly for these legs’ role on MRS impact for reasons 

described earlier (see Section 3.1.1.1).  

Strikingly, characterized impacts of SK-2 module are 2-3 times that of SK-1 

module on all categories (Table 3-1). This observation, as well as the minor role of alumina 

plates on most impacts, are explained mainly by three reasons. First, although the antimony 

content of p- and n-type legs is similar in both SK modules (~ 83-85 wt. %; Step 1 in Tables 

A-10, A-11, A-14 and A-15), TE legs have a higher mass share in SK-2 (~ 80 %) than SK-

1 (~ 57 %) (Table 2-3). Second, the mass of SK-2 module is more than twice that of SK-1 

(Table 2-3), which significantly enhances its impact on every category. Finally, more 

electricity is required to process TE legs in SK-2 module. 

3.1.1.5. HH Module  

Both p- and n-type legs are important on all categories for HH, as are alumina plates 

(≥ 10 % impact share) on all impacts except MRS (Figure 3.1(e)). P-type legs dominate on 

three toxicity categories (FET, MET and HNT), primarily through use of antimony (~ 30 

wt. %; Step 1, Table A-18) as constituent element (see Section 3.1.1.1 for reasons). 

Alternatively, n-type legs are more influential on two other impacts (TET and MRS), 
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largely due to use of nickel (~ 20 wt. %), tin (~ 40 wt. %) and hafnium (~ 30 wt. %) as 

constituent elements (Step 1, Table A-19). Of these, both nickel and hafnium contribute to 

TET through the respective emission of: (a) Sulfidic tailings during joint production of 

nickel and copper via ore beneficiation143 (see Section 3.1.1.1); and (b) Harmful wastes 

during zirconium oxide production (on-route to hafnium processing) and coal mining prior 

to CBE generation for use in processing143. Conversely, tin and nickel are scarcer elements 

than other constituents, and are hence, more important for MRS impact of n-type legs, with 

cobalt and tin playing a similar role for p-type legs on this category. Lastly, apart from 

alumina powder sintering, large amount of electricity is consumed to process TE legs, 

especially during arc melting and hot pressing of powders for both TE legs (Steps 2 and 4, 

Tables A-18 and A-19). This explains the impact of different components on three 

categories (GW, FRS and HCT) (see Section 3.1.1.1).  

3.1.1.6. PT Module  

Barring MRS, both p- and n-type legs, as well as alumina plates, exhibit noteworthy 

contributions (≥ 20 %) on all impacts (Figure 3.1(f)). This is significantly different from 

other modules like SK-2 and can be attributed to the relatively higher mass share of alumina 

plates in this module (~ 41 %). On three categories (GW, FRS and HCT), such 

contributions are explained by the energy-intensive processing of individual components, 

particularly annealing and hot pressing of TE powders (Steps 3 and 5, Tables A-22 and A-

23). Contrastingly, on toxicity-related impacts, impact contributions of TE legs stem from 

critical roles of tellurium (~ 38-39 wt. % in both legs; Step 1, Tables A-22 and A-23) and 

high processing-related electricity consumption. The underlying mechanisms through 
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which tellurium and electricity affect environment have been provided earlier (see Sections 

3.1.1.1 and 3.1.1.2). Further, the use of cobalt in diffusion barriers for both TE legs 

enhances their influence (~ 45.5 % impact share) on MRS category. 

3.1.1.7. SC Module  

Unlike the other modules, p-type legs are the predominant contributor (≥ 75 %) on 

six impacts (all except GW and FRS) (Figure 3.1(g)). Conversely, TE legs (p- and n-type) 

and alumina plates show significant, near-equal contributions on GW and FRS categories.  

For GW and FRS impacts, the observations are explained by noteworthy mass share 

(~ 35 %) of alumina plates and high processing-related electricity use (reasons provided in 

Sections 3.1.1.1 and 3.1.1.2). Here, electricity is consumed during the sintering of alumina 

plates (Step 2, Table A-28), as well as in induction melting and SPS of TE powders (Steps 

2 and 5, Tables A-26 and A-27).  

On the remaining impacts, predominance of p-type legs is mainly due to its 

constituent elements. For instance, germanium is processed from zinc leaching residue 

generated during zinc smelting, and the associated toxic emissions generated in this process 

seep into soil/land and increase its toxicity (TET)156,157 Similarly, molybdenum – a co-

product of copper production156 – also affects the environment (FET, MET and HNT) via 

toxic sulfidic tailings (as explained in Section 3.1.1.1). Additionally, manganese causes 

cancer-related toxicity via heavy metal emissions associated with its extraction and 

processing, especially through the slag emitted to process steel and copper for equipment 

used for manganese production143. Lastly, the scarcity of germanium ore leads to its 
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predominant contribution on p-type legs’ share of MRS impact. Remarkably, n-type legs 

have a modest role (< 15 %) on these impacts, partly due to the absence of these elements. 

3.1.2. Impact: Life Cycle  

 

Figure 3.2: Life cycle impacts of TE modules, normalized by impacts of HH module 

 

Apart from their production, this study also aims to understand the life cycle 

impacts of all modules upon use in baseload coal-based power plants as modular sets, while 

also understanding the effect of operational temperature range on ecological performance 

of modules. Hence, Figure 3.2 shows the normalized life cycle impacts of all modules for 

chosen functional unit for D-scenario (base EOL scenario), while Section 5 of Appendix-

A presents the characterized impacts of all modules, segregated by contributions from 

individual life cycle stages. Here, any positive magnitude (impacts > 0 %) indicate harmful 

environmental effects, while negative magnitude (impacts < 0 %) are beneficial to ecology.  
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3.1.2.1. D-scenario (Disposal) 

As can be seen (Figure 3.2), barring BT-1 and SC modules on MRS category, all 

modules show net positive effects on environment on all impacts. This is mainly due to the 

predominant beneficial effect of use stage of these modules, based on the assumption that 

only CBE (coal-based electricity) is replaced by their application. This in turn lowers the 

need for CBE generation from baseload plant, and thereby, its associated impacts. The 

avoided impacts include the non-emission of toxic wastes during coal mining and 

electricity generation, avoidance of using scarce coal as well as nickel and cobalt in steel 

equipment for electricity generation, and finally, non-emission of GHGs. This easily 

compensates for any harmful ecological effects caused by module production, typically by 

margins of 70-80 % on most impacts, and by 90-95 % on some impacts. Interestingly, the 

disposal stage has negligible influence on any impact for all modules, highlighting its 

irrelevance in shaping their ecological outcomes. Further, a comparison of these modules 

– or more appropriately, a comparison of their ecological performance in light of variation 

in their optimal operational temperature range – shows little difference in their overall 

positive effect on five categories. These are: (i) GW: 1.16-1.21 kg CO2-eq; (ii) FET: 0.015-

0.020 kg 1,4-DCB eq; (iii) MET: 0.021-0.028 kg 1,4-DCB eq; (iv) HCT: 0.047-0.049 kg 

1,4-DCB eq; and (v) FRS: 0.262-0.274 kg oil-eq (Figure 3.2 and Tables A-47–A-53). This 

indicates that on most of the considered impacts, the nature of TE system (and their 

functional temperature range) has marginal effect on overall outcome of this platform.  

In contrast, these modules show variation in performance on the three remnant 

categories (TET, MRS and HNT), all of which are related to the constituent elements used 
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in TE legs. On TET, BT-1 shows the least positive benefit (0.010 kg 1,4-DCB eq), with 

other modules exhibiting a near-similar output (0.20-0.23 kg 1,4-DCB eq) (Figure 3.2 and 

Tables A-47–A-53). This divergence is due to toxic heavy metal emissions during the 

generation of CBE used to produce tellurium – a constituent element of TE legs for this 

module. On the other hand, for HNT, three modules show a lower range of positive benefits 

(BT-1, SK-1 and SK-2: 0.406-0.458 kg 1,4-DCB eq) than the other four modules (0.555-

0.585 kg 1,4-DCB eq) (Figure 3.2 and Tables A-47–A-53). This is mainly due to the use 

of antimony as constituent element in TE legs of these modules, which accounts for higher 

negative effects of their production. Finally, on MRS category, two modules (BT-1 and 

SC) have negative environmental impacts (positive in magnitude) (Figure 3.2 and Tables 

A-47–A-53) as their production inflicts greater ecological harm than the positive benefits 

achieved by their electricity generation capabilities. Of these two modules, SC is more 

harmful due to the use of germanium and tin as constituents in p- and n-type legs 

respectively, for both elements are scarcer than all other constituents used in TE legs of 

chosen modules. Predictably, BT-2 does not show similar effects as BT-1 on these three 

categories due to the much lower mass share of TE legs for this module (Table 2-3).  

Overall, HH and PT modules are observed to be most ecofriendly, which is 

expected given their better TE properties and high operational temperature range (Table 

2-4). The converse logic also holds true for BT-1, which is seen to be the least ecofriendly 

by showing negative ecological effects on three categories (TET, HNT and MRS). 

Nevertheless, for the most part, it can be said that independent of the TE system chosen, 
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beneficial effects can be obtained by use of TEs for continuous use-based applications 

where polluting fossil fuels like coal are used.  

3.1.2.2. EOL Scenarios: A Comparison 

 

Figure 3.3: Life cycle environmental impacts of HH module under different EOL 

scenarios (normalized to impact under baseline D-scenario) 

 

Figure 3.4: Life cycle environmental impacts of SC module under different EOL 

scenarios (normalized to impact under baseline D-scenario) 
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Figures 3.3 and 3.4 respectively compare the impacts of HH and SC modules 

respectively (as examples) for the three EOL scenarios, while Figures A.2–A.6 show the 

same for other five modules. Further, Tables A-54–A-60 present the characterized impacts 

of P-scenario, while Tables A-61–A-67 show the same for CE-scenario. As can be seen 

from all this data, P-scenario shows little change vis-à-vis D-scenario for all modules on 

each considered impact. This clearly demonstrates the negligible influence of alumina 

recycling in shaping ecological performance of chosen modules. A similar observation can 

also be made for CE-scenario on most impacts of these modules. However, the circular 

economy approach enables notable reduction (≥ 5 %) in certain cases, namely, TET (BT-

1); FET, MET and HNT (SK-2); and MRS (BT-1, SK-2 and SC) (Figures A.2, A.5 and 

33.3, and Tables A-47–A-67). All these variations are the outcome of recycling TE 

powders as this helps conserve scarce constituent elements and thereby, lowers associated 

impacts caused by their mining and processing. This is particularly true for toxicity-related 

impacts of antimony (SK-2) and tellurium (BT-1), as also for scarcity-related effects of 

cobalt (SK-2), bismuth (BT-1) and germanium and tin (SC). However, regardless of the 

considered EOL scenario, no variation is observed in relative order of ecofriendliness of 

modules.  

3.2. Discussion  

3.2.1. Module Production  

Two factors clearly stand out in influencing production-related impacts of all 

modules: constituent elements used in TE legs, and high processing-related electricity 
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consumption (Table 3-1 and Figure 3.1). Among these factors, the role of constituent 

elements, especially on toxicity-related impacts, is mainly due to the use of specific 

elements, such as antimony (BT and SK modules), tellurium (BT modules), cobalt (SK 

modules), and germanium, tin and manganese (all in SC module). Interestingly, some of 

these elements have been highlighted for their toxicity elsewhere49,56,57,141, which raises 

valid concerns about the toxic nature of this platform. However, the results indicate that 

apart from these concerns related to elemental toxicity, life cycle toxicity of constituent 

elements – i.e., emission of toxic wastes during the mining and processing/refining of these 

elements – is an equally compelling issue that needs to be addressed.   

Contrastingly, the large influence of processing-related electricity consumption 

stems mainly from the key role of specific processes and associated parameters – clearly 

an outcome of the detailed inventory developed in this work. Such processes include hot 

pressing and spark plasma sintering (SPS), induction or arc melting, and annealing of 

samples in quartz or silica tubes (like in SK-1). These processes consume large amounts of 

energy, either due to the energy-intensive nature of equipment used (like in hot pressing or 

SPS), large process times (like for sintering alumina powders, or annealing of TE legs in 

SK modules), or by limiting the amount of material for heating in a single furnace run (like 

by using quartz tubes for SK modules). Some of this energy consumption can be reduced 

by use of equipment that can process sintered samples of larger dimensions, but the 

dominance of this step suggests a strong need for more efforts on other aspects, like finding 

an alternative large-scale process to annealing of powders in quartz tubes.  
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3.2.2. Module: Life Cycle Performance  

With regard to their life cycle performance, all modules are seen to be beneficial 

on the typical impacts on which their use is primarily justified – GW and FRS – irrespective 

of the TE material used (Figures 3.1–3.4, A.2–A.6 and Tables A-47–A-67). Further, since 

the life cycle GW impact of any product is reflective of energy consumed over its lifetime 

as most energy needs are met using fossil fuels, the positive GW benefit of all modules 

shows that TEs are a net energy-saving platform, independent of the material used.  

On the other hand, a remarkable result is that despite the repeated concerns raised 

about toxicity of constituent elements for most TEs49,56,57,141 the chosen modules are seen 

to benefit the environment on almost all toxicity-related impacts (barring TET for BT-1) 

(Figures 3.1–3.4 and A.2–A.6). Such divergence stems from the limited focus of 

researchers on elemental toxicity vis-à-vis the expanded focus of LCA methodology to 

accommodate life cycle toxicity (described in Section 3.2.1). Like for GW and FRS 

impacts, ecological effectiveness of all modules on toxicity-related impacts stems from the 

benefits achieved by avoiding coal-based electricity generation. Yet, such benefits are not 

always seen for the other prevailing concern with TE systems: scarcity of constituent 

elements, with two modules showing negative effect on MRS (BT-1 and SC).  

Finally, among all the EOL scenarios considered in this work, both D- and P-

scenarios are completely irrelevant in influencing the environmental performance of any 

module (Figures 3.1–3.4 and A.2–A.6). On the other hand, CE-scenario is seen to 

ameliorate impacts by a notable degree (≥ 10 %) on five categories across three modules: 

TET for BT-1; FET, MET and HNT for SK-2; and MRS for BT-1, SK-2 and SC, but has 
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negligible effect in other cases. This implies that recycling of constituent elements may not 

always be a panacea for improving the ecological outcomes of TE materials or devices. 

Hence, the effectiveness of circular economy approach must be evaluated on a case-by-

case basis, especially for other TEs that have not been analyzed in this work.  

3.3. Life Cycle Impacts: Module vs Generator  

A key assumption of this study is the exclusion of thermoelectric generator-specific 

components, especially heat exchanger, from the overall inventory. This can seem an issue, 

given that heat exchanger materials, particularly steel, have been observed to play an 

influential role on ecological impacts of TE generators elsewhere98. Nevertheless, the use 

stage is seen to significantly overpower the harm caused during production and EOL of 

modules on almost all impacts, independent of the EOL scenario considered (Figures 3.1–

3.4 and A.2–A.6). Such wide difference – involving margins of ~ 70-75 % on most impacts 

– increases the likelihood of the larger outcome of net-ecofriendliness of thermoelectrics, 

even at the level of TE generators. For further validation though, the effects of heat 

exchanger must be carefully looked at – this has been done later in Chapter 5.  

3.4. Ecofriendly Potential & Lessons for Stakeholders  

The most noteworthy observation from this work is that barring in certain cases, 

the positive ecological benefits of use stage are observed to be significantly larger than the 

harmful effects of both production and EOL stages for chosen TE modules. This is 

remarkable given the paucity of information large-scale process parameters, which meant 

that parameters more suitable for lab/small-scale production were used for key energy-
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intensive processing steps, such as hot pressing and spark plasma sintering (Section 2, 

Appendix-A). In other words, the results of this study already account for a more energy-

intensive module production. Since commercial production of TE modules is expected to 

have lower energy consumption than at lab/small-scale, it is highly probable for these 

results to also extend to real-life scenarios. Further, irrespective of their suggested 

operational temperature range (2-4), barring few exceptions, all of them exhibit positive 

benefits (Figures 3.1–3.4 and A.2–A.6). Together, these observations suggest that 

irrespective of the TE system employed, this platform is ecofriendly enough to be used to 

harvest waste heat in applications where coal is used as fuel and waste heat is constantly 

emitted, provided the desired temperature range is available for operation. Such 

applications can include both coal-based power plants, as well as industries like steel.  

  Apart from aforementioned results, the strong ecological credentials of TEs are 

further buttressed by a comparison of their performance with those of two widely used 

renewable energy technologies – wind-based and solar-based electricity (Table A-68). For 

instance, TE modules exhibit GHG emission reduction of ~ 1.16-1.21 kg CO2-eq by 

replacing coal-based electricity in base EOL scenario (D-scenario). Strikingly, this is in 

line with GHG emission reduction achieved using both solar- (1.15 kg CO2-eq) and wind-

based electricity (1.2 kg CO2-eq) as alternatives to coal-based electricity on per-kWh basis 

(same as functional unit chosen in this study) (values obtained from Simapro for US grid 

at plant)137,142. Similar results are observed for other categories as well barring two: TET 

and MRS (Table A-68). Of these, toxic emissions during production of highly pure silicon 

wafers for solar PV panels explains the high impact of solar-based electricity on TET 
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(based on Simapro results)142. In contrast, both solar- and wind-based electricity require 

scarce elements – silicon for solar and nickel in steel for electricity generation equipment 

for wind (based on Simapro)142– which explains their respective impacts on MRS category. 

Admittedly, these results do not consider the absence of heat exchanger components, that 

could lower the beneficial effects of modules by reducing system conversion efficiency. 

Nonetheless, even if half of the estimated gains can be attained from these modules, it 

would amount to achieving ~ 50-60 % of benefits currently reaped from renewable energy. 

Moreover, these gains may well be achieved at a much lower cost compared to that of 

replacing fossil-based electricity with their renewable-based counterparts, whose erratic 

availability currently inhibits their use for meeting baseload power demand. In sum, all 

these results suggest the strong ecological relevance of TEs as an energy harvesting 

platform. Further, it also indicates a strong footing for thermoelectrics to join forces not 

only with existing renewable energy forms, but also with those likely to emerge in future 

(such as geothermal energy) towards ameliorating global environmental challenges24.  
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CHAPTER FOUR 

ECOLOGICAL PROFILE OF THERMOELECTRICS FOR 

PERIODIC WASTE HEAT EMITTING APPLICATIONS  

4. Results and Discussion 

4.1. Impact Assessment: Results 

4.1.1. Impacts: Life Cycle 

4.1.1.1. D-Scenario  

 

Figure 4.1: Life cycle impacts of various modules (D-scenario), normalized by the 

highest or lowest impact among these modules 

 

Figure 4.1 shows the life cycle impacts of chosen modules, while Tables B-7–B-12 

show their respective characterized impacts – all for the base EOL scenario (i.e., D-
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scenario). As can be seen, no TE module is observed to be ecologically beneficial on all 

impact categories, i.e., they do not show positive effects on all eight impacts.  

Among the considered categories, all six modules are beneficial on GW and FRS 

impacts, with the benefits through their electricity generation overpowering the impacts 

caused during their production and EOL by a large degree (~ 59-97 %, depending on the 

module) (Figure 4.1 and Tables B-7–B-12). In terms of magnitude, these modules lower 

overall impact by 0.47-0.78 kg CO2-eq (GW) and by 0.15-0.23 kg oil-eq (FRS). In contrast, 

no module exhibits positive benefits on all other categories, as their production stage is 

degrading enough for environment to overcome any ecological benefits accrued during the 

use stage. In particular, the gap between production (negative impact) and use stages 

(positive impact) for all six modules is vast on two categories: FET (~ 78-100 %, final 

impact: 0.001-0.044 kg 1,4-DCB eq) and HNT (~ 70-100 %, final impact: 0.021-1.528 kg 

1,4-DCB eq). For the other four categories, barring HH (on TET, MET and HCT) and both 

BT-2 and SC modules (on MET alone), all modules exhibit negative performance, with a 

gap of ~ 50-100 % between their production and use stages. Also, the EOL stage (disposal) 

has negligible effect on any category (Figure 4.1 and Tables B-7–B-12). The reasons for 

production-related impacts of various modules is described in Chapter 3.  

In the earlier work on coal-based power plants (Chapter 3)158, the nature of modules 

chosen is seen to be inconsequential for life cycle impacts of this platform, as they replace 

a polluting form of electricity (coal-based). However, the nature of modules is seen to play 

an important role in this work, with HH showing the highest extent of beneficial effects. In 

contrast, different modules exhibit the worst performance on various categories, such as 
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SK on six impacts (all barring TET and MRS), BT-1 on TET and SC on MRS category 

(Figure 4.1 and Tables B-7–B-12). 

4.1.1.2. EOL Scenario: A Comparison 

 

Figure 4.2: Comparison of life cycle impacts of HH module under various EOL scenarios 

(normalized by impact of D-scenario) 

 

Figure 4.3: Comparison of life cycle impacts of SK-2 module under various EOL 

scenarios (normalized by impacts of D-scenario) 
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Figures 4.2 and 4.3 compare the respective life cycle impacts of HH and SK-2 

modules (as examples) across all three EOL scenarios, while Figures B.1–B.4 show the 

same for the remaining four modules. Further, Tables B-13–B-24 show characterized 

impacts of all six modules under the two alternative EOL scenarios (P- and CE-scenario).  

Like in case of their coal-based counterparts158, negligible variation is seen in 

modular impacts with change in EOL treatment from D-scenario to P-scenario (recycling 

of alumina plates). In contrast, barring BT-1, circular economy approach (CE-scenario) 

enables significant reduction (≥ 5 %) for all modules on two categories (HNT and MRS) 

(Figures B.1–B.4, 4.2–4.3 and Tables B-13–B-24). Similar levels of impact reduction are 

also observed for: (a) Four modules on FET (SK-1, SK-2, HH and SC); (b) Three modules 

on MET (SK-1, SK-2 and SC); and (c) One module each on TET (BT-2) and HCT (SC) 

impacts (Figures B.1–B.4, 4.2–4.3 and Tables B-13–B-24). This indicates that unlike in 

earlier work, CE-scenario is somewhat more effective in improving ecological outcomes 

of TE devices for gas-based electricity, mainly with regard to toxicity- and scarcity-related 

categories.  

4.2. Discussion 

4.2.1. Module: Life Cycle Performance 

The first interesting observation is that no TE module is seen to be ecologically 

beneficial on all categories (Figures B.1–B.4, 4.1–4.3 and Tables B-13–B-24). This is 

strikingly different from the results obtained for the very same modules in Chapter 3, where 
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they exhibit positive ecological effects on almost all impacts. Such a stark contrast in 

performance stems mainly from two reasons.  

The first reason is lower electricity generation (< 25 % of that for coal-based 

plants), which is an obvious outcome of two factors. One, TE modules are used for only 4 

h/day or 36,500 hours overall – about one-third of that in Chapter 3, which is in line with 

the nature of both end-uses in terms of their operation and waste heat emission. Two, all 

modules exhibit reduction in their conversion efficiency with thermal cycling, with three 

modules (SK-1, SK-2 and SC) showing higher TCRCs (≥ 0.01 % per thermal cycle) (Table 

2-5). This in turn is related to thermal stability of TE – an intrinsic property53,54,159. For 

instance, skutterudite (SK) systems have been reported to typically exhibit enhanced 

thermal degradation due to oxidation in ambient atmosphere at temperatures ≥ 400°C160,161. 

This is explained primarily by their use of antimony (Sb) as constituent element, since 

antimony is observed to segregate and oxidize in these systems and thus form an oxide 

layer on TE legs that causes deterioration in its contact with metallic tab to lower the 

modular conversion efficiency54,160,161. Hence, the highest TCRC values for SK modules 

among chosen systems (Table 2-5) can be explained by their oxidizing behavior.  

The other key reason for stark difference in modular performance is the nature of 

electricity replaced by their use. While the previous work (Chapter 3) assumes replacement 

of coal-based electricity, this work considers the substitution of natural gas (NG)-based 

electricity. Literature shows that NG-based electricity is environmentally superior to its 

coal-based counterpart due to both the less-polluting nature of extraction and refining 

processes for primary fuel, as well as of subsequent electricity generation process162,163. 
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This divergence is particularly acute for toxicity-related effects due to the large quantities 

of toxic elements (such as chromium and mercury) that are emitted during both coal mining 

and subsequent electricity generation142,162. Such lower impact of NG-based electricity 

reduces the scope for enhancing environmental benefits via use of modules, which explains 

their poor ecological outcomes, particularly on toxicity-related impacts (Figures B.1–B.4, 

4.1–4.3 and Tables B-13–B-24).  

The other notable result is that while no module shows good ecological output on 

all impacts, all modules perform creditably on GW and FRS categories by high margins, 

with their use dominating production-related impacts by ≥ 60 % (Figures B.1–B.4, Figures 

4.1–4.3and Tables B-13–B-24). Thus, at least from the limited perspective of primary 

justifications that are proposed for use of TEs – fossil fuel conservation and reduction in 

greenhouse gas emissions141 – this study suggests their effectiveness, independent of the 

TE material employed. This is in line with the earlier work as well158.  

4.2.2. Minimum Conditions for Optimal Performance  

Regarding a comparison of modular performance, the previous work (Chapter 3) 

clarifies that such an exercise would not be prudent in light of differences in their optimal 

range of operational temperatures (Table 2-4). Nevertheless, to determine the minimum 

requirements that are required to make these modules ecologically effective on all 

categories, HH module was chosen as a test-case, given its best ecological output among 

all modules. Two hypothetical scenarios were considered for this module, one each having 

its conversion efficiency or TCRC kept as constant (the same as for original HH module) 

and the other parameter allowed to vary in a manner that could help in attaining positive 
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outcomes on all categories, keeping everything else constant. Remarkably, calculations 

showed that even at extremely high and impossible levels of conversion efficiency (50 %), 

or even at TCRC = 0, this hypothetical HH module was incapable of accomplishing this 

aim (figure not shown). This was solely due to the extreme mismatch between negative 

effects of production and positive impacts of use for HH on FET category (~ 80 %) (Figures 

4.1–4.3), which could not be lowered even with such drastic changes in its conversion 

efficiency or TCRC. Similar conclusions were obtained for other modules as well.  

Subsequently, attempts were made to determine the minimal usage duration for all 

modules by considering an alternative hypothetical use scenario. Under this scenario, it 

was assumed that all modules would be recovered and used in as-is state over several peak-

load NG power plants that operated under the same condition (4 h/day). An additional 

assumption was that each module would be used in this manner till its conversion 

efficiency reached 1 % of its original value due to thermal cycling. However, calculations 

showed that even under this hypothetical use case, no module exhibited positive impacts 

on all categories (not shown here), especially on FET and HNT impacts (where no module 

was seen to be ecofriendly). This was again, a major consequence of considering the 

substitution of NG-based electricity with that from these modules.  

In sum, these findings suggest that even if: (a) Conversion efficiencies are 

dramatically improved; (b) TEs are used for longer duration over multiple plants of similar 

nature; and (c) Effect of thermal cycling on their conversion efficiencies are made 

negligible, existing TEs may still prove inadequate in overcoming negative effects of their 

production for periodic waste heat emitting applications. This implies that TE devices may 
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be ecologically beneficial only for such applications where one or more of the following 

three possibilities are realistically achieved: (a) They are used for much longer duration per 

cycle; (b) They replace a more polluting form of energy source, such as coal; and/or (c) 

Their production-related impacts are lowered by a significant degree (by as much as ~ 70-

80 %). Of these, the first two possibilities are entirely dictated by the nature of application, 

which shows that at least for peak-load NG-based power plants, this platform may not be 

ecologically suitable for large-scale application. In contrast, an exploration of the third 

possibility requires focusing on the complex interplay between optimal operational 

temperature range of modules (which also affects their conversion efficiency) and other 

factors that influence their life cycle performance, critical among which are three: (a) Mass 

of module; (b) Nature of constituent elements used in TE systems; and (c) Energy 

consumed till their production stage. To understand this in some detail, two systems are 

focused upon: HH (which shows the best performance among all modules if taken at face-

value), and SK-2 (which ranks among the worst performers on same ground).  

HH benefits from a number of advantages with regard to the aforementioned critical 

factors. First, it has the lowest mass among all modules (13.38 g/module) barring SC (Table 

2-3). Further, even as its output power is the fourth-highest (15.5 W) among all modules, 

its conversion efficiency is the second-lowest (4.50 %) among all modules (Table 2-4). As 

a result, it requires the least number of individual modules (among all TE module sets) to 

convert 1000 W of waste heat into electricity (2.90) (Table 2-4). Also, HH shows the 

second-lowest amount of GW impact among all modules till the production stage on per-

module basis (Table 3-1) – which is a strong indicator of energy consumption, given strong 
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linkages between both aspects (GW and energy use). Thus, all these factors combine to 

lower the amount of constituent elements required for HH module set and thereby, its 

ecological impacts on all categories – lower use of constituents on toxicity- and scarcity-

related categories, and lesser energy use on GW and FRS categories.  

On the other hand, SK-2 module is seen to exhibit the largest production-related 

GW impact among all modules (on per-module basis) (Table 3-1), which indicates its high 

(fossil-based) energy requirement for processing158. This also accounts for its worst 

performance among all modules on FRS category. In addition, SK-2 also shows the poorest 

output on four toxicity-related impacts (FET, MET, HCT and HNT) (Figures B.1–B.4, 4.1–

4.3 and Tables B-13–B-24). This is the outcome of its highest per-module mass among all 

systems (107.44 g/module; Table 2-3) and predominant use of antimony in its TE legs 

(Table 2-1). As described in Chapter 3, antimony is hazardous for environment on these 

categories via toxic sulfidic tailings emitted during extraction and processing143,145–147,158. 

However, on both TET and MRS, SK-2 performs better due to respective use of (toxic) 

tellurium in BT-1 module and scarce germanium in SC module142,143,145–147,155,158.  

This complex interplay between various factors encompassing production and use 

stages, implies the need for major advancements in developing novel TEs that: (a) Exhibit 

higher conversion efficiencies; (b) Use elements which are non-toxic by themselves and 

also help to avoid toxic waste emissions during their extraction and refining; and (c) Are 

produced using techniques that are efficient in their energy consumption. Any endeavor 

towards simultaneously addressing all these concerns will, however, be a highly onerous 

and challenging task to accomplish, as it would necessitate the involvement of multiple 
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stakeholders, including researchers, potential end-users, TE module manufacturers, and 

even policymakers for commercialization of such systems.  
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CHAPTER FIVE 

ECOLOGICAL PROFILE OF THERMOELECTRICS FOR 

AUTOMOTIVE APPLICATIONS (INTERMITTENT 

WASTE HEAT GENERATION) 

5. Results & Discussion 

5.1. Impact Assessment: Results 

5.1.1. Impact Assessment: Production Stage 

Like for TE modules, the first objective here is to understand the ecological impacts 

of considered TEGs during their production. In this regard, Figure 5.1(a-b) shows 

characterized impacts, with contributions from individual components, for both generators. 

A detailed analysis of these impacts is provided in the following sub-sections.   
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Figure 5.1: Environmental impacts, segregated by contributions from different 

components, for: (a) TEG-1 and (b) TEG-2 

5.1.1.1. TEG-1 

As can be seen (Figure 5.1(a)), TE module components, i.e., SK legs (both p- and 

n-type) and alumina plates – account for a predominant share (≥ 80 %) of impacts of TEG-

1 on all categories. In fact, TE legs alone contribute ~ 70 % or more on all impacts. As 

explained in Chapter 3, this dominance is primarily due to two factors. First, both SK legs 

(p- and n-type) use extensive amount of antimony, whose mining and processing produce 

toxic sulfidic tailings to influence their performance on three categories (FET, MET and 

HNT)143,145,146,148. Second, large amounts of electricity are needed to process SK legs for 

p-type legs (annealing and hot pressing), n-type legs (induction melting and SPS) and 

alumina plates (sintering of alumina powders) (Tables A-10–A-12). Such large electricity 

use, fulfilled by the fossil-based US grid, increases greenhouse gas emissions (GW), 

reduces fossil fuel availability (FRS), and releases toxic waste during processes of fuel 

mining (particularly coal) and of metals for building related infrastructure (TET and 
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HCT)149–154. Apart from these factors, the relative scarcity of cobalt and antimony 

respectively explain the dominant effects of n- and p-type legs on MRS category143,155,158, 

with cobalt playing the major role on this impact among both elements.  

While modular components are influential on almost all categories, other 

components are seen to play notable roles on only two impacts. These are: (a) TET, with ~ 

15 % contribution from electrical wires; and (b) MRS, with a combined contribution of ~ 

12 % from electrical wires, copper fins and copper base (Figure 5.1(a)). Both these 

contributions stem from the use of copper in all these components. On TET, harmful 

emissions during copper extraction and processing play the dominant role153. Further, 

copper is also scarcer than a number of elements used across all TEG components, as borne 

out from its relatively higher scarcity-related coefficient in ReCiPe method142. This 

explains the significance of copper base and fins on MRS, as both components are fully 

made from copper and together constitute ~ 85 % of overall mass of the TEGs (Table 2-7).  

5.1.1.2. TEG-2 

Like for TEG-1, TE legs and alumina plates together account for the largest share 

of impacts of TEG-2 on all categories (Figure 5.1(b)). However, unlike TEG-1, this 

influence is far greater, with these components accounting for ≥ 94 % of all impacts of this 

generator. This is accompanied by the reduced relevance of other components, especially 

electrical wires, copper fins and base, on other categories such as TET and MRS (in 

contrast to TEG-1). Such observations are explained by the presence and resultant impact 

of BT legs, which account for ≥ 19 % impact of TEG-2 on all categories, including ≥ 60 % 

on both TET and MRS impacts.  
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The major reasons for high contribution of BT legs have been explained already in 

Chapter 3. Briefly, toxic sulfidic tailings produced during the extraction and processing of 

both antimony (used in p-type BT legs) and tellurium (used in both p- and n-type BT legs) 

accounts for substantial effect of these legs on all toxicity-related categories143,145–148. 

Furthermore, large amount of electricity is used to process alumina plates in BT-1 modules 

(Table A-4) which contributes in substantial measure towards their influence on all impacts 

barring MRS149–154 In contrast, high scarcity of bismuth and tellurium ores, as reflected in 

their higher scarcity-related coefficients vis-à-vis antimony (or even copper)155,164, account 

for the dominance of BT legs on MRS category. 

5.1.2. Impacts: Life Cycle 

Apart from their production, another important objective is to analyze the life cycle 

impacts of both the chosen TEGs – these are discussed in the following subsections, along 

with understanding the effect of end-of-life scenario. 

5.1.2.1. D-Scenario (Disposal) 

Figure 5.2 shows the normalized impacts of chosen generators, while Tables C-10 

and C-11 show their characterized impacts for the base EOL scenario (D-scenario) as per 

the considered functional unit (1 liter of gasoline saving). As can be seen (Figure 5.2), both 

TEGs are found to be ecologically harmful on all impacts barring TEG-1 on TET category. 

While the use stage – involving gasoline savings – helps reduce impacts to a substantial 

extent (> 20 %) on three categories (GW, FRS and TET) for both TEGs, it provides 

negligible ecological benefits on other impacts. In fact, the production stage dominates 
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over any benefits accrued during the use and/or EOL stages by ≥ 90 % on the remaining 

five categories, indicating the strongly negative ecological credentials of these generators. 

Also, irrespective of the generator considered, the disposal stage (EOL treatment) is 

observed to have a negligible effect on their performance. 

 

 

Figure 5.2: Life cycle impacts of: (a) TEG-1 and (b) TEG-2 (normalized to 100 %) 

5.1.2.2. Other EOL Scenarios: A Comparison  

Figure 5.3(a-b) shows a comparison of impacts of both TEGs under the considered 

EOL scenarios, while Tables C-12–C-15 show the characterized impacts of both TEGs (as 

per functional unit) for these scenarios.  
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Figure 5.3: Comparison of life cycle environmental impacts of: (a) TEG-1 and (b) TEG-2 

under various EOL scenarios 

 

For P-scenario (practical), marginal reduction (< 10 %) is observed in absolute 

impacts on six categories (all except TET and MRS) for both TEGs when compared with 
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D-scenario (Figure 5.3). In contrast, a large decrease in impacts is observed on TET 

category (~ 1500 % for TEG-1; ~ 320 % for TEG-2), along with smaller-yet-significant 

decrease on MRS category (~ 50 % for TEG-1; ~ 25 % for TEG-2) in P-scenario vis-à-vis 

D-scenario (Figure 5.3). Such dramatic impact reduction on both categories is the outcome 

of recycling heat exchanger components, particularly copper base and fins, with negligible 

role of stainless-steel side bar recycling. This can be easily correlated with the 

aforementioned observation of both these copper-based components having notable 

impacts on TET and MRS categories on account of their parent metal (copper).  

On the other hand, use of CE-scenario (circular economy) leads to a more diverse 

range of ecological performance. On GW and FRS impacts, both TEGs actually show a 

small increase (~ 4-8 %) over D-scenario (Figure 5.3). This is explained by the notable 

consumption of electricity (~ 10-12 kWh/kg of output powder) during cutting and 

subsequent re-melting of recovered TE legs (SK and BT) from concerned generators during 

their EOL treatment. Conversely, unlike in P-scenario, a substantial degree of impact 

reduction is observed for both TEGs on four toxicity-related impacts (all except TET) in 

CE-scenario (~ 5-20 %) vis-à-vis D-scenario (Figure 5.3). This can be ascribed to the 

partial avoidance of toxic sulfidic emissions associated with producing antimony (for SK 

legs and p-type BT legs) and tellurium (for BT legs) through recovery and recycling of 

these legs in CE-scenario. Finally, with regard to TET and MRS impacts, CE-scenario 

shows moderate decrease in MRS impact (~ 17 % for TEG-1; ~ 7 % for TEG-2) and 

negligible variation on TET category (< 3.50 % for both generators) over P-scenario 

(Figure 5.3and Tables C-12–C-15). Of these, the observation for MRS shows potential 
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benefits of recycling scarce constituent elements like bismuth and tellurium (used in BT 

legs) or cobalt and antimony (used in SK legs)142. Contrastingly, the latter observation (on 

TET) indicates the limits of achieving ecological benefits by implementing the circular 

economy approach, given that copper recycling is already incorporated as a practical 

recycling step (P-scenario). 

5.1.2.3. TEG-1 v/s TEG-2: A Comparison 

Another important goal of this work is to compare the ecological performance of 

chosen TEGs, using the aforementioned functional unit (1 liter of net gasoline saving). 

Based on this functional unit, the reference flow for TEG-1 and TEG-2 were obtained as 

3.38 × 10-3 and 1.51 × 10-3 units respectively. Figure 5.4 uses these reference flows to 

compare environmental impacts of both TEGs on chosen impact categories in D-scenario, 

while Figures C.1 and C.2 show the same comparison under P- and CE-scenarios 

respectively.  

 

Figure 5.4: Comparison of life cycle impacts of TEG-1 and TEG-2, by normalizing 

impacts of TEG-1 as 100 %, for D-scenario 
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On D-scenario, TEG-2 shows better environmental performance than TEG-1 on six 

impact categories, including on four toxicity-related impacts (all barring TET, by ~ 35-40 

%), as well as on GW and FRS impacts (by ~ 50-60 %) (Figure 5.4). In contrast, TEG-1 

performs better than TEG-2 on the remaining two impacts (TET and MRS). This can be 

attributed to a combination of two factors. The first is higher conversion efficiency of TEG-

2 (4.32 %) over TEG-1 (3.33 %)103,104, which lowers the effective number of SK-1 modules 

needed in reference flow of TEG-2 to save 1 liter of gasoline (by replacing it with BT-1 

modules). The second is the relative performance of SK-1 module over BT-1 on all eight 

categories, where SK-1 is seen to perform better on only two categories (TET and MRS), 

with BT-1 doing better on the remaining ones (Table 3-1). This in turn can be ascribed to 

two factors that are well-explained already in Chapter 3 and initial section of this chapter 

(Section 5.1.1): (a) Nature of constituent elements used; and (b) Electricity consumed 

during component processing. In simple terms, SK-1 modules are more hazardous on all 

impacts except TET and MRS due to: (a) Heavy use of antimony as constituent element in 

both p- and n-type SK legs (Tables A-10 and A-11), unlike in moderate amounts in p-type 

BT legs only (Tables A-2 and A-3); and (b) Much larger electricity consumption during 

TE leg processing for SK-1 modules (Tables A-10 and A-11) compared to BT-1 modules 

(Tables A-2 and A-3). Conversely, the better performance of SK-1 modules on TET and 

MRS impacts is related to: (a) Higher toxic contributions from tellurium mining and 

processing (TET); and (b) Higher scarcity of bismuth164 and its substantial use in BT legs 

(Tables A-2 and A-3) vis-à-vis that of other constituent elements used in BT and SK legs 

(MRS). In fact, the latter two factors cause a dramatic shift in performance of both TEGs, 
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with TEG-2 being worse than TEG-1 by ~ 400 % and ~ 21.50 % on TET and MRS 

respectively (Figure 5.4). 

Like for D-scenario, the order of both generators in terms of their ecological 

performance remains the same in alternative EOL scenarios, with TEG-2 being better than 

TEG-1 on the same six categories and performing worse than it on TET and MRS impacts. 

However, an interesting outcome is seen for the difference in impacts of both generators 

under the three scenarios. On one hand, TEG-2 shows similar levels of performance vis-à-

vis TEG-1 on six categories (all except TET and MRS) under all three EOL scenarios. 

However, this behavior is significantly altered for TET and MRS impacts. For TET, TEG-

2 is more impactful than TEG-1 by ~ 60-62 % in P- and CE-scenarios (Figures C.1 and 

C.2), while exhibiting a complete reversal in D-scenario (Figure 5.4). This is due to the 

large beneficial effect of recycling copper fins in P-scenario, which causes a dramatic boost 

in ecological performance of TEG-2 compared to D-scenario. Yet, toxic sulfidic tailings 

produced during tellurium extraction and processing (for use in BT-1 modules) ensures 

that TEG-2 is not able to gain superiority over TEG-1 on TET impact. Conversely, the gap 

between performance of both TEGs increases from ~ 21.50 % in D-scenario (Figure 5.4) 

to ~ 81.50 % in P-scenario (Figure C.1) and ~ 103 % in CE-scenario (Figure C.2) – all in 

favor of TEG-1. This is the consequence of using large amount of scarce bismuth in BT 

legs142,164, which lowers the scope for improving ecological performance of TEG-2 over 

TEG-1, even after use of circular economy approach, as a major chunk of it goes to waste.  
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5.2. Discussion 

5.2.1. Production Stage 

The first interesting observation from this work is the disproportionate mismatch 

between the mass of different TEG components (Table 2-7) and their contributions to 

environmental impacts of both TEGs (Figure 5.1). On one hand, despite their low share in 

mass (~ 6-7 %), TE legs account for the bulk majority of impacts (≥ 70 %) of both 

generators. In contrast, heat exchanger components are seen to have an insignificant effect 

on environmental performance of these TEGs, despite constituting ≥ 85 % of their 

respective masses. These stark differences can be ascribed to the same factors that have 

been previously discussed (nature of constituent elements used in various TEG 

components, and amount of electricity used in processing these components).  

An excellent example of the first aforementioned factor is the difference in impact 

contributions of copper-based heat exchanger components (fins and base) and BT legs. 

Tellurium, used in BT legs, is obtained in low concentrations as a by-product of copper 

processing, after which it is processed further for subsequent use143,165,166. Hence, for the 

same quantity of tellurium and copper, a far greater amount of toxic sulfidic tailings would 

be emitted to produce tellurium than for copper. This explains the greater relevance of BT 

legs over copper-based components for environmental impacts of chosen TEGs.  

Regarding the second factor, the role of energy-intensive processes for TE legs has 

already been discussed (Chapter 3 and Section 5.1.1). In complete contrast, stainless-steel 

and copper sheets – used to produce heat exchanger components – are manufactured on 

large scale using technologies that are highly optimized in terms of resource and energy 
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consumption. As a result, these components have smaller or even negligible impacts on 

most categories. Thus, heat exchanger components can be expected to play a negligible 

role in influencing environmental impacts of TE devices, which suggests greater validity 

for LCA results obtained for TE modules earlier (Chapters 3 and 4).  

Apart from the nature of constituent elements, another critical factor behind their 

contribution to ecological impacts of chosen generators is their respective quantities used 

in TE legs. To understand this aspect, Table C-16 shows the impacts of all constituent 

elements used in TE legs, as well as of copper, all on per-kg basis. As can be seen, these 

results are in line with aforementioned results on six impact categories (all barring GW and 

FRS). For instance, antimony dominates all other elements on four toxicity-related 

categories (all except TET) by a considerable margin, which explains its dominant role on 

these impacts for both TEGs. However, on GW and FRS impacts, rare-earth elements 

(lanthanum, ytterbium and didymium) are observed to show the highest effect among all 

elements – which is a strong deviation from results of this work. Yet, this is explained by 

the combination of low use of these rare-earth elements (in SK legs), as well as the highly 

energy-intensive nature of TE leg processing (especially for SK legs).  

In sum, both the nature as well as amount of constituent elements used in TE legs, 

along with electricity consumed to produce them, are critical determinants of production-

related environmental impacts of thermoelectrics. 

5.2.2. Life Cycle Impacts 

For life cycle impacts of chosen TEGs, two key results are obtained: one with 

reference to their environmental performance, and the other about effect of EOL scenarios.  



 86 

5.2.2.1. Ecological Performance of TEGs  

The first major result for both generators is their stark ineffectiveness in improving 

the environment on any of the chosen categories. This is notably different from the previous 

LCA work (Chapter 3), where all TE modules exhibit positive performance on the very 

same categories for coal-based power plants. Such deviation in environmental effects can 

be attributed to four reasons. First, both TEGs are used for 100,000 miles of travel, which 

translates to usage over ~ 3,535 h (based on times provided for various driving cycles in 

Table C-6). This is just a minor fraction (< 5 %) of total use duration of TE modules in 

coal-based power plants (131,400 h or 15 years of continuous usage, Table 2-9), which 

significantly lowers the amount of electricity produced in this study. Second, intermittent 

nature of waste heat generation in automobiles causes thermal cycling, further reducing the 

conversion efficiency of TEGs and thereby, their associated electricity output. Third, 

unlike in coal-based power plants, mass of generators (including that of heat exchanger 

components) affects their ability to save fossil fuels in automotive applications. Finally, 

the fossil fuel avoided – gasoline – has lower ecological impacts than coal, which 

substantially decreases the scope for comparative ecological benefits in this study over 

coal.  

An important factor to keep here in mind is that poor ecological performance of 

TEGs as obtained here is in part the consequence of high production-related impacts, which 

are in part observed due to use of energy-intensive processes for TEGs, especially TE legs. 

Although such high energy consumption is partly the result of using parameters that are 

more suitable for small-scale production of these legs (mentioned in Chapters 2 and 3), the 
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large difference between harmful impacts of production and beneficial effects of use stage 

indicates that it may not be bridged even after considering commercial-scale parameters.  

Since both TEGs are observed to be ineffective on all categories, a number of 

hypothetical changes were considered to determine the necessary conditions under which 

these generators can become beneficial to environment. For this purpose, two parameters 

were separately varied – lifetime distance travelled, and thermal cycling reduction 

coefficient (TCRC) of modules – to determine the possibility of such conditions. For 

lifetime travel distance, its value was varied till the driving cycle at which the concerned 

generator showed no fuel saving when compared to the alternative hypothetical case of its 

non-use in Chevrolet Suburban (more details in Section 8.1 of Appendix-C). On the other 

hand, TCRC of modules was varied separately till positive environmental performance was 

achieved on all impacts (additional details given in Section 8.2 of Appendix-C).  

A. Hypothetical Scenario I: Lifetime Travel Distance  

Calculations showed that no further improvement in fuel savings could be achieved 

via use of TEG-1 for lifetime travel distance > 100,000 miles, as these savings vis-à-vis 

alternative scenario (non-use of TEGs) becomes zero at 90,000 miles of operation. In 

contrast, positive fuel savings were obtained for TEG-2 till ~ 266,000 miles – nearly thrice 

the lifetime distance of TEG-1 – with an estimated fuel saving of ~ 991 liters (of gasoline), 

more than 400 liters over original lifetime distance (100,000 miles). Upon inputting this 

fuel saving for TEG-2 and assuming CE-scenario as EOL scenario (the most ecofriendly 

among all EOL scenarios), the result obtained is shown in Figure C.3. As can be seen, 

barring TET, TEG-2 is observed to be bad for environment on all other categories. 
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Interestingly, while substantial impact reduction is seen on both GW and FRS impacts 

compared to original CE-scenario (~ 48 % and ~ 70 % respectively), little change is 

observed on toxicity-related impacts (barring TET) or on MRS category (< 5 % for all).  

B. Hypothetical Scenario II: Thermal Cycling Reduction Coefficient (TCRC)  

Since the objective of this scenario is to determine the minimum TCRC for 

obtaining positive environmental performance of TEGs on all impacts, the first step was to 

assume this value to be zero to determine if such performance could even be achieved in 

the first place. For zero TCRC, gasoline savings were obtained via calculations as ~ 860 

liters for TEG-1 and ~ 1,100 liters for TEG-2. Such enhanced gasoline savings over the 

base scenario provide some benefits (Figure C.4), with both TEGs becoming ecologically 

beneficial on TET impact, and TEG-1 showing positive effects on FRS category as well. 

Nevertheless, neither of the two generators show ecological benefits on all categories.  

From both the aforementioned hypothetical scenarios, it becomes clear that neither 

reduction in TCRC nor increase in lifetime travel distance are adequate enough in 

substantially enhancing ecological credentials of TEGs, despite enhancing their gasoline 

savings. On both counts, this is solely due to the less harmful effect of gasoline production 

and distribution on environment vis-à-vis that of CBE generation (Chapter 3).  

5.2.2.2. Effect of EOL Scenarios  

An important outcome of this work is the significant effect of alternative EOL 

scenarios (P- and CE-scenarios) over the base EOL scenario (D-scenario) (Figures 5.2–5.4 

and Figures C.1–C.2). This is unlike in Chapters 3 and 4, where negligible difference is 
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seen in impacts between the three EOL scenarios, and it is almost entirely due to 

contributions from copper-based heat exchanger components upon recycling. While it is 

true that even these alternative EOL scenarios cannot change the overall ecological 

credentials of this platform, such substantial benefits accrued from recycling copper-based 

TEG components shows the need for its implementation. Further, this learning can be 

easily applied to TEGs used in other kinds of applications, given that it is in this form that 

thermoelectrics are primarily deployed in various end-uses, such as in coal-based power 

plants, thereby enabling a further improvement of its ecological credentials.  
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CHAPTER SIX 

GREEN PRINCIPLES FOR SUSTAINABLE 

THERMOELECTRICS 

6. Principles for Sustainable Thermoelectrics (TEs) 

6.1. Classification of Principles – Stage-wise 

 

Figure 6.1: Parameters that influence ecological performance of thermoelectric materials 

and devices 

 

As described in Chapter 2, the primary goal of this study is to use results from LCA 

of TE devices for various applications to develop principles for policymakers (in 

collaboration with other stakeholders) that can improve sustainability credentials of this 
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platform. To achieve this aim, it is vital to focus on the typical life cycle of any TE device, 

which can be broadly classified into three main stages: (a) Factory gate (spanning the 

extraction of constituent elements and other raw materials, followed by the manufacture of 

device components and their final assembly); (b) Use and (c) End-of-life (EOL). For the 

use stage, the device can be potentially used in any application where waste heat is emitted, 

with such applications varying in their nature of waste heat generation (continuous or 

discontinuous) as well as in the nature of application itself (stationary or mobile). Figure 

6.1 shows all the key parameters that determine and influence the principles described in 

this chapter, encompassing all the life cycle stages, based on the work in this dissertation  

as well as that in previous LCA studies and other literature on TEs95–99.   

6.2. Principles: List & Description 

6.2.1. Principle #1: Minimize the Use of (and Exposure to) Toxic, Hazardous 

Elements in TE Materials  

Toxicity of constituent elements used in TEs has emerged as a major concern over 

the last decade within the thermoelectric community23,43,57,58. It is also considered as among 

the key reasons behind their low attractiveness for large-scale applications due to the 

harmful effects of exposure of these elements on the health of laborers engaged in 

producing TE devices, while also hampering their recycling52. In particular, bismuth-

telluride (BT) and lead-telluride (PT) – two TEs that dominate commercial production – 

are regularly pointed out in studies for their use of toxic constituents43,45,49,167. The elements 

that raise anxiety about these systems include: (a) Lead, which is highly poisonous73,168–170 
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and is capable of causing serious and even irreversible neurological disorder in humans, 

because of which it is termed “nerve poison” and “potent neurotoxin” by the United 

Nations Environment Programme (UNEP)171; and (b) Chalcogenides (elements such as 

selenium and tellurium), which are fatal even at low concentrations (≤ 0.2 

mg/m3)52,169,170,172,173. These apprehensions can also be extended to some alternative TEs 

that are otherwise proposed as non-toxic alternatives to BT and PT systems, such as 

sulfides174,175 and selenides174,176,177, due to the incorporation of some of these elements.  

In order to resolve the problem of toxic constituent elements, several researchers 

have attempted to develop alternative TEs that involve their less/non-toxic counterparts. 

This has led to the arrival of numerous alternatives on the horizon, prominent among which 

include skutterudites (SK), oxides (OX), Half-Heusler alloys (HH), clathrates (CL), and 

silicides (SC)14,22,23,30,48,49. Yet, the unease about elemental toxicity can be extended to 

some of these systems as well because of two reasons. First, a number of these TEs also 

use chalcogenide elements in noteworthy amounts, such as CL178,179 and SK180. In other 

words, these systems can be affected by the same concerns as those afflicting BT and PT 

systems. Second, many of these TEs use elements like antimony and germanium in 

considerably large amounts, such as SK and CL49,181,182. Both these elements are well 

known for their negative effects on human health when used in sizable proportion52, which 

renders their large use as hazardous. Overall, these two reasons underline the challenges of 

simultaneous accomplishment of low elemental toxicity and good TE performance.  

Yet, even as elemental toxicity causes disquiet, it is not the sole toxicity-related 

concern that affects this energy harvesting platform. As shown in Chapters 3-5 of this 
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dissertation, an equally critical challenge posed by TEs is the life cycle toxicity of their 

constituent elements, i.e., toxicity-related environmental impacts caused by these elements 

from their extraction till their processing in the form desired for TE devices. The previous 

analyses demonstrate the predominant influence of constituent elements on life cycle 

toxicity impacts for both TE modules and generators, with other components exhibiting an 

insignificant role. In particular, two elements – antimony and tellurium – exert substantial 

negative toxicity effects for BT and SK modules158,183,184 via toxic sulfidic tailings emitted 

during elemental processing, assuming similar extraction and refining processes as those 

used for copper143,145–148. These tailings also explain the dominant role of other elements 

that are used in the chosen modules, such as for molybdenum – a constituent of silicide 

(SC) module156.   

Figure 6.2 shows a comparison of the performance of different constituent elements 

used in the various TE modules analyzed in this work on their respective elemental and life 

cycle toxicities. Two interesting observations stand out from this figure. First, molybdenum 

is seen to be the most toxic element on life cycle basis, overshadowing the two major 

impact contributors on toxicity-related categories in this work - tellurium and antimony158 

– despite its significantly lower elemental toxicity vis-à-vis these two elements172. 

Conversely, the inherently toxic nature of lead52,172 is in sharp contrast to its negligible 

contribution towards life cycle toxicity – an aspect also observed for PT modules158. 

Together, these two observations imply that elemental and life cycle toxicities are not 

always connected to each other and are thus independent challenges that must be resolved 

separately-yet-simultaneously to boost the ecological suitability of this platform.  
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Figure 6.2: Elemental toxicity (as measured using threshold limit value or TLV limits of 

Occupational Safety and Health Administration or OSHA, U.S. government) v/s 

Normalized life cycle toxicity impact (on log10 scale)* of various constituent elements (on 

 
* Threshold limit values (TLVs) “refer to airborne concentrations of chemical substances 

and represent conditions under which it is believed that nearly all workers may be 

repeatedly exposed, day after day, over a working lifetime, without adverse effects.” 236 

Hence, higher the TLV value for any element, lower is its toxicity (as workers can be 

exposed to higher concentration of this element), and vice-versa. TLVs are used to measure 

elemental toxicity commonly for workers, so it has been used. Since TLV values had not 

been measured by OSHA or Occupational Safety & Health Administration (under the U.S. 

government) for barium, bismuth, cerium, didymium, iron, lanthanum, sodium and 

ytterbium, these elements have not been shown in this graph. Regarding toxicity, five 

categories were used in Chapters 3-5 of this work: terrestrial ecotoxicity (TET), freshwater 

ecotoxicity (FET), marine ecotoxicity (MET), human carcinogenic toxicity (HCT), and 
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per-kg basis). The shaded area is the desirable area where elements exhibit lower 

toxicities, both at elemental and life cycle levels. 

 

To determine the best elements from the perspective of addressing both toxicity 

measures, a minimal range of performance is proposed for both forms of toxicity. This 

range – marked in Figure 6.2 – requires that elemental toxicity must be higher than TLV 

value of 2 mg/m3 (OSHA limit), while normalized life cycle toxicity value of the element 

must be lower than 100. Six elements are seen to meet these two criteria: magnesium (Mg), 

aluminum (Al), titanium (Ti), silicon (Si), manganese (Mn) and zirconium (Zr), apart from 

tin (Sn) that lies on the border of this region. In other words, it is modules that use these 

elements in larger quantities and avoid other elements – at least partially, if not entirely – 

that are preferable from the perspective of achieving lower toxicities at elemental and life 

cycle levels. Hence, any solutions that help attain this principle must be considered from 

the perspective of this figure. organic TEs are expected to involve less-toxic elements than 

their inorganic counterparts44,185. Further, the raw materials for such TEs would be organic 

in character, and are likely to be derived from crude oil reserves (via distillation), which is 

expected to have much lower life cycle toxicity effects than other fossil energy-related 

processes like coal-based electricity generation (Chapters 3 and 5). However, for organic 

TEs to be considered worthy from environmental perspective, it is vital that these are 

 

human non-carcinogenic toxicity (HNT). Since literature does not indicate that these 

impacts can be added at the characterized level, they were normalized using the World 

2010 as reference (state of the entire world in the year 2010) and then summed up to obtain 

the normalized life cycle toxicity level. For the graph, this sum is shown on log10 scale.  
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produced using methods or procedures that are enshrined in the philosophy of 

sustainability, such as the 12 principles of sustainable chemistry70,102. Further, the initial 

chemicals used for their synthesis and/or processing must also be ecofriendly, and these 

chemicals as well as the final TE must be easy to handle for both workers and final 

consumers without causing any significant negative impacts.  

Conversely, for mid- and high-temperature applications, both Figure 6.2 and 

production-related impacts of TE modules (Figure 3.1: Environmental impacts of 

producing: (a) BT-1 module; (b) BT-2 module; (c) SK-1 module; (d) SK-2 module; (e) HH 

module; (f) PT module; and (g) SC module. Impacts are scaled to 100 % on respective 

units. Values at the top of each bar are characterized impacts. ) indicate that at least one of 

the considered modules in this work – Half-Heusler (HH) – and another TE system (Mg2Si 

or MS) hold some promise14,45,186–189, given their use of aforementioned less-toxic elements 

(from both elemental and life cycle perspectives). Yet, adequate environmental analysis is 

essential to back these claims at the level of complete TE devices (i.e., as thermoelectric 

generators) for policymakers to ascertain the ecological suitability of available options for 

any application. Moreover, enhancement in potential number of such TE choices would 

require strong and dedicated efforts on the part of researchers towards discovering novel 

TEs that outperform existing ones on their toxic effects. Furthermore, it would necessitate 

coordination between policymakers, TE manufacturers and potential end-users to 

commercialize such sustainable TEs for enabling the real-life achievement of proposed 

environmental gains. Table 6-1 shows the desirable numerical values for parameters that 

are relevant for this first principle.  
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Table 6-1: Desirable numerical values for parameters associated with Principle #1 

Type of toxicity Desirable numerical value  

Elemental toxicity Threshold limit value (TLV) > 2 mg/m3 

Life cycle toxicity Normalized value < 100  

Both toxicity-related conditions must be met.  

 

6.2.2. Principle #2: Minimize the Use of Scarce and Critical Elements in TE 

Materials  

Apart from toxicity, another key challenge posed by TE constituent elements is 

their scarcity or lack of abundance23,52,57,58. The severity of this issue can be gauged from 

the fact that it affects a wide range of TEs, be it the commonly-used BT and PT 

systems52,176, or alternative TEs like SK, LAST/TAGS, Zintl phases (ZP) and SC58. Such 

scarcity remains a prime factor behind high prices of TE devices49, whose prolongation is 

expected to lower possibilities for improving and sustaining their futuristic relevance.  

Previous studies on TEs have traced the origins of this issue primarily to the use of 

four particular constituent elements. These are: (a) Bismuth (Bi, used in BT system); (b) 

Tellurium (Te, used in BT, PT, ZP and LAST/TAGS); (c) Antimony (Sb, employed in BT, 

ZP, SK and LAST/TAGS); and (d) Germanium (Ge, used primarily in CL and SC 

systems)52,58,176. Remarkably, the prominence of these elements is retained even upon 

shifting from their scarcity as an element to that on life cycle basis. As reported in earlier 

analysis (Chapters 3-5), two of these four elements – bismuth and germanium – dominate 

the respective life cycle scarcity impacts (MRS) of BT and SC modules. This is 

complemented by the noteworthy roles of tellurium (for BT module) and antimony (for BT 
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and SK modules)158,183. Interestingly, apart from these four elements, another element 

exhibits an influential role: cobalt for both SK modules (Chapter 3). Nevertheless, these 

findings suggest a convergence between the elemental and life cycle notions of scarcity for 

TE constituent elements.  

To further confirm the aforementioned convergence of both forms of scarcity, the 

two were plotted against each other for constituent elements used in the chosen modules. 

The results are shown in  

Figure 6.3, where life cycle scarcity is depicted in the form of characterized MRS 

impact of various elements for 1 kg of their mass, while elemental scarcity is understood 

in terms of their respective reserves (obtained from USGS190). Notwithstanding some 

exceptions like selenium and tellurium that are scarcer on elemental basis but do not exhibit 

high MRS impact (in relative terms),  

Figure 6.3 shows a near-convergence between both notions of scarcity. This 

suggests that the biggest contribution to life cycle scarcity of an element stems from its 

own scarcity, with the role of scarcity of other elements via their use in extraction and 

processing-related components and infrastructure being insignificant in the overall schema.  
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Figure 6.3: Comparison of life cycle scarcity (characterized MRS impact of elements, on 

per-kg basis) v/s elemental reserves (tons)190 for constituent elements2 (both x and y axes 

on log10 scales) 

 

Based on the data for resource availability of elements and self-judgment, three 

regions have been marked in  

Figure 6.3: desirable, moderate and completely undesirable (elements). As per this 

classification, 11 elements are seen to be either fully or moderately desirable, with the best 

 
2 Mineral resource scarcity (MRS) impact is considered for various constituent elements as 

an indicator of their life cycle scarcity, while elemental reserves is an indicator of their 

elemental scarcity. Elements for which elemental reserves were not available have been 

excluded from this analysis.  
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performance shown by iron and aluminum. The most interesting outcome here is for 

antimony – while it is seen to be in the desirable region ( 

Figure 6.3), its low elemental availability explains the aforementioned concerns 

about its large-scale use. Further, the use of cobalt – an element in the moderate zone in  

Figure 6.3 – shows that its large-scale use must be approached cautiously, despite 

the divergence in its global reserves52,58 vis-à-vis that predicted as per Ecoinvent 

database143 using only low-concentration nickel ores (while ignoring high-concentration 

copper ones191). 

Given the (near-)convergence between the two notions of scarcity, it would be 

prudent to focus solely on elemental scarcity, assuming that the other issue is automatically 

addressed. In this regard, numerous TEs have surfaced in recent decades49 to ameliorate 

this dilemma, among which three stand out for potential promise: Half-Heusler (HH), 

oxides (OX) and organic (ORG) TEs23,58,169. For HH systems, this is because of two 

reasons: (a) These typically employ only one of the four aforementioned scarce elements 

– antimony, that too usually in much lower amounts (as dopants) than in say, SK 

modules49,58 (also seen in Chapter 3); and (b) They involve considerable use of earth-

abundant elements, such as hafnium, zirconium and titanium52,58 (the latter two are shown 

in  

Figure 6.3). On similar lines, a number of OX TEs also use relatively more 

abundant elements, such as sodium, zinc and titanium52,58 (the last is shown in desirable 

region of  
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Figure 6.3). The likely better performance of OX TEs on this aspect is further 

buttressed by an estimation of life cycle scarcity impact of these three elements using 

ReCiPe 2016 midpoint method142, which shows lower impacts for these elements than their 

scarce counterparts. Lastly, ORG TEs can help to address the quest for use of abundant 

constituents in low-temperature applications43,44, particularly given the much lower 

scarcity-related impacts of crude oil refining process184 over coal-based electricity158 

(Chapters 3 and 5). Yet, even as initial evidence seems promising, a thorough and 

comprehensive analysis is required for TE generators (full TE devices) based on these 

systems to assess the extent of benefits achievable via their use – an aspect that merits 

considerable attention in particular from policymakers.  

Apart from scarcity, elemental availability also depends on various other factors 

that influence its supply – such as geopolitical, domestic and institutional ones, as well as 

those involving alternative uses of the concerned element73,192,193. These factors also apply 

to TE constituent elements, especially the second factor, as a number of such constituents 

are used for alternative clean energy technologies. For example, tellurium is an important 

constituent element of several TE systems (as described earlier), but it is equally critical 

for a major second-generation solar energy material – cadmium-telluride194,195. This pits 

the two technologies – thermoelectrics and solar energy – competitively against each other. 

In order to analyze the effect of this competition in influencing the supply of various 

elements, the US Department of Energy (U.S. DoE) has evaluated the criticality of 

elements based on two factors: supply risk, and importance to clean technologies192. 

Although this evaluation focuses only on 16 elements, it points to the criticality/near-



 102 

criticality of both tellurium (for above-mentioned reason) and rare-earth elements (used 

almost entirely in SK modules49,103,104) due to political risks that affect its supply from 

producing nations. Therefore, policymakers must carefully consider these factors while 

taking decisions on TEs involving the use of such elements, given their strong linkages to 

availability and final TE costs49. Further, since most commonly used TE elements have 

been neglected in the concerned US DoE study, a similar analysis of such elements is 

required to identify and detail other critical elements that must also be preferably avoided 

– thus acting as a guide for researchers engaged in developing alternative novel TEs. Table 

6-2 shows the desired numerical values for parameters associated with the second principle.  

Table 6-2: Desirable values for parameters associated with Principle #2  

Scarcity-related parameter Desirable numerical range   

Elemental reserves Reserves > 106 tons 

Life cycle scarcity (MRS impact) MRS < 10 kg Cu-eq 

 

6.2.3. Principle #3: Use Cleaner Grids for Producing TE Materials/ Devices 

Despite the vast spurt in renewable energy generation over the past decade, fossil 

fuels continue to meet the dominant share of global electricity demand196. This is due to 

several reasons, including the ease of meeting baseload demand via coal-based 

electricity197, irregular availability of major renewable sources like wind and solar 

radiation198, and financial unviability of battery storage (at present) for grid-based 

applications199. In addition to delaying the transition to a cleaner electric grid and lowering 

the resultant greenhouse gas (GHG) emissions162, these factors also contribute towards 
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increasing the harmful ecological effects of products that use such fossil-based electricity 

for one or more stages of their life cycle. This can be debilitating for the overall ecological 

output of products, services and technologies, and can even render them as damaging to 

planet in spite of certain ecological benefits over specific life cycle stages. Given the 

significance of this rationale, clean electricity use has been treated as a stand-alone 

sustainability principle in itself for other domains, such as green tribology71 and grid-based 

batteries72 that can strengthen the use of intermittent renewable energy technologies.  

The aforementioned argument also holds for thermoelectrics (TEs), which are 

conventionally treated as ecofriendly since their usage conserves scarce fossil fuels and 

reduces associated GHG emissions141. Yet, as shown in Chapters 3-5, TE device production 

causes considerable harm to environment, in part due to the fossil-dominated nature of 

electricity used to process TE legs that negates the ecological benefits of their usage – 

either partially (Chapter 3)158,183 or entirely (Chapters 4 and 5)184. Hence, given the 

environmental benefits conferred by clean electricity usage on other products and 

technologies, their use must be duly evaluated for TEs as well.  

In this regard, an estimation exercise was undertaken by considering two 

hypothetical, alternative grid scenarios to determine the quantitative extent of ecological 

gains achievable by using cleaner electricity for TEG production. For this purpose, baseline 

scenario was used from Chapter 5184, where the average U.S. 2015 electric grid mix is 

considered for processing TE legs and other components. For both hypothetical scenarios, 

a different electric grid mix was assumed to be used solely for TE legs and alumina plates, 

given their dominant contribution on this count to various impacts, with the remaining 
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components assumed to be still processed using the U.S. 2015 electric grid. The two 

scenarios are: (a) Idaho 2015 grid scenario, where the Idaho grid, composed of ~ 85 % 

hydropower, ~ 8 % wind-based, and ~ 5.50 % natural gas-based electricity, is used137; and 

(b) Solar-wind grid – a hypothetical grid assumed to be composed of 50 % each of solar- 

and wind-based electricity. Together, these grid scenarios also helped to gauge the relative 

effect of three commonly used renewable energy technologies – solar, wind and 

hydropower – on the ecological impacts of TEs, and this analysis could be extended further 

to other products and services as well. For the sake of simplicity, it was assumed that in 

each of the baseline and two hypothetical scenarios, the generators were disposed of at the 

end of their life (i.e., D-scenario or disposal as EOL treatment). More details on these 

alternative grid scenarios are provided in Section 1 of Appendix-D, while detailed 

information on TEGs is given in Chapter 2 and Appendix-C.  

Figures 6.4–6.5 (a-b) show a comparison of the life cycle environmental impacts of 

TEG-1 and TEG-2 for the baseline (U.S. 2015 electric grid) and both alternative grid 

scenarios, while Table D-3 provides the magnitude of characterized impacts. As is evident, 

both alternative scenarios cause a drastic reduction in fossil fuel use (FRS) and coupled 

GHG emissions (GW) for the two TEGs over the base scenario, with larger reductions 

observed for TEG-2. In fact, these reductions are so significant that they render both TEGs 

ecofriendly on these two categories – unlike in the base scenario. This underlines the large 

degree of ecological benefits that can be attained by use of clean electricity for processing 

TEs from the viewpoint of their conventional justifications.  
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Figure 6.4: A comparison of life cycle environmental impacts of TEG-1 between the 

original scenario (average US 2015 electric grid) and: (a) Idaho grid; (b) Renewables grid 

for processing TE legs 
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Figure 6.5: A comparison of life cycle environmental impacts of TEG-2 between the 

original scenario (average US 2015 electric grid) and: (a) Idaho grid; (b) Renewables grid 

for processing TE legs 

 

Beyond GW and FRS impacts, a remarkable outcome to emerge from these 

alternative scenarios is their relative effect on the overall ecological performance of both 
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TEGs, including on the remaining six categories. On one hand, the solar-wind grid shows 

greater impact reduction than Idaho grid over the base scenario for both GW and FRS 

impacts, independent of the generator considered (Table D-3). This is mainly due to the 

large fossil fuel requirement and related GHG emissions for construction of large 

hydropower plants (Idaho grid), which easily outstrip fossil fuel use or GHG emissions 

involved in the construction of solar- and wind-based power plants (solar-wind grid)137,142.  

In contrast, the Idaho grid is seen to outperform solar-wind grid on remnant six 

categories for both TEGs. Strikingly, while the Idaho grid reduces impacts on all these 

categories for the two generators, the solar-wind grid achieves a similar outcome for only 

four of these impacts (all except TET and MRS). Of these, significant levels of decrease in 

impact are observed only on HCT (45-55 %) for both TEGs under these alternative 

scenarios vis-à-vis the baseline scenario (Table D-3) due to their replacement of CBE and 

its degrading effects via emission of carcinogenic substances like mercury150,152,154. On the 

other hand, much lower levels of reduction (5-15 %) are seen on the other three impacts 

for both TEGs (FET, MET and HNT) and on MRS for TEG-1. These observations are 

primarily due to the greater role of constituent elements used in TE legs (Te, Sb, Co and 

Bi) on these categories over that of electricity usage184.  

The most noticeable difference between the two alternative scenarios is however, 

observed for TET and MRS impacts of both TEGs. While the Idaho grid enables reduction 

on these impacts, including a substantial decrease in TET impact, the solar-wind grid is 

seen to be more damaging for ecology than even the base scenario (U.S. average 2015 

grid). For TET, this divergence stems predominantly from the use of solar-based electricity 
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through heavy use of copper in power generation equipment153 and emission of toxic waste 

during silicon purification142 (for subsequent use in solar panels). Conversely, the need for 

large amounts of copper, aluminum, nickel, silver and iron in electricity generation 

equipment for both solar- and wind-based electricity leads to their noteworthy 

contributions on MRS impact142 for the solar-wind grid.  

Overall, the results demonstrate the advantages of using cleaner forms of electricity 

in enhancing life cycle ecological output of TEs, especially regarding their traditional 

benefits of lower fossil fuel usage and GHG emissions141. These are broadly in sync with 

the principle as postulated on similar lines for batteries for both stationary72 and mobile 

applications73, given the ability of both energy technologies (TEs and batteries) to replace 

fossil-based energy. Yet, unlike these studies on batteries, this work also considers impacts 

beyond global warming. This enhanced scope helps to illustrate that cleaner grids may not 

always be ecologically suitable, as in case of the imagined solar-wind grid on TET and 

MRS categories. This points to the clear need for policymakers to focus on electric grid 

mix while advocating the use of TEs on large-scale, especially when TE manufacturers 

would focus on energy costs along with other factors in deciding on their final choice 

among the desirable location options for setting up their plants. A comprehensive analysis 

of grid mix in various regions must be accompanied by policies and mechanisms that 

incentivize the production of TEs and other energy technologies in regions served to a 

greater extent by cleaner forms of electricity. Such policies must not remain confined solely 

to tax breaks and subsidies, but should also explore the possibility of using non-monetary 

measures to discourage investment in regions where such electricity is not clean. Moreover, 
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any such policy design or development must also account for recent improvements in 

efficiencies of renewable energy generation, and/or their raw material production, 

processing and refinement. 

In terms of actual values, the extent of clean electricity in the grid mix option cannot 

be a single number, for it is related in turn to the kind of application for which the 

considered TE device is used for. For instance, TE modules perform quite well in coal-

based power plants despite the use of fossil-heavy electricity for their processing (Chapter 

3), but the gap is not addressed despite the use of renewables-based electricity for 

prominent components when considered for automobiles (Chapter 5, Figures 6.4–6.5). This 

divergence in their environmental performance is an outcome primarily borne out of the 

nature of fossil fuel replaced and the duration of usage for both applications. As a result, 

while it is perfectly fine to have a completely fossil-based electric grid for replacing coal-

based energy with TEs in constant-use applications (Chapter 3), a 100 % renewables-based 

grid is inadequate in ensuring good ecological performance for the TE devices (modules 

and generators) used discontinuously for other applications (Chapters 4 and 5). Hence, the 

share of renewables in electric grid mix must be carefully evaluated for any TE device 

based on the nature of application it is sought to be used for. For obvious reasons, the 

preferred share value would be 100 % - i.e., an entirely renewables-based grid – to negate 

the use of fossil-based energy altogether. Nevertheless, such a shift must also consider the 

practical constraints associated with renewable energy technologies. Further, such a shift 

to cleaner electricity should prioritize the use of hydro-based electricity over other 

renewable energy technologies, given its greater ecofriendliness in relative terms (Figures 
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6.4–6.5). Table 6-3 shows the desirable share of renewables-based electricity needed to 

produce TE devices for different applications, based on the results obtained for this work.  

Table 6-3: Cleaner grid-based electricity requirement for various applications 

(Principle #3)  

Nature of fossil 

fuel replaced in 

application 

Duration of application 

and lifetime 

Minimum desirable share (%) 

of renewables in electric grid 

mix used to produce TE devices 

Coal 

Continuous use  

Long lifetimes 

0  

(i.e., renewables are not required 

at all) 

Continuous use  

Shorter lifetimes  

(e.g. < 3 years in this study) 
100 

(i.e., only renewables-based 

electricity must be used)   
Natural gas  Continuous or discontinuous 

use  

Long/Short lifetimes  
Petroleum products 

 

6.2.4. Principle #4: Minimize Production-Related Impacts Per Energy Service 

(Electricity Generated) via Use of Efficient Methods  

As described in the previous section, fossil-based electricity remains pivotal to 

production-related impacts of TE devices. Yet, it is not the lone factor behind these 

impacts, with the other major cause being the use of processing methods that consume vast 

amounts of both energy (electricity) and material for producing TE device components.  

Regarding energy use, large amounts of electricity are used for TE leg processing, 

mainly due to the use of energy-intensive methods that consume > 75 kWh per kg of output 
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material or powder (Tables A-2–A-29). These include methods for compaction-with-

sintering (CWS), such as spark plasma sintering (SPS) and hot-pressing (HP), and 

annealing of powders in quartz tubes. For CWS techniques, this is the probable outcome 

of considering sample dimensions that are in line with small-scale production of TE 

samples, which were chosen due to paucity of alternative information (Chapters 2 and 3). 

The use of larger sample dimensions (height and/or diameter) can thus make CWS 

processes more energy-efficient. On the other hand, quartz tubes are used primarily to keep 

powders in vacuum during annealing (Table A-10). Yet, this restricts the amount of powder 

that can be heated in a single run of furnace, which increases the total quantity of electricity 

consumed for annealing. An alternative way to lower this energy intensity would be to use 

big containers where large amounts of powder can be heated in vacuum at temperatures ≥ 

500°C. This would, however, be a challenging endeavor to realize due to the lack of a 

suitable industrial-scale equivalent of quartz tubes-based annealing process.   

Apart from higher electricity consumption, another issue is the material-

intensiveness of TE leg production, principally due to material losses associated with leg 

dicing process – as highlighted elsewhere48,49. Typically, TEs are produced as cylindrical 

samples through CWS techniques, after which they are polished and diced to final leg 

dimensions48,49. In Chapters 3-5, it was assumed that for leg dicing, only that portion of 

material was retained that corresponds to the square with the largest area on either of the 

circular ends (cross-section) of cylindrical samples, such that its diagonal was the diameter 

of this circle (a more detailed explanation is given in Section 2 of Appendix-A). Based on 

this definition, leg dicing efficiencies (LDEs) were calculated and obtained for various TE 
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modules, varying from as low as ~ 10.50 % for BT-1 to as high as ~ 54 % for BT-2 module. 

This variation was the outcome of differences in dimensions of sintered cylindrical samples 

and final TE legs for each module. Thus, even assuming the best possible LDE, nearly half 

of the sintered powders would be lost under the definition of leg dicing used in this work. 

Further, the lost powders cannot be reused again, as they have been subjected to repeated 

thermal cycling, raising serious doubts about the repeatability of their TE properties for 

long-term purposes53,200. This significant amount of material wastage compounds the 

aforementioned twin effects of using large amount of fossil-based electricity and energy-

intensive processing methods, thus negating ecological gains of this platform by a 

considerable degree.  

To evaluate the quantitative extent of benefits that are forsaken due to lower LDEs, 

an alternative scenario was analyzed for both automotive TEGs evaluated in Chapter 5. 

This scenario envisaged higher LDEs over baseline scenario by adopting a different 

method of leg dicing. Under this method, dicing was undertaken by recovering material 

that corresponds to the maximum number of squares which can be formed on either of the 

circular ends of cylindrical sintered samples. Such a change in cutting methodology leads 

to drastic improvement in LDE of TE legs (BT: ~ 31.50 %; SK: ~ 52-53 %) over their 

original scenario (BT: ~ 10.50 %; SK: ~ 30-36 %), as shown in Section 4 of Appendix-D.  
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Figure 6.6: A comparison of environmental impacts under two scenarios – base scenario 

(original leg dicing efficiency) and alternative scenario (hypothetical increase in leg 

dicing efficiency) for TE legs in: (a) TEG-1 and (b) TEG-2 

 

Figure 6.6(a-b) shows the effects of improving LDE for both TEGs, considering 

their disposal as the end-of-life (EOL) scenario, while Table D-4 provides the magnitude 

of characterized impacts for the two generators under base and improved LDE scenarios. 

As shown, enhancement in LDE causes substantial decrease in ecological impacts of both 
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TEGs on all categories. A greater extent of decline in impacts is observed for TEG-2 over 

TEG-1 due to additional material savings (or lower material usage) via improvement in 

LDE for BT legs. Among the various impacts, increase in LDE results in similar levels of 

impact reduction on four categories (FET, MET, HCT and HNT) for both generators (TEG-

1: ~ 30-38 %; TEG-2: ~ 37-45 %). Conversely, higher LDE imparts substantially higher 

ecological effectiveness to TEG-2 (~ 53-68 %) over TEG-1 (~ 33-42 %) on three of the 

four remaining impacts (GW, FRS and MRS). Finally, in stark contrast to the above results, 

both generators reveal a dramatic fall in their TET impact, especially for TEG-2, which 

shows a complete reversal of its life cycle performance (from negative effects in base case 

to positive performance in higher LDE scenario). Nevertheless, TEG-2 also exhibits a 

much lower degree of reduction in impacts than TEG-1, unlike the aforementioned impacts 

(Table D-4). This can be ascribed to the vast gap in their respective TET impacts in the 

original scenario (Tables C-10 and C-11), which persists even after improvements in LDE 

for TE legs in the hypothetical scenario. The absence of a similar extent of gap on other 

impacts in base case explains the relative performance of both TEGs on other categories.  

These results clearly justify the need to ensure higher efficiency of both energy and 

material usage for processing methods employed for TE legs. Given that leg dicing is 

unlikely to achieve higher efficiencies (> 85 %), it would be prudent to focus on their 

replacement with alternative techniques that perform better on both counts. Remarkably, 

this issue has gained prominence among TE researchers mainly during the previous decade, 

especially for using alternative processing methods23,48,49. The leading alternative in this 

path is selective laser sintering (SLS) – an additive manufacturing technique that is mainly 
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deployed for 3D printing201–203. Interestingly, the use of SLS has been advocated mostly 

for its capability to decrease material wastage by helping avoid leg dicing processes 

altogether201,202, even as its energy consumption has received relatively little attention. 

Rough calculations – described in Section 5 of Appendix-D – however, suggest that even 

at one-third efficiency of that in literature (15 kWh/kg, albeit for polymers and 

metals204,205), at the very least, SLS can halve the energy used in sintering processes. Still, 

more studies are required to determine the feasibility of obtaining direct TE legs via this 

technique for TE systems of the future, as well as to estimate and compare its ecological 

impacts with those of conventional manufacturing methods based on more accurate data. 

Apart from this aspect, policymakers must also focus on opportunities for developing other 

novel processing techniques that can further lower the energy and material consumption 

for TE leg processing and make these devices ecologically apt and commercially 

competitive for large-scale use.  

A critical area to focus upon with reference to this principle, is the need to lower 

the large gap (ranging between 80 and 97 %) between production-related negative impacts 

and use-related positive effects of TE devices on toxicity- and scarcity-related impacts 

(Chapters 4 and 5). While reduction in sintering-related electricity consumption via use of 

techniques such as SLS can prove to be extremely useful in fulfilling this aim, it was not 

observed to be enough in ensuring positive ecological performance on all impacts for the 

devices considered in this work. Hence, there is a clear need for more alternative methods, 

both for sintering, and also for existing annealing processes that currently require quartz 

tubes, to help improve the ecological viability of this platform. Policymakers must work in 
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collaboration with researchers and device manufacturers to develop such methods that can 

help address this aspect, through a combination of suitable tax policies, subsidies or 

financial incentives, and other non-monetary measures. Table 6-4 provides the extent of 

reduction that is required in production-related impacts to eliminate the gap between 

negative effects of production and positive benefits of use stage, based on the results 

obtained in previous chapters. While the non-required reduction in production-related 

impacts for coal-based power plants is applicable for future applications involving 

continuous waste heat emission and replacement of coal-based energy, the other results are 

applicable for all other kinds of applications.  

Table 6-4: Extent of decline required in production-related impacts for eliminating their 

effects over and above use-related benefits (to evaluate effect of steps taken to implement 

Principle #4) 

Application 

Extent (%) of reduction 

required in production-

related impacts for 

eliminating their effect over 

and above use-related 

benefits 

Categories on which 

reduction is required 

Baseload coal-based 

power plants 
N.A. N.A. 

Peak load natural gas-

based power plants 
50 – 99.50 

Toxicity- and scarcity-related 

categories (all barring GW 

and FRS) 

Automobiles 30 – 99.50 All categories 
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6.2.5. Principle #5: Maximize Conversion Efficiency Per Mass of TEs 

The central focus of researchers within the TE community is on increasing the heat-

to-electricity conversion efficiency of this energy harvesting platform. This is exemplified 

by the numerous innovations and advancements in this field, such as the emergence of 

novel TEs, deployment of multiple topologies for TE devices, and certain choices for key 

determinant parameters (such as fill factor)14,22–24,29,48,49,181. While such confined focus 

ignores the negative ecological effects of their production and end-of-life (EOL) stages, 

conversion efficiency is still vital in shaping the functioning of these devices on some 

environmental impacts, such as global warming (GW) and fossil resource scarcity (FRS) 

(see in Chapters 3-5). Hence, attempts aimed at developing sustainable TEs (materials and 

devices) must concentrate on the interplay between the benefits of higher conversion 

efficiency in use stage, and the environmental effects of producing such TEs as well as of 

their end-of-life treatment.  

Among the pertinent domains where such interplay is clearly observed is the mass 

of TE legs used in the final device. On one hand, the first four principles (Principles #1-4) 

together lead to the conclusion that this mass must be as low as possible in order to lower 

the detrimental ecological effects of device production. In fact, Chapters 3-5 highlight this 

to be extremely critical, as they show the disproportionate role of TE legs on ecological 

impacts of TE devices vis-à-vis their mass, with negligible contribution from other 

components barring ceramic plates. At the same time, lower use of TEs reduces the overall 

conversion efficiency of TE devices, since both the mass and nature of TE system 

influences the resultant device properties, including their output power. This conundrum 
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between the two opposite effects, both of which are dependent on the mass of TEs 

employed, needs a viable resolution to boost the sustainability of this technology.  

To tackle the aforementioned conundrum, two parameters are proposed for TE legs 

that merit deliberation and further consideration – namely, the ratios of: (a) Conversion 

efficiency-to-mass; and (b) Output power-to-mass, where the mass refers only to mass of 

TE legs. Both these ratios represent the amount of positive ecological outcomes by TE 

usage per unit of negative effects caused by their production and EOL treatment. This 

explains the rationale for maximizing these two ratios, while also enabling the avoidance 

of separate focus on individual impact categories. The reason for considering both the 

ratios instead of any one of them, is because while output power is more directly altered 

by the mass and number of TE legs, conversion efficiency is affected more by the nature 

of TE system used.  

To validate the salience of proposed parameters, these ratios were calculated for the 

TE modules analyzed in this work, and the values are provided in Table 6-5. As can be 

seen, PT and HH modules exhibit the highest values for both conversion efficiency-to-

mass (> 0.50 %/g) and output power-to-mass (> 2 W/g) ratios. On the contrary, SK-2 and 

BT-2 modules show the least values respectively for these ratios. Remarkably, the order of 

these two ratios for different modules is in line with their respective environmental output, 

with HH and PT modules exhibiting the best, and SK-2 and BT-2 showing the worst or 

near-worst performance for power plants (Chapters 3 and 4). While an exact comparison 

between different modules is not entirely appropriate given differences in their operational 
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temperature ranges, this finding clearly shows the importance of both the proposed ratios, 

thus showcasing them as being pivotal in determining ecological effects of TEs.  

Table 6-5: Ratios of conversion efficiency-to-mass and output power-to-mass of TE 

modules (mass here refers to mass of TE legs) 

Apart from the TE material used, other parameters can also play a determinant role 

in shaping the output power and conversion efficiency of the concerned device. A 

prominent parameter in this context is the topology employed to construct TE devices. 

Conventionally, most commercial TE systems are developed based on the rectangular 

topology48. However, this constrains the ability to deploy this platform for other 

applications that demand other topologies, such as flexible systems in case of body-

wearables43,48. Therefore, this aspect has gained greater attention in recent decades.  

In order to understand the importance of topology for ecological benefits obtained 

by use of TEs, one of the studies used for automotive TEGs was considered104, as it 

evaluates and compares TEGs that use only skutterudite (SK-1) modules in four different 

Module 

Total mass 

of TE legs 

(g) 

Conversion 

efficiency 

(%) 

Unit conversion 

efficiency (%/g) 

Wattage 

(W) 

Unit 

wattage 

(W/g) 

BT-1105 14.60 4.08 0.28 18 1.23 

BT-2106 23.14 7.00 0.30 4.17 0.18 

SK-1103 30.00 7.50 0.25 11.51 0.38 

SK-2107 86.89 7.30 0.08 25.08 0.29 

HH108,109 7.09 4.50 0.63 15.5 2.19 

PT110,111 1.45 8.80 6.06 3.50 2.41 

SC106,112,113 7.95 6.40 0.80 4.81 0.61 
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topologies. Table 6-6 shows the electrical output and output power-to-mass for each 

topology. A similar calculation could not be undertaken for the other proposed ratio 

(conversion efficiency-to-mass) due to lack of data on their respective system conversion 

efficiencies. As  shown, the four topologies vary both in their output power-to-mass ratio 

(over a smaller range: 0.42-0.49 W/g) and final output power (over a much larger band of 

~ 635 W for hexagonal and ~ 730 W for transverse configuration)104. This can be ascribed 

to the effects of topology on energy transfer from waste heat to heat exchanger components 

and later, to TE modules104, which in turn influence the final TE conversion efficiency. 

Overall, this table shows the value of topology in determining ecological effectiveness of 

TE devices.  

Table 6-6: Electrical output of TE generators for various topologies104 

In totality, these findings show that initiatives for developing newer TEs must be 

directed towards improving the proposed ratios and considering various topologies that can 

be applied to improve the environmental outcomes of this platform. Numerically, these 

findings signify the need to attain values of ≥ 0.50 %/g and ≥ 2 W/g for conversion 

efficiency-to-mass and output power-to-mass ratios respectively to achieve desirable 

environmental performance. Simultaneously, these ratios must complement existing 

Topologies Mass of all modules Output power (W) Unit power (W/g) 

Hexagonal 1500.25 634.40 0.42 

Longitudinal 1500.25 698.30 0.46 

Cylindrical 1500.25 718.90 0.48 

Transverse 1500.25 729.80 0.49 

Type of module: SK-1; Number of modules = 50; Mass per module = 30.005 g 
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factors of prime importance, such as the end-use application and its range of waste heat 

temperature, performance of various TEs (treated as potential options) in this temperature 

range, and also the mechanical and thermal stability of these options. Table 6-7 shows 

desirable numerical values for parameters associated with this principle.  

Table 6-7: Desirable numerical values for parameters associated with Principle #5  

Parameters for TE device Desirable values 

Conversion efficiency-to-mass Greater than (>) 0.50%/g of TE legs used in device 

Output power-to-mass Greater than (>) 2 W/g of TE legs used in device 

 

6.2.6. Principle #6: Minimize Efficiency Losses Over Time Due to Thermal Cycling  

As described in Chapter 1, TEs are applicable for a diverse range of end-uses, 

particularly regarding the nature of their waste heat generation (continuous, periodic or 

intermittent)158,183,184. Among these, continuous waste heat emission has relatively lower 

or negligible effect on TE conversion efficiency (Chapter 3), while discontinuity leads to 

thermal cycling19,116,183,184 (Chapters 4 and 5) that triggers a drop in their conversion 

efficiency and output power. Hence, thermal cycling depresses the extent of ecological 

benefits attainable via deployment of TEs, thereby affecting their overall life cycle 

sustainability (Chapters 4 and 5). This lays bare the importance of TCRC (thermal cycling 

reduction coefficient), and the rest of this section is devoted to this aspect.  

TCRC values of modules analyzed in this dissertation (shown in Table 2-5) clearly 

indicate that both BT modules (BT-1 and BT-2) and HH exhibit the least TCRC values (≤ 

0.005 % per cycle), while the two SK modules (SK-1 and SK-2) exhibit the highest TCRC 



 122 

values (0.022 % per cycle). This divergence is also reflected in their environmental output, 

with HH and SK modules showing the best and worst performance respectively. Such 

deviation in TCRC of different TEs stems largely from their other properties (i.e., beyond 

their TE performance) under the considered operational temperature conditions. For 

instance, as described in Chapter 4, SK systems are highly prone to oxidation and 

mechanical degradation in ambient/oxygen-rich atmosphere at elevated temperatures160,161, 

which likely explains their higher TCRC value. Conversely, excellent mechanical and 

thermal stability of HH systems at higher temperatures (up to 1000 K)208 is the probable 

reason behind their much lower TCRC values and higher ecological output.  

Given the relevance of thermal cycling in influencing TE conversion efficiency, its 

effect has been studied for a number of TE systems, as highlighted in Appendix-B (Section 

2). Yet, these studies are much less when compared to the number of initiatives directed 

towards developing novel TEs, including those with higher conversion efficiencies14,22–

24,29,48,49,181. This makes it difficult to evaluate TEs from ecological perspective for a 

number of potential end-uses that involve thermal cycling, such as refrigeration116, medical 

uses215, and even the applications considered in this work. While new TEs with higher 

initial conversion efficiencies (vis-à-vis their mass) are definitely required, their TE 

properties must also be studied under repeated thermal cycling conditions that replicate 

actual operational setup to evaluate their large-scale suitability. To achieve this aim, 

multiple strategies should be developed to minimize the effect of thermal cycling on TE 

conversion efficiency – on the lines of strategies that have been designed to boost TE figure 

of merit22,25. Some initial strategies in this regard can focus on both developing novel, 
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more-efficient TEs, as well as using barrier materials to lower the TCRC value to below 

0.005 % per cycle – the higher limit of best-performing modules in this work. Hence, 

policymakers must focus on targeted action and collaboration with other stakeholders to 

achieve both these aspects (Principles #5 and #6) to ensure that TEs are ecologically 

preferable for applications involving thermal cycling for long-term duration. Table 6-8 

shows the desired range for the lone parameter associated with this principle.  

Table 6-8: Desirable numerical value of parameter critical to Principle #6  

Parameter Desirable numerical range 

Thermal Cycling Reduction 

coefficient (TCRC) 
Should be ≤ 0.005% per cycle 

 

6.2.7. Principle #7: Maximize Benefits from Energy Generation Over Impacts Caused 

During Other Stages  

As stated in the previous section, apart from TCRC, another crucial factor that 

influences the ecological output of TEs for chosen applications is their duration of use, 

both on per-cycle (i.e., duration of use per each cycle) and overall basis. Such lower usage 

in turn substantially diminishes the environmental benefits that can be achieved by 

harvesting energy using this platform, thus lowering its environmental effectiveness.  

To validate the importance of this factor, TE modules were analyzed for 

applications involving periodic waste heat generation (Chapter 4). While retaining the 

same application as that considered in this analysis (natural gas-based power plant for peak 

demand), the focus here was solely on HH module as it outperformed all other modules. 
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Also, D-scenario (disposal) was assumed to be the EOL scenario. Based on these 

assumptions, initial calculations were made to estimate the minimum number of hours per 

cycle over which the HH module should be operated in order to exhibit ecological benefits 

on all impact categories. These calculations showed this number to be ~ 17.55 h, meaning 

that the gas-based power plant must function for a minimum period of 17 h 33 min every 

day over its entire lifetime (assumed as 25 years) for the HH module to be beneficial on all 

impacts (see Section 6 of Appendix-D). The necessity of using this module for such high 

length of time, both on per-cycle and overall duration, is primarily the outcome of much 

lower ecological impacts of natural gas-based electricity over its more polluting coal-based 

counterpart (Chapters 3 and 4). This forces the HH module to be used over a significantly 

longer duration to acquire enough leverage to compete with the harmful effects of its 

production on account of factors described in Chapter 3.  

Apart from the afore-described calculation, another hypothetical scenario was 

considered that focused on using HH modules over a much longer lifetime than its initial 

value (25 years, the lifetime of a gas-based plant)183. For this scenario, the original TCRC 

as well as original per-cycle usage period (4 h) were retained, and it was instead imagined 

that the TE module was shifted after every 25-year period to a new NG-based plant, with 

the process repeated several times till the output wattage of module reached 1 % of its 

original value. Assuming zero emissions over this movement across power plants and the 

direct applicability of this module (as a set) in the new plant from old one without any 

modification, it was found that the HH module can be operated for a maximum of 251 

years. In other words, assuming its use for one cycle per day, the HH module can be used 



 125 

over 10 gas-based power plants prior to reaching the end of its life. Yet, even after this long 

duration, this module did not become ecologically suitable on all impacts, and showed 

negative effects on one category (FET) (not shown here for paucity of space). Instead, it 

took an increase in per-cycle usage duration from 4 h to a minimum of ~ 6.52 h or 6 h 31 

min per day for the HH module to show positive effects on all categories in this 

hypothetical scenario (impact results in Section 6 of Appendix-D).  

From the aforementioned calculations, it becomes clear that a mere increase in 

overall usage duration is unlikely to be adequate in ensuring life cycle environmental 

sustainability of TEs. Instead, a three-pronged strategy is required to strengthen the 

ecological soundness of this platform. First, policymakers must identify the different 

sectors for which they seek to promote the application of TE devices. Second, they must 

engage with environmentalists and researchers to identify specific TE systems that exhibit 

ecological effectiveness for various end-uses, along with the minimum amount of time for 

which these systems must be operated for beneficial effects. At the same time, care must 

be taken to ensure that these TE systems show desirable performance on other aspects, 

such as high conversion efficiency (to mass) and long-term thermal and mechanical 

stability. Third, after determining the appropriate TEs for various sectors, policymakers 

must coordinate with concerned sectoral players (actual end-users) to encourage the use of 

this platform in their facilities for the desired length of time (both per-cycle and overall 

duration) for good ecological outcomes, provided it is practically achievable. Such 

encouragement should be intertwined with specific incentives – be it monetary (such as tax 

breaks) or non-monetary (like a framework to monitor the extent of use of TE devices) – 
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to boost the use of this technology. Also, sectors for which ecologically suitable TEs have 

not been identified must be separately categorized, and policymakers must work with 

researchers to develop novel TEs for such end-uses.  

Since the application of this principle will be sector and device-specific, as 

explained above, the actual value for usage duration will differ on a case-to-case basis, and 

an absolute value cannot be necessarily provided, unlike for most other principles. 

Nevertheless, this should be extensively researched to identify potential sectors and 

materials for usage in these domains. For this study, the value of minimum lifetime for 

desirable environmental performance of all applications is provided in Table 6-9, based on 

which it can be concluded that this principle should be taken on case-to-case basis to 

determine the minimum operation and lifetime usage duration, keeping in mind the 

feasibility of doing so.  

Table 6-9: Minimum lifetime required for desirable environmental performance of TE 

devices for considered applications (in earlier chapters)  

Application TE devices 

Minimum required lifetime for 

desirable environmental 

performance on all categories 

Baseload coal-based 

power plant 

BT-1 module ~ 2.35 years (858 days) 

SK-1 module ~ 3.5 years (1278 days) 

SK-2 module ~ 5.5 years (2007 days) 

HH module ~ 1.55 years (566 days) 

PT module ~ 1.3 years (475 days) 

BT-2 module 
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SC module 

Not possible, as positive performance 

not possible even upon extension in 

lifetime 

Natural gas-based 

power plant 

BT-1 module 

Not possible, as positive performance 

not possible even upon extension in 

lifetime 

BT-2 module 

SK-1 module 

SK-2 module 

HH module 

SC module 

Automobiles 
TEG-1 

TEG-2 

 

6.2.8. Principle #8: Design for Secondary Usage and Circular Economy Approach as 

End-Of-Life (EOL) Scenario   

Across the previous seven principles, focus has remained confined to two life cycle 

stages: production and primary use of TE devices. This ignores two other stages, namely, 

their (possible) secondary usage, and the treatment meted out to such devices at the end of 

their life (EOL). Both these stages have been reported to exert a substantial influence on 

environmental consequences and cost of other energy technologies, such as batteries72,73, 

mainly via recovery of initial materials and avoidance of energy-intensive processing 

methods. Since both aspects are also crucial for TEs, their environmental effects must also 

be evaluated to determine their relevance.  

For secondary use, its salience stems from two different aspects – the nature of 

primary use of TEs, and the fossil fuel replaced by their application. As shown earlier, TEs 
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exhibit environmentally sound outcomes when they replace the more polluting coal-based 

electricity on continuous basis for longer duration (Chapter 3). In such cases, secondary 

use may not be essential for TE devices to ensure ecological suitability, as this has already 

been achieved in the primary use cycle. In stark contrast, they are harmful on some or all 

impacts when used to substitute the less-polluting natural gas (Chapter 4) or petroleum 

products (Chapter 5) by harvesting waste heat on discontinuous basis for shorter durations. 

In such primary end-use cases, secondary usage of TE devices can help to ameliorate their 

negative consequences, primarily by replacing a more polluting fossil fuel like coal and/or 

by application on constant basis for a considerable duration.  

Regarding EOL treatment, its importance has already been highlighted in Chapters 

3-5, which show weighty gains from the recycling of TE devices for applications where 

less-polluting fossil fuels are replaced (Chapters 4 and 5). This occurs due to two reasons. 

First, as described in previous chapters and reiterated in Section 6.2.2, a number of TE 

constituent elements are scarce, so their recycling helps to avoid probable challenges 

related to their unavailability and likely lowering of futuristic relevance. Second, TE 

devices also involve substantial use of metals for heat exchanger components, such as 

stainless steel and copper, that are potentially recyclable. Since the recycling of such metal-

based components yields substantial ecological benefits (Chapter 5), it merits consideration 

in the overall framework to develop sustainable TEs.  

In order to showcase the joint importance of both secondary (cascading) use and 

EOL stages, an alternative hypothetical scenario was envisaged for TEG-2 used in Chapter 

5 for analysis. In the original situation, TEG-2 undergoes primary use over 100,000 miles 
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of travel in Chevrolet Suburban, which corresponds to a total usage duration of ~ 3,535 h. 

Assuming its overall life to be 15 years of continuous use (Table 2-9), the left-over life of 

this generator is considered to be the difference between these two numbers, or 127,865 h 

(i.e., 131,400-3,535 h), or ~ 14.5 years. Given this extensive left-over lifetime, it is assumed 

that TEG-2 is used for this remaining period to harvest waste heat on continuous basis in a 

baseload coal-based power plant as its secondary usage application – since TE devices are 

seen to show the best performance for this among all chosen applications (Chapters 3-5). 

However, unlike in Chapter 3, here, the generator exhibits reduced conversion efficiency 

due to thermal cycling over its primary usage cycle. Furthermore, the circular economy 

approach (CE-scenario) is considered as the end-of-life (EOL) treatment to highlight its 

contribution in this hypothetical scenario.  

Based on these assumptions, Figure 6.7 shows ecological impacts of TEG-2 under 

the original and hypothetical scenarios. As can be seen, the hypothetical scenario is 

observed to cause positive effects on all categories and easily outperforms the original 

scenario (which only uses circular economy approach but ignores any secondary usage). 

This shows the advantages as well as the need to implement both secondary/cascading use 

and material recovery and recycling to improve beneficial effects of this platform.  

To enable real-life attainment of above-mentioned benefits, several steps are 

required to be undertaken, involving multiple stakeholders, as in case of other principles. 

The first and most immediate requirement is the creation of markets that ensure supply of 

TE devices from primary to secondary users and extend their life by delaying the time to 

EOL treatment. This would require advocacy on the part of researchers and policymakers 
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for cascading of TE usage across end-uses where more polluting fossil fuels (such as coal) 

are used, and/or waste heat is emitted continuously. As described earlier, such market 

creation can be incentivized via subsidy provision and tax breaks, as well as via use of 

specific policies that mandate the secondary use of TE devices. However, these policies 

must also consider the nature of TE material being employed, since different TEs are 

optimal across divergent temperature ranges and can achieve varying degrees of ecological 

benefits in primary and secondary use cycles.  

 

Figure 6.7: A comparison of life cycle environmental impacts of TEG-2 under original 

scenario (only primary use) and hypothetical scenario (involving cascading use), 

assuming circular economy as the end-of-life scenario 

Apart from market creation, policymakers must also focus on the creation and 

sustained existence of relevant players in TE recycling market for efficient implementation 

of circular economy approach. For instance, recyclers must have strong tie-ups with 

primary and secondary users of TE devices – identified via analysis by policymakers – to 
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recover them from numerous end-users, disassemble these devices, and recycle both metal-

based components and TE legs (after appropriate reprocessing) for subsequent reuse. The 

advent of such players – a non-existent domain at present – requires dedicated efforts on 

the part of policymakers who must engage with businesses and entrepreneurs interested in 

this sector. A key feature of such efforts must be effective coordination and collaboration 

between them to ensure and enhance the economic viability of this new enterprise, as well 

as to scale-up all essential infrastructure to meet the recycling needs associated with large-

scale application of TEs. In addition, policymakers must also concentrate on non-monetary 

regulations or measures, including exploring the possibility of restricting or even banning 

the landfilling of scarce or critical TE constituent elements. Such limits of landfilling are 

vital as they can help boost the environmental and economic benefits of material recovery, 

while also helping to evade any potential hazard caused by the dissociation of TEs in 

natural environment due to particular chemical reaction(s).  

While landfilling of TE constituent elements must be discouraged, their recycling 

merits a thorough consideration of both their toxicity, as well as of the final TE material 

developed (both p- and n-type legs). Hence, appropriate safety and health standards must 

be developed and strictly enforced with regard to the handling of these materials by 

workers in TE industries. Lastly, it must be noted that even under the circular economy 

approach envisioned in Chapters 3-5, some amount of TE material is indeed disposed of. 

Hence, policies aimed at confining landfilling must also factor in these practical realities 

while imposing regulatory and other measures on TE manufacturers and other 

stakeholders. Simultaneously, this also opens new opportunities for TE researchers to 
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develop alternative reprocessing technologies that can enable greater degree of recovery 

for constituent elements used in TE legs – an aspect that should be given top priority within 

the community.  

Finally, since this principle focuses on considering two approaches (cascading use 

and circular economy), which are strict values, and since secondary usage has nothing 

specific beyond the requirement for use in applications involving continuous waste heat 

emission and replacing coal energy for longer lifetime, no numerical values are proposed 

per se in terms of making this platform more sustainable. However, as an additional 

summary, Table 6-10 shows the numerical values for the various principles described.  

Table 6-10: Numerical values and other features for various principles  

Principle Parameters/Situations Desirable numerical values 

Principle #1: 

Minimize the Use of 

(and Exposure to) 

Toxic, Hazardous 

Elements in TE 

Materials 

Elemental toxicity TLV ≥ 2 mg/m3 

Life cycle toxicity Normalized value ≤ 100 

Principle #2: 

Minimize the Use of 

Scarce and Critical 

Elements in TE 

Materials 

Elemental reserves Reserves ≥ 106 tons 

Life cycle scarcity 
MRS (Characterized impact) ≤ 

10 kg Cu-eq 

Principle #3: Use 

Cleaner Grids for 

Applications involving coal-

based energy and continuous 
Not required 
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Producing TE 

Materials/ Devices 

waste heat emission for 

longer lifetimes 

All other applications 100 % renewables-based grid 

Principle #4: 

Minimize Production-

Related Impacts Per 

Energy Service 

(Electricity Generated) 

via Use of Efficient 

Methods 

Gap between production-

related negative impacts and 

use-related benefits for 

various applications 

Baseload coal-based power 

plants: Not required 

 

Other applications: 50-100 % 

Principle #5: 

Maximize Conversion 

Efficiency Per Mass of 

TEs 

Conversion efficiency-to-

mass 

≥ 0.50%/g of TE legs (in 

device) 

Output power-to-mass ≥ 2 W/g of TE legs (in device) 

Principle #6: 

Minimize Efficiency 

Losses Over Time Due 

to Thermal Cycling 

Thermal cycling reduction 

coefficient 
≤ 0.005% per cycle 

Principle #7: 

Maximize Benefits 

from Energy 

Generation Over 

Impacts Caused 

During Other Stages 

Usage duration will be application-specific 

Principle #8: Design 

for Secondary Usage 

and Circular Economy 

Approach as End-Of-

Life (EOL) Scenario 

Type of secondary application preferred: Replacing coal-

based energy 

No value applicable 
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6.3. Discussion: Convergence & Trade-offs  

The first key aspect to note is that prior to applying the postulated principles, one 

should keep in mind the relationship between the concerned principle and the nature of 

application for which thermoelectrics (TEs) are sought to be used. For instance, the 

dominance of metal-based heat exchanger components in mass of TEG is coupled with 

their insignificant negative ecological contributions (Chapter 5), so higher mass of TE 

devices may not necessarily prove to be a stumbling block for stationary applications. 

However, it would be decisive in its influence on fuel savings and associated reduction in 

impacts for mobile applications, i.e., both passenger and freight vehicles. This signifies a 

heightened relevance of Principle #5 (enhancing conversion efficiency-to-mass and output 

power-to-mass ratios) for mobile purposes over their static counterparts. On similar lines, 

since all stationary applications need not constantly emit waste heat, principles aimed at 

lowering reduction in conversion efficiency via thermal cycling or usage duration 

(Principles #6 and #7) are critical only for discontinuous waste heat emission. In contrast, 

certain other principles, such as focus on cleaner electric grid (Principle #3) and reducing 

material use intensity (Principle #4) are relevant irrespective of the final application, so 

they should always be followed. Policymakers must thus, take note of these relationships 

while formulating their policies or taking other steps to engage or encourage other 

stakeholders for achieving the desired outcomes in line with making this platform more 

sustainable and ecofriendly.  

Second, it is important to realize that the proposed principles provide a framework 

that enables policymakers to interact with other concerned stakeholders for identifying 
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possibilities of their simultaneous implementation via dedicated actions to achieve the 

larger goal. This would, however, require extensive amount of collaboration and 

coordination among and within these stakeholders, particularly researchers in TE domain, 

TE module manufacturers, end-users of TE devices, and environmentalists (apart from 

policymakers). For instance, policymakers would have to engage with researchers within 

the TE domain on developing novel TEs that simultaneously: (a) Exhibit high conversion 

efficiencies per mass (Principle #5); (b) Use less-toxic and earth-abundant elements 

(Principles #1 and #2); and (c) Are processed using novel techniques that are frugal in their 

material and energy usage (Principle #4). Yet, this lone step requires a thorough analysis 

on determining toxicity and scarcity of elements commonly used or proposed to be used in 

TE systems, both on elemental and life cycle basis, as well as assessing ecological 

credentials of newly developed processing techniques. This in turn would necessitate 

collaboration and coordination between policymakers, TE researchers and 

environmentalists. The development of such processing techniques would also require joint 

efforts on the part of policymakers with TE module manufacturers and researchers 

interested in developing such techniques. This would need to be accompanied with the 

testing of TE devices for various end-uses, which would again merit joint efforts from 

policymakers with concerned end-users, and also on identifying the appropriate TE device 

choices for specific applications. All these steps, culminating in the final adoption of 

commercially produced TE devices by concerned end-users, would require the use of 

various policies (monetary and non-monetary), mandates and other measures to promote 

sustainability in this domain.  
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Third, even as collaborative/coordinated initiatives should be promoted, it is 

equally critical to recognize the trade-offs that exist between the different proposed 

principles, as well as to consider all the principles together while focusing on developing 

sustainable TEs. A good example in this context is the trade-off between the need to 

enhance TE conversion efficiency versus the use of often toxic and scarce elements to 

obtain these efficiencies. On one hand, tellurium and antimony are extremely vital in 

achieving high conversion efficiency of TEs (ZT > 0.8) like BT and SK respectively49,58. 

Yet, as mentioned earlier, both these elements present concerns regarding toxicity and 

scarcity on either or both of elemental and life cycle basis. Conversely, TEs that use less-

toxic (only on elemental basis) and relatively more abundant elements, such as HH and 

OX, exhibit relatively lesser ZT values on average (up to 0.8)58, barring some exceptions49. 

Another set of inconsistencies that can emerge from the postulated principles is regarding 

the financial viability of this platform. For instance, even as OX systems may be less-toxic 

despite their low ZT, they could also exhibit significantly higher costs49,58, which may 

make these infeasible for large-scale use in most applications barring, say, in flexible body-

wearables. This makes it critical for policymakers and other stakeholders to realize these 

inconsistencies between the different principles. An adequate measure would thus be to 

conduct thorough environmental analysis, while taking into account the specificities and 

key aspects of the concerned application for all proposed TE devices, and using the 

underlying results to arrive at the final choices.  

Overall, the desired efforts needed to develop sustainable TEs must focus on the 

fullest possibility of both coordination and collaboration among various stakeholders, as 



 137 

well as on ameliorating the trade-offs between the proposed principles to the maximum 

possible degree, in order to ensure success of initiatives directed towards developing 

sustainable TEs.  
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CHAPTER SEVEN 

SUMMARY AND FUTURE WORK 

7. Conclusions 

7.1. LCA of TEs 

In this dissertation, ecological profile of thermoelectric devices was explored for a 

number of applications that spanned a diverse range in their nature of waste heat generation 

and mobility. Commercially produced or near-commercial TE modules were chosen, and 

their ecological performance was assessed on multiple categories encompassing global 

warming, fossil resource use, toxicity and scarcity. Detailed inventory was developed for 

all TE device components, particularly for TE modules that were chosen in the three LCA 

exercises, while three representative example applications were considered: (a) Baseload 

coal-based power plant that generate waste heat continuously; (b) Peak load natural gas-

based power plant that produce waste heat periodically; and (c) Automobiles that produce 

waste heat intermittently. While TE modules were evaluated for both types of power plants, 

two TE generators were considered for use in automobiles.  

7.1.1. Production Stage  

Across all LCA studies, results show that till their production, TE devices harm the 

environment by use of elements that are toxic and scarce over their life cycle, as well as 

through large consumption of electricity for their processing, especially for TE legs. The 

work on automobiles shows that barring on some categories, heat exchanger components 
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are almost entirely irrelevant in influencing production-related impacts of TE devices. This 

further lends credibility to the analysis of only TE modules in the first two LCA studies 

(Chapters 3 and 4).  

7.1.2. Life Cycle (Use & EOL)  

A vast diversity is seen in results of TE devices for the considered applications. On 

one hand, for coal-based power plants, all TE modules exhibit vast degree of positive 

benefits on chosen impact categories, with the use stage easily surpassing negative effects 

of production and EOL by ~ 70-75 % on most impacts. In fact, these benefits are sizeable 

enough when compared with the ecofriendly potential of established renewable energy 

technologies like solar and wind energy.  

In contrast, for natural gas-based power plants that operate for only a few hours per 

day, no TE module is seen to be ecologically beneficial on all impacts, especially on FET 

and HNT. This is seen to be outcome of both lower harmful effects of natural gas-based 

electricity over their coal-based counterparts, as well as lower amount of electricity 

generation by TEs. This work also shows a complex interplay between factors associated 

with production (mass and nature of elements used, and electricity consumed to process 

them) and those involved with use (conversion efficiency and output power) of modules).  

Finally, for automobiles, none of the two TEGs show positive benefits on impacts 

barring one exception. This suggests the limitations of existing approach on solely focusing 

on enhancing conversion efficiency and increasing fuel savings, while not recognizing the 

importance of lowering production-related impacts via specific initiatives.  
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With regard to EOL scenarios, the three example applications witness divergent 

results. On one hand, none of the EOL scenarios has a decisive effect in overturning the 

ecological performance of TE modules on any of the impact categories for both coal- and 

gas-based power plants. Conversely, the use of heat exchanger-based components, 

especially those made from copper, has a decisive effect in influencing environmental 

outcomes of TEGs on some impacts. This clearly shows the tangible ecological benefits 

that can be accrued by recovery and recycling of metal-based components in TE devices.   

7.2. Principles of Sustainable TEs and Implications for Stakeholders  

Based on the aforementioned LCA studies on TE devices in this dissertation and 

elsewhere, eight key principles were postulated for developing sustainable thermoelectrics 

that span the entire life cycle of this platform. For the production stage, the need to use 

less-toxic (from both elemental and life cycle perspectives) and more earth-abundant 

elements in TEs was stressed on. In addition, the importance of producing TE devices in 

locations served by cleaner grids and using techniques that were less intensive in their 

energy and material usage was also highlighted. All these steps are especially important in 

light of high impacts of production stage that negatively affect the performance of TEs for 

two of three example applications in this dissertation.  

For use stage, two parameters were introduced that needed to be maximized for 

achieving higher benefits during use stage per impact during production: conversion 

efficiency-to-mass and output power-to-mass (where mass referred to mass of TE legs). 

This was complemented by the need to maintain these ratios over longer life of TE devise 

with minimal thermal cycling, with the latter two factors posited as additional principles of 
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consideration for making TEs eco-friendlier. Finally, for the end-of-life stage, the 

importance of incorporating the circular economy vision in life cycle of TE devices, 

particularly for their metallic components and TE legs, was also shown in terms of their 

ability to strengthen ecological validity of this technology. For all principles, significance 

was demonstrated through reference to concerned literature and use of specific scenarios 

that highlight their ability to shape the environmental performance of TE devices.  

Apart from the development of principles, focus was also laid on the need for 

effective coordination and collaboration between various stakeholders for undertaking 

efforts in line with the postulated principles to develop novel, sustainable TEs. 

Simultaneously, the significance of analyzing trade-offs that accompany these principles 

was also buttressed for consideration by TE researchers and other stakeholders. Together, 

it is these joint efforts that can help propel TEs in the domain of commercially viable 

ecofriendly technologies that can join forces with other renewable energy forms to enhance 

the potential of this platform.  

7.3. Future Work  

Admittedly, this work explored the ecological profile of thermoelectrics for 

different applications using numerous assumptions, especially regarding TE modules used 

in power plants (coal- and gas-based). However, there is a clear need to use this work as 

the basis for a deeper study on environmental performance of thermoelectric devices that 

understands them in a relatively more comprehensive sense. For instance, heat exchanger 

components – typically used in any TE device (generator) – were excluded for genuine 

reasons in this dissertation for both power plant-related analyses, but this should definitely 
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be addressed in any future work, especially for natural gas-based power plants. This is 

important particularly because while heat exchanger components reduce the overall system 

conversion efficiency, they also offer possibilities for ameliorating impacts via recovery 

and recycling, as shown in Chapter 5. In fact, these components could even make some of 

the existing TEs ecologically beneficial for gas-based power plants (peak load) and other 

such periodic waste heat emitting applications, as well as for continuous waste heat 

emitting end-uses where less-polluting fossil fuels are used.  

Apart from the consideration of heat exchanger components, another key feature 

that is required in future LCA studies is a more critical emphasis on multiple other aspects 

that combine to provide a clear analysis of long-term environmental performance of this 

platform. Such analysis must focus on several aspects. First, it is critical to evaluate the 

practical manner in which TE devices can be used in any application, and therefore, such 

analysis must typically accompany the evaluation of TE performance of such devices for 

the concerned application. This can ensure that other critical aspects, such as the effects of 

TE devices on thermodynamics of waste heat flow, or those of chemical composition of 

waste heat gas on TE conversion efficiencies, are already factored in the final system 

conversion efficiency exhibited by these devices. Such joint evaluation – of both TE and 

environmental performance – of these devices must be further extended to long-term usage, 

particularly for large-scale commercial applications, such as industries, power plants, and 

automobiles, to assess their overall prospects. Moreover, this evaluation must also factor 

in the effects of discontinuity in waste heat emission – like that considered in this work. A 

detailed, exhaustive exercise of the kind described here can enable a thorough comparison 
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of various TE materials that can be potentially used for the considered application, 

provided they can be used across the same operational temperature range – essential for 

greater validity of LCA study. Lastly, such a detailed exercise can be combined with long-

term cost analysis of TEs to provide a comprehensive overview of their thermodynamic, 

environmental and economic feasibility. Overall, this entire gamut of efforts across 

multiple end-uses can help policymakers in identifying potential TEs that can be used for 

different kinds of applications, while also helping them and other stakeholders to focus on 

ways through which these materials can be made commercially viable for desired end-uses.  

A key focus of efforts on evaluating long-term performance of TEs must be to vary 

the functional unit and determine its effect on environmental performance of TE devices. 

For instance, instead of focusing on per-unit of fuel saving or energy generation, it would 

be more prudent to look at how TEs that harvest the same amount of energy over the same 

duration (say, 1000 W of heat energy over 15 years) perform and compare against each 

other. Here, both the amount of energy as well as duration of use can be varied to estimate 

their respective and combined effects on life-cycle ecological outcomes of this platform.  

Apart from novel TEs, it is important to develop techniques that are frugal in their 

material and energy use, as highlighted in Principle #4 (Chapter 6). Thorough research is 

needed on this aspect, both in terms of development and commercialization of such 

techniques through in-house research and essential coordination with module 

manufacturers. Environmental analysis of such techniques must also be undertaken at the 

same time as their development to determine if these should be further promoted or not.  
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It must be understood that while circular economy approach has been proposed in 

this work, it still remains a novel aspect for thermoelectric domain given the lack of suitable 

techniques for recycling TE legs. The method suggested in this dissertation is an adaptation 

of the traditional pyrometallurgical approach where the desired part is melted and then 

slowly cooled to get back the material in its near-original state. However, this must actually 

be tested and studied in detail for different TEs prior to its advocation for even 

commercialization. Other approaches for recovery and recycling of TE materials must also 

be developed, tested and evaluated for both their recycling and ecological performance, 

prior to further development for commercial advancement.  
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APPENDIX-A 

SUPPORTING INFORMATION FOR CHAPTER 3 

A. Ecological Profile of Thermoelectrics for Continuous Waste Heat 

Emitting Applications 

1. Introduction 

For the cradle-to-grave life cycle assessment (LCA) of thermoelectric (TE) 

modules, this Appendix provides detailed inventory analysis and results on characterized 

impacts for chosen modules. It was assumed that after procuring the desired inputs, all TE 

modules were manufactured in the US, using the average 2015 U.S. electric grid mix for 

processing their individual components (due to paucity of more recent data).   

2. Modules: Inventory for Production 

The respective steps for processing individual components of TE modules, 

especially TE legs, has been provided in Chapter 2. Based on literature, for TE legs, a 

number of common steps are used to process powders and produce these legs, such as 

melting, annealing, ball milling, and sintering (either hot-pressing or spark plasma 

sintering). Table A-1 shows the equipment and common process parameters used for such 

equipment, along with supporting literature. For equipment, the primary consideration was 

ensuring the possibility of large-scale production of TE modules that would be 

commensurate with their commercialization or near-commercial state. This is especially 

true in case of annealing, spark plasma sintering (SPS) and hot-pressing equipment, 

particularly through the use of multi-cavity dies for hot pressing to make multiple sintered 

samples together. On the other hand, since there was complete lack of information on 

typical parameters used for a number of these processes, the maximal values of these 

parameters for at least small-scale production of module components, especially TE legs, 
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were considered. This explains, for instance, the use of 2-inch diameter and 0.5-inch height 

as maximum values for samples sintered using either of hot-pressing or SPS.  

Using these parameters and the various steps used, a detailed inventory for each of 

these components was calculated and is provided below. Each calculation was undertaken 

assuming 1,000 kg of major material as the output for concerned process (barring in some 

cases). Electricity consumption was calculated while keeping in mind the wattage of 

chosen equipment, time of usage as pointed out in concerned literature, and the volume of 

packing assumed for various processes, such as annealing.  

Table A-1: Equipment & common process parameters used 

Processes Equipment used 

Common process parameters that were 

used or assumed (unless specified 

otherwise in literature) 

Ball milling 
Pulverisette 5/4 

Planetary Mill216 

• Ball-to-powder ratio = 10:1 (by weight) 

• Maximum volume usage per vial: 95 % 

• Mode of milling: Wet milling 

• Volume of wet milling fluid used: 40 % 

of total vial volume 

• Typical fluid used: Ethanol, unless 

specified otherwise 

• Material loss per run: 5 %  

Annealing or 

Sintering 

11-RO-4812036-20A or 

11-SC-369624-25A, 

depending on the 

temperature217 

• Quartz/Silica tubes: 6 mm inner diameter, 

10 mm outer diameter, length is 95 % of 

length of furnace 

• Alternative ways of placing samples: 

Ceramic boats 

• Dimensions of boats specific to nature of 

system considered and other sample 

dimensions required 
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The methodology that was used to estimate leg dicing efficiency (LDE) in this work 

can be understood by taking an example, for which p-type legs for SK-1 module are 

considered. Dimensions for these legs are 4 mm × 4 mm × 4 mm103 (Table 2-2), while the 

• Mass loss per run: 5 % (when no quartz 

tubes are used) 

Spark 

plasma 

sintering 

H-HP D 10218 • Sample diameter: 2 inches max. 

• Sample height: 0.5-inch max. 

Hot pressing QIH 15L219 

Cold 

isostatic 

pressing 

N.A. • No energy consumed 

Induction 

melting 
IT-KTV-65/100/1650220 

• Parameters assumed from equipment 

details 

Arc melting 

Arc 200 Cold Crucible 

Arc Melting Furnace 

and Casting Module221 

• Parameters assumed from equipment 

details 

Powder 

mixing 
N.A. 

• No energy consumed – assumed to be 

done manually 

TE leg 

polishing 

NANO 1200T Manual 

polisher222 

• Used with a polisher recirculating filter 

system for water 

• Desired flow rate of water = 0.8 

gallons/min 

• Additional equipment: 8/10 inch single-

wheel, bench top grinder/polisher 

• Number of samples polished in a single 

run of polishing: 3 
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cylindrical sintered samples from which these legs are made were considered to have initial 

dimensions of diameter of 2 inch or 50.8 mm, and height of 0.5 inch or 12.75 mm. 

However, prior to leg dicing, polishing of these sintered samples was considered to be 

conducted, during which it was assumed that 5 % of height was shaved off on either side, 

meaning that the sample had a new height of 11.43 mm after polishing step.  

 

Figure A.1: Diameter of (circular end of) cylindrical sample and maximum length of 

square that can be removed 

Now, at either end of this sintered sample, the diameter of the circular end is 50.8 

mm. First, the maximum length of square that can be formed on this circle was calculated, 

meaning that the diagonal of this square is the diameter of this circle (i.e., 50.8 mm) in this 

scenario (Figure A.1). Through calculations, this value was obtained as 35.92 mm. This 

mode of cutting was considered as it was expected to yield the maximum amount of 

material for the same setting of cutting (i.e., no need to handle dicing equipment separately 

for each length and width of cutting across different runs for the cylinder). Hence, the 

square that can be easily cut using dicing equipment at either of the circular ends of sintered 

and polished samples, would be this square, with the length of cutting through the sample 

being the height of this cylinder (i.e., 11.43 mm). Next, the total number of cuts that needed 

to be made along the length, width and height of this sample (cylinder) was calculated to 

determine the final number of TE legs that can be obtained from 1 cylinder. Also, this kept 

in mind the thickness of dicing blade, which is considered to be 0.35 mm223. These values 

– total number of cuts, and total number of TE legs, are shown in the following equations.  
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ =  
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑇𝐸 𝑙𝑒𝑔 + 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑙𝑎𝑑𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

=  𝑖𝑛𝑡𝑒𝑔𝑒𝑟 (
35.92 𝑚𝑚

(4 + 0.35) 𝑚𝑚
) = 8 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 𝑤𝑖𝑑𝑡ℎ =  
𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒

𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑇𝐸 𝑙𝑒𝑔 + 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑙𝑎𝑑𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

=  𝑖𝑛𝑡𝑒𝑔𝑒𝑟 (
35.92 𝑚𝑚

(4 + 0.35) 𝑚𝑚
) = 8 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 =  
𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒

𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐸 𝑙𝑒𝑔 + 𝑆𝑎𝑚𝑝𝑙𝑒 𝑏𝑙𝑎𝑑𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

=  𝑖𝑛𝑡𝑒𝑔𝑒𝑟 (
11.43 𝑚𝑚

(4 + 0.35) 𝑚𝑚
) = 2 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑜𝑓 𝑙𝑒𝑔𝑠 𝑝𝑒𝑟 1 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

=  𝑁𝑜. 𝑜𝑓 𝑐𝑢𝑡𝑠 𝑎𝑙𝑜𝑛𝑔 (𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ × ℎ𝑒𝑖𝑔ℎ𝑡) = 8 × 8 × 2 = 128 

 

Subsequently, this total no. of legs was multiplied by the mass of 1 leg, which is 

the product of volume of leg and density of material, to obtain the total mass of legs 

produced from one-cylinder sample.  

 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑒𝑔𝑠 𝑝𝑒𝑟 1 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

= 𝑁𝑜. 𝑜𝑓 𝑙𝑒𝑔𝑠 𝑝𝑒𝑟 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑀𝑎𝑠𝑠 𝑜𝑓 1 𝑙𝑒𝑔, 𝑜𝑟 

⇒ 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑒𝑔𝑠 𝑝𝑒𝑟 1 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

= 128 × (4 𝑚𝑚)3 × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 

 

Dicing efficiency is the ratio of mass obtained as legs to the initial mass of cylinder. 

 

𝐷𝑖𝑐𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑒𝑔𝑠 𝑝𝑒𝑟 1 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 
, 𝑜𝑟  

⇒ 𝐷𝑖𝑐𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
128 × (4 𝑚𝑚)3 × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝜋 × (25 𝑚𝑚)2 × 11.43 𝑚𝑚 × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
, 𝑜𝑟  

⇒ 𝐷𝑖𝑐𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  35.36 % 
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2.1. BT-1 Module  

Tables A-2 and A-3 show the respective inventory for producing p- and n-type legs 

for BT-1 module, while Tables A-4 and A-5 respectively provide the inventory details for 

alumina plates and copper tabs used in this module.  

Table A-2: Inventory for producing p-type leg (BT-1 module) 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 powders 1000.00 kg 

Input Materials 

Bismuth (Bi) 126.42 kg 

Antimony (Sb) 294.64 kg 

Tellurium (Te) 578.94 kg 

Step 2: Annealing (@ 850°C, 1.5 h)  

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 - Annealed 1000.00 kg 

Input Material Bi0.4Sb1.6Te3 powders 1052.63 kg 

Input Energy Electricity 16666.82 kWh 

Output Waste: Solid Bi2Te2.4Se0.6 powders II (Landfill) 52.63 kg 

Step 3: Ball Milling  

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 powders II 1000.00 kg 

Input Materials 
Bi0.4Sb1.6Te3 - Annealed 1052.63 kg 

Ethanol 281.76 kg 

Input Energy Electricity 109.37 kWh 

Output Waste: Liquid Ethanol 281.76 kg 

Output Waste: Solid Bi0.4Sb1.6Te3 powders II (Landfill) 52.63 kg 

Step 4: Cold Isostatic Pressing (@ 800 MPa) (No electricity consumption assumed) 

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 - CIP Sample 1000.00 kg 
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Input Material Bi0.4Sb1.6Te3 powders II 1052.63 kg 

Output Waste: Solid Bi0.4Sb1.6Te3 powders II 52.63 kg 

Step 5: Annealing (@ 400°C, 10 h) 

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 - Ingot 1000.00 kg 

Input Materials 

Bi0.4Sb1.6Te3 - CIP Sample 1000.00 kg 

Argon 1.53 kg 

Electricity 45625.76 kWh 

Output Waste: Air Argon 1.53 kg 

Step 6: Ingot Polishing  

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 - Polished Ingot 1000.00 kg 

Input Materials 
Bi0.4Sb1.6Te3 - Ingot 1111.11 kg 

Water 38401.68 kg  

Input Energy Electricity 5504.24 kWh 

Output Waste: Solid Bi0.4Sb1.6Te3 - Landfill 111.11 kg 

Output Waste: Liquid Waste water  38512.79 kg 

Step 7: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 - Legs 1000.00 kg 

Input Materials 

Bi0.4Sb1.6Te3 - Polished Ingot 9542.59 kg 

Borax 1090.81 kg 

Sodium nitrate 1090.81 kg 

Water 291305.43 kg 

Input Energy Electricity 359122.35 kWh 

Output Waste: Liquid Waste water  293487.06 kg 

Output Waste: Solid Bi0.4Sb1.6Te3 (Landfill) 8542.59 kg 
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Table A-3: Inventory for producing n-type leg (BT-1 module) 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 powders 1000.00 kg 

Input Materials 

Bismuth (Bi) 541.70 kg 

Tellurium (Te) 396.90 kg 

Selenium (Se) 61.40 kg 

Step 2: Annealing (@ 850°C, 1.5 h) 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 - Annealed 1000.00 kg 

Input Material Bi2Te2.4Se0.6 powders 1052.63 kg 

Input Energy Electricity 15063.28 kWh 

Output Waste: Solid Bi2Te2.4Se0.6 powders II (Landfill) 52.63 kg 

Step 3: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 powders II 1000.00 kg 

Input Materials 
Bi2Te2.4Se0.6 - Annealed 1052.63 kg 

Ethanol 273.24 kg 

Input Energy Electricity 106.06 kWh 

Output Waste: Liquid Ethanol 273.24 kg 

Output Waste: Solid Bi2Te2.4Se0.6 powders II (Landfill) 52.63 kg 

Step 4: Cold Isostatic Pressing (@800 MPa) (No electricity consumption assumed) 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 - CIP Sample 1000.00 kg 

Input Material Bi2Te2.4Se0.6 powders II 1052.63 kg 

Output Waste: Solid Bi2Te2.4Se0.6 powders II 52.63 kg 

Step 5: Annealing (@ 400°C, 10 h) 

Type of Parameter Parameter Value Unit 
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Table A-4: Inventory for producing alumina plates (BT-1 module) 

Output Material Bi2Te2.4Se0.6 - Ingot 1000.00 kg 

Input Materials 

Bi2Te2.4Se0.6 - CIP Sample 1000.00 kg 

Argon 1.38 kg 

Electricity 41236.04 kWh 

Output Waste: Air Argon 1.38 kg 

Step 6: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 - Polished Ingot 1000.00 kg 

Input Materials 
Bi2Te2.4Se0.6 - Ingot 1111.11 kg 

Water 34707.00 kg 

Input Energy Electricity 4974.67 kWh 

Output Waste: Liquid Waste water  34818.12 kg 

Step 7: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 - Legs 1000.00 kg 

Input Materials 

Bi2Te2.4Se0.6 - Polished Ingot 9542.59 kg 

Borax 985.87 kg 

Sodium nitrate 985.87 kg 

Water 263278.57 liters 

Input Energy Electricity 324570.74 kWh 

Output Waste: Liquid Waste water  265250.30 kg 

Output Waste: Solid Bi2Te2.4Se0.6 (Landfill) 8542.59 kg 

Step 1: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Alumina - Ball milled powder 1000.00 kg 

Input Materials Alumina 1052.63 kg 
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Table A-5: Inventory for producing copper tabs (BT-1 module) 

2.2. BT-2 Module  

Tables A-6, A-7, A-8 and A-9 give the inventory details for p-type legs, n-type legs, 

alumina plates and copper tabs used in BT-2 module respectively.  

Ethanol 349.30 kg 

Input Energy Electricity 19523.70 kWh 

Output Waste: Liquid Ethanol 349.30 kg 

Output Waste: Solid Alumina powder 52.63 kg 

Step 2: Sintering (@ 1500°C, 1 h, 3°C/min)  

(Assuming zero energy consumption for cold isostatic pressing) 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Sintered 1000.00 kg 

Input Materials Alumina - Ball milled powder 1052.63 kg 

Input Energy Electricity 6397787.35 kWh 

Output Waste: Solid Alumina powder 52.63 kg 

Step 3: Polishing 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Final 1000.00 kg 

Input Materials 
Alumina plate - Sintered 1111.11 kg 

Water 7131.29 kg 

Input Energy Electricity 1467.86 kWh 

Output Waste: Solid Alumina plate 111.11 kg 

Type of Parameter Parameter Value Unit 

Output Material Copper tabs 1000.00 kg 

Input Materials Copper sheet 1000.32 kg 

Input Energy Electricity 69416.35 kWh 

Output Waste: Solid Copper 0.32 kg 
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Table A-6: Inventory for producing p-type leg (BT-2 module) 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 powders 1000.00 kg 

Input Materials 

Bismuth (Bi) 126.42 kg 

Antimony (Sb) 294.64 kg 

Tellurium (Te) 578.94 kg 

Step 2: Hot pressing (@ 700 kg/cm2, 15 min, 770 K) 

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 - Hot ingot I 1000.00 kg 

Input Materials 
Bi0.4Sb1.6Te3 powders 1052.63 kg 

Argon 69.18 kg 

Input Energy Electricity 29213.25 kWh 

Output Emissions: Air Argon 69.18 kg 

Output Emissions: Solid Bi0.4Sb1.6Te3 powders (Landfill) 52.63 kg 

Step 3: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material Bi0.4Sb1.6Te3 - Polished Ingot 1000.00 kg 

Input Materials 
Bi0.4Sb1.6Te3 - Hot ingot II 1111.11 kg 

Water 135.72 kg  

Input Energy Electricity 19.45 kWh 

Output Waste: Liquid Waste water  246.83 kg 

Step 4: Leg Dicing 

Output Material Bi0.4Sb1.6Te3 - Legs 1000.00 kg 

Input Materials 

Bi0.4Sb1.6Te3 - Polished Ingot 1741.49 kg 

Borax 12.18 kg 

Sodium nitrate 12.18 kg 

Water 3251.89 kg  
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Table A-7: Inventory for producing n-type leg (BT-2 module) 

Input Energy Electricity 4008.95 kWh 

Output Waste: Liquid Waste water  3276.25 kg 

Output Waste: Solid Bi0.4Sb1.6Te3 (Landfill) 741.49 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 powders 1000.00 kg 

Input Materials 

Bismuth (Bi) 541.70 kg 

Tellurium (Te) 396.90 kg 

Selenium (Se) 61.40 kg 

Step 2: Hot pressing (@ 700 kg/cm2, 15 min, 770 K) 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 - Hot ingot I 1000.00 kg 

Input Materials 
Bi2Te2.4Se0.6 powders 1052.63 kg 

Argon 62.52 kg 

Input Energy Electricity 26402.60 kWh 

Output Emissions: Air Argon 62.52 kg 

Output Emissions: Solid Bi2Te2.4Se0.6 powders (Landfill) 52.63 kg 

Step 3: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material Bi2Te2.4Se0.6 - Polished Ingot 1000.00 kg 

Input Materials 
Bi2Te2.4Se0.6 - Hot ingot II 1111.11 kg 

Water 122.66 kg 

Input Energy Electricity 17.58 kWh 

Output Waste: Liquid Waste water  233.78 kg 

Step 4: Leg Dicing 

Type of Parameter Parameter Value Unit 
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Table A-8: Inventory for producing alumina plates (BT-2 module) 

Output Material Bi2Te2.4Se0.6 - Legs 1000.00 kg 

Input Materials 

Bi2Te2.4Se0.6 - Polished Ingot 1833.62 kg 

Borax 10.99 kg 

Sodium nitrate 10.99 kg 

Water 2934.64 liters 

Input Energy Electricity 3617.84 kWh 

Output Waste: Liquid Waste water  2956.62 kg 

Output Waste: Solid Bi2Te2.4Se0.6 (Landfill) 833.62 kg 

Step 1: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Alumina - Ball milled powder 1000.00 kg 

Input Materials 
Alumina 1052.63 kg 

Ethanol 349.30 kg 

Input Energy Electricity 19523.70 kWh 

Output Waste: Liquid Ethanol 349.30 kg 

Output Waste: Solid Alumina powder 52.63 kg 

Step 2: Sintering (@ 1500°C, 1 h, 3°C/min)  

(Assuming zero energy consumption for cold isostatic pressing) 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Sintered 1000.00 kg 

Input Materials Alumina - Ball milled powder 1052.63 kg 

Input Energy Electricity 868030.18 kWh 

Output Waste: Solid Alumina powder 52.63 kg 

Step 3: Polishing 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Final 1000.00 kg 

Input Materials Alumina plate - Sintered 1111.11 kg 
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Table A-9: Inventory for producing copper tabs (BT-2 module) 

2.3. SK-1 Module  

Tables A-10, A-11, A-12 and A-13 give the respective inventory details for p- and 

n-type legs, alumina plates and copper tabs of SK-1 module.  

Table A-10: Inventory for producing p-type leg (SK-1 module) 

Water 4054.49 kg 

Input Energy Electricity 834.55 kWh 

Output Waste: Solid Alumina plate 4165.60 kg 

Type of Parameter Parameter Value Unit 

Output Material Copper tabs 1000.00 kg 

Input Materials Copper sheet 1000.54 kg 

Input Energy Electricity 288057.16 kWh 

Output Waste: Solid Copper 0.54 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Fe3.45Ni0.6Sb12 1000.00 kg 

Input Materials 

Iron (Fe) 114.07 kg 

Nickel (Ni) 20.85 kg 

Antimony (Sb) 865.08 kg 

Step 2: Melting (Quartz Tube, @ 950°C) 

Type of Parameter Parameter Value Unit 

Output Material Molten Fe3.45Ni0.6Sb12 1000.00 kg 

Input Material Fe3.45Ni0.6Sb12 1000.00 kg 

Input Energy Electricity 12380.18 kWh 

Step 3: Quenching to Room Temperature  

(Assumed to consume no energy – Sample is just kept out to cool) 
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Step 4: Addition of didymium to make DD0.76Fe3.45Ni0.6Sb12  

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 1000.00 kg 

Input Materials 
Didymium (DD) 60.89 kg 

Molten Fe3.45Ni0.6Sb12 939.11 kg 

Step 5: Vacuum-sealing in Quartz Tube  

(Negligible energy consumption – Assumed)  

Step 6: Heating (@ 600°C, 3 days; @ 720°C, 2 days) 

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 - Heated Set I 1000.00 kg 

Input Material DD0.76Fe3.45Ni0.6Sb12 1000.00 kg 

Input Energy Electricity 425961.80 kWh 

Step 7: Sample Melting (@ 950°C) 

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 - Melting 1000.00 kg 

Input Material DD0.76Fe3.45Ni0.6Sb12 - Heated Set I 1000.00 kg 

Input Energy Electricity 9633.47 kWh 

Step 8: Air Quenching (Assumed to have zero energy consumption) 

Step 9: Annealing (@ 600°C for 5 days) 

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 - Annealed Set 1000.00 kg 

Input Material DD0.76Fe3.45Ni0.6Sb12 - Melting 1000.00 kg 

Input Energy Electricity 424569.01 kWh 

Step 10: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 - Powders 1000.00 kg 

Input Materials 
DD0.76Fe3.45Ni0.6Sb12 - Annealed Set 1052.63 kg 

Cyclohexane 177.41 kg 
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Input Energy Electricity 836.94 kWh 

Output Emissions: 

Liquid 
Cyclohexane 177.41 kg 

Output Emissions: Solid DD0.76Fe3.45Ni0.6Sb12 - Powders 52.63 kg 

Step 11: Hot Pressing (@ 600°C, 50 MPa, Ar atm) 

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 - Ingot 1000.00 kg 

Input Materials 
DD0.76Fe3.45Ni0.6Sb12 - Powders 1052.63 kg 

Argon 295.49 kg 

Input Energy Electricity 131352.53 kWh 

Output Emissions: Air Argon 295.49 kg 

Output Emissions: Solid DD0.76Fe3.45Ni0.6Sb12 - Powders 52.63 kg 

Step 12: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 - Polished Ingot 1000.00 kg 

Input Materials 
DD0.76Fe3.45Ni0.6Sb12 - Ingot 1111.11 kg 

Water 1005.30 kg 

Input Energy Electricity 206.92 kWh 

Output Waste: Liquid Waste water  1116.41 kg 

Step 13: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material DD0.76Fe3.45Ni0.6Sb12 - Legs 1000.00 kg 

Input Materials 

DD0.76Fe3.45Ni0.6Sb12 - Polished Ingot 2827.96 kg 

Borax 18.29 kg 

Sodium nitrate 18.29 kg 

Water 4883.11 liters 

Input Energy Electricity 6019.92 kWh 

Output Waste: Liquid Waste water  4919.68 kg 
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Table A-11: Inventory for producing n-type leg (SK-1 module) 

Output Waste: Solid DD0.76Fe3.45Ni0.6Sb12 (Landfill) 1827.96 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Ba0.08La0.05Yb0.04Co4Sb12 powders 1000.00 kg 

Input Material 

Barium (Ba) 6.38 kg 

Lanthanum (La) 4.03 kg 

Ytterbium (Yb) 4.02 kg 

Cobalt (Co) 136.92 kg 

Antimony (Sb) 848.65 kg 

Step 2: Induction Melting 

Type of Parameter Parameter Value Unit 

Output Material Ba0.08La0.05Yb0.04Co4Sb12 melt 1000.00 kg 

Input Materials 
Ba0.08La0.05Yb0.04Co4Sb12 powders 1000.00 kg 

Argon 0.96 kg 

Input Energy Electricity 23323.80 kWh 

Output Waste: Air Argon 0.96 kg 

Step 3: Quenching to Room Temperature 

(Assumed to consume no energy – Sample is just kept out to cool) 

Step 4: Annealing (@ 750°C, 1 week) 

Type of Parameter Parameter Value Unit 

Output Material 
Ba0.08La0.05Yb0.04Co4Sb12 - Annealed 

I 
1000.00 kg 

Input Material Ba0.08La0.05Yb0.04Co4Sb12 melt 1052.63 kg 

Input Energy Electricity 7046.83 kWh 

Output Waste: Solid 
Ba0.08La0.05Yb0.04Co4Sb12 powders 

(Landfill) 
52.63 kg 

Step 5: Ball Milling 
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Type of Parameter Parameter Value Unit 

Output Material Ba0.08La0.05Yb0.04Co4Sb12 - Powders I 1000.00 kg 

Input Materials 

Ba0.08La0.05Yb0.04Co4Sb12 - Annealed 

I 
1052.63 kg 

Ethanol 468.29 kg 

Input Energy Electricity 545.30 kWh 

Output Waste: Liquid Ethanol 468.29 kg 

Output Waste: Solid Ba0.08La0.05Yb0.04Co4Sb12 - Powders I 52.63 kg 

Step 6: Cold Isostatic Pressing (Assumption – No energy consumed) 

Type of Parameter Parameter Value Unit 

Output Material 
Ba0.08La0.05Yb0.04Co4Sb12 - CIP 

Sample 
1000.00 kg 

Input Material Ba0.08La0.05Yb0.04Co4Sb12 - Powders I 1052.63 kg 

Output Waste: Solid Ba0.08La0.05Yb0.04Co4Sb12 - Powders I 52.63 kg 

Step 7: Annealing (@ 750°C, 1 week) 

Type of Parameter Parameter Value Unit 

Output Material 
Ba0.08La0.05Yb0.04Co4Sb12 - Annealed 

II 
1000.00 kg 

Input Material 
Ba0.08La0.05Yb0.04Co4Sb12 - CIP 

Sample 
1000.00 kg 

Input Energy Electricity 7520.53 kWh 

Step 8: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material 
Ba0.08La0.05Yb0.04Co4Sb12 - Powders 

II 
1000.00 kg 

Input Materials 

Ba0.08La0.05Yb0.04Co4Sb12 - Annealed 

II 
1052.63 kg 

Ethanol 400.44 kg 
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Input Energy Electricity 509.09 kWh 

Output Waste: Liquid Ethanol 400.44 kg 

Output Waste: Solid 
Ba0.08La0.05Yb0.04Co4Sb12 - Powders 

II 
52.63 kg 

Step 9: Spark Plasma Sintering (SPS, @ 650°C, 50 MPa) 

Type of Parameter Parameter Value Unit 

Output Material Ba0.08La0.05Yb0.04Co4Sb12 - SPS Ingot 1000.00 kg 

Input Materials 

Ba0.08La0.05Yb0.04Co4Sb12 - Powders 

II 
1052.63 kg 

Argon 9.13 kg 

Input Energy Electricity 59737.18 kWh 

Output Waste: Air Argon 9.13 kg 

Output Waste: Solid 
Ba0.08La0.05Yb0.04Co4Sb12 - Powders 

II 
52.63 kg 

Step 10: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material 
Ba0.08La0.05Yb0.04Co4Sb12 - Polished 

Ingot 
1000.00 kg 

Input Materials Ba0.08La0.05Yb0.04Co4Sb12 - SPS Ingot 1111.11 kg 

 Water 1109.35 kg 

Input Energy Electricity 228.34 kWh 

Output Waste: Liquid Waste water 1220.46 kg 

Step 11: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material Ba0.08La0.05Yb0.04Co4Sb12 - Legs 1000.00 kg 

Input Materials 

Ba0.08La0.05Yb0.04Co4Sb12 - Polished 

Ingot 
3297.71 kg 

Borax 21.35 kg 
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Table A-12: Inventory for producing alumina plates (SK-1 module) 

Sodium nitrate 21.35 kg 

Water 5701.75 kg  

Input Energy Electricity 7029.13 kWh 

Output Waste: Liquid Waste water 5744.45 kg 

Output Waste: Solid Ba0.08La0.05Yb0.04Co4Sb12 (Landfill) 2297.71 kg 

Step 1: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Alumina - Ball milled powder 1000.00 kg 

Input Materials 
Alumina 1052.63 kg 

Ethanol 349.30 kg 

Input Energy Electricity 19523.70 kWh 

Output Waste: Liquid Ethanol 349.30 kg 

Output Waste: Solid Alumina powder 52.63 kg 

Step 2: Sintering (@ 1500°C, 1 h, 3°C/min) 

(assuming zero energy consumption for cold isostatic pressing) 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Sintered 1000.00 kg 

Input Materials Alumina - Ball milled powder 1052.63 kg 

Input Energy Electricity 919316.71 kWh 

Output Waste: Solid Alumina powder 52.63 kg 

Step 3: Polishing 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Final 1000.00 kg 

Input Materials 
Alumina plate - Sintered 1111.11 kg 

Water 4450.20 kg 

Input Energy Electricity 916.00 kWh 

Output Waste: Solid Alumina plate 4561.31 kg 
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Table A-13: Inventory for producing copper tabs (SK-1 module) 

2.4. SK-2 Module  

Tables A-14, A-15, A-16 and A-17 give the respective inventory details for p- and 

n-type legs, alumina plates and copper tabs of SK-2 module.  

Table A-14: Inventory for producing p-type leg (SK-2 module) 

Type of Parameter Parameter Value Unit 

Output Material Copper tabs 1000.00 kg 

Input Materials Copper sheet 1001.74 kg 

Input Energy Electricity 9768.48 kWh 

Output Waste: Solid Copper 1.74 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 powders 1000.00 kg 

Input Materials 

Cerium (Ce) 22.66 kg 

Iron (Fe) 49.03 kg 

Cobalt (Co) 84.41 kg 

Antimony (Sb) 843.90 kg 

Step 2: Annealing (Quartz tube sealed under pressure, @ 1100°C, 30 h, 5 K/min)   

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Annealed Set I 1000.00 kg 

Input Material CeyFexCo4-xSb12 powders 1000.00 kg 

Input Energy Electricity 153768.37 kWh 

Step 3: Quenching in Water Bath (Assumed to have zero energy consumption) 

Step 4: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Powders Set I 1000.00 kg 

Input Materials CeyFexCo4-xSb12 - Annealed Set I 1052.63 kg 
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Ethanol 466.35 kg 

Input Energy Electricity 543.04 kWh 

Output Waste: Liquid Ethanol 466.35 kg 

Output Waste: Solid 
CeyFexCo4-xSb12 - Powders Set I 

(Landfill) 
52.63 kg 

Step 5: Cold Isostatic Pressing (Assumed to consume zero energy)   

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - CIP 1000.00 kg 

Input Material CeyFexCo4-xSb12 - Powders Set I 1052.63 kg 

Output Waste: Solid 
CeyFexCo4-xSb12 - Powders Set I 

(Landfill) 
52.63 kg 

Step 6: Annealing (Silica Tubes, @ 700°C, 7 days) 

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Annealed Set II 1000.00 kg 

Input Material CeyFexCo4-xSb12 - CIP 1000.00 kg 

Input Energy Electricity 149088.75 kWh 

Step 7: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Powders Set II 1000.00 kg 

Input Materials 
CeyFexCo4-xSb12 - Annealed Set II 1052.63 kg 

Ethanol 466.35 kg 

Input Energy Electricity 543.04 kWh 

Output Waste: Liquid Ethanol 466.35 kg 

Output Waste: Solid 
CeyFexCo4-xSb12 - Powders Set II 

(Landfill) 
52.63 kg 

Step 8: Washing with Acids (No electricity assumed to be consumed) 

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Washed Set 1000.00 kg 
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Input Materials 

CeyFexCo4-xSb12 - Powders Set II 1111.11 kg 

Hydrochloric acid (HCl) 173.43 kg 

Nitric acid (HNO3) 221.93 kg 

Output Waste: Liquid Waste water 395.36 kg 

Output Waste: Solid 
CeyFexCo4-xSb12 - Washed Set 

(Landfill) 
111.11 kg 

Step 9: Plasma Activated Sintering (SPS, @ 600°C, 15 min)  

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Ingot 1000.00 kg 

Input Material 
CeyFexCo4-xSb12 - Washed Set 1052.63 kg 

Argon 11.62 kg 

Input Energy Electricity 75986.03 kWh 

Output Waste: Air Argon 11.62 kg 

Output Waste: Solid 
CeyFexCo4-xSb12 - Washed Set 

(Landfill) 
52.63 kg 

Step 10: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Polished Ingot 1000.00 kg 

Input Materials 
CeyFexCo4-xSb12 - Ingot 1111.11 kg 

Water 1082.93 kg 

Input Energy Electricity 222.90 kWh 

Output Waste: Liquid Waste water 1194.05 kg 

Step 11: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material CeyFexCo4-xSb12 - Legs 1000.00 kg 

Input Materials 

CeyFexCo4-xSb12 - Polished Ingot 3064.18 kg 

Borax 14.45 kg 

Sodium nitrate 14.45 kg 
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Table A-15: Inventory for producing n-type leg (SK-2 module) 

Water 3857.74 kg  

Input Energy Electricity 4755.83 kWh 

Output Waste: Liquid Waste water 3886.63 kg 

Output Waste: Solid CeyFexCo4-xSb12 (Landfill) 2064.18 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Yb0.3Co4Sb12 - Powders 1000.00 kg 

Input Materials 

Ytterbium (Yb) 29.68 kg 

Cobalt (Co) 134.80 kg 

Antimony (Sb) 835.52 kg 

Step 2: Melting (@ 1100°C, 12 h, graphite crucible in quartz tube) 

Type of Parameter Parameter Value Unit 

Output Material Yb0.3Co4Sb12 - Molten Set 1000.00 kg 

Input Material Yb0.3Co4Sb12 - Powders 1000.00 kg 

Input Energy Electricity 23439.54 kWh 

Step 3: Quenching in Saltwater (Assumed to consume zero energy) 

Step 4: Annealing (@ 660°C, 7 days, quartz tube + graphite crucible) 

Type of Parameter Parameter Value Unit 

Output Material Yb0.3Co4Sb12 - Annealed Set 1000.00 kg 

Input Material Yb0.3Co4Sb12 - Molten Set 1000.00 kg 

Input Energy Electricity 238679.56 kWh 

Step 5: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Yb0.3Co4Sb12 - Milled Powders 1000.00 kg 

Input Materials 
Yb0.3Co4Sb12 - Annealed Set 1052.63 kg 

Ethanol 280.49 kg 
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Input Energy Electricity 326.61 kWh 

Output Waste: Liquid Ethanol 280.49 kg 

Output Waste: Solid 
Yb0.3Co4Sb12 - Milled Powders 

(Landfill) 
52.63 kg 

Step 6: Sieving (Assumed to consume no energy) 

Step 7: Hot pressing (@ 30 mm graphite dies; 620-640 °C, 55-60 MPa)  

Type of Parameter Parameter Value Unit 

Output Material Yb0.3Co4Sb12 - Ingot 1000.00 kg 

Input Materials 
Yb0.3Co4Sb12 - Milled Powders 1052.63 kg 

Argon 333.01 kg 

Input Energy Electricity 140628.30 kWh 

Output Waste: Air Argon 333.01 kg 

Output Waste: Solid Yb0.3Co4Sb12 - Milled Powders 52.63 kg 

Step 8: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material Yb0.3Co4Sb12 - Polished Ingot 1000.00 kg 

Input Materials 
Yb0.3Co4Sb12 - Ingot 1111.11 kg 

Water 1055.98 kg 

Input Energy Electricity 217.36 kWh 

Output Waste: Liquid Waste water 1167.09 kg 

Step 9: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material Yb0.3Co4Sb12 - Legs 1000.00 kg 

Input Materials 

Yb0.3Co4Sb12 - Polished Ingot 3432.10 kg 

Borax 15.99 kg 

Sodium nitrate 15.99 kg 

Water 4270.09 liters 

Input Energy Electricity 5264.19 kWh 
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Table A-16: Inventory for producing alumina plates (SK-2 module) 

Table A-17: Inventory for producing copper tabs (SK-2 module) 

Output Waste: Liquid Waste water 4302.07 kg 

Output Waste: Solid Yb0.3Co4Sb12 (Landfill) 2432.10 kg 

Step 1: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Alumina - Ball milled powder 1000.00 kg 

Input Materials 
Alumina 1052.63 kg 

Ethanol 349.30 kg 

Input Energy Electricity 19523.70 kWh 

Output Waste: Liquid Ethanol 349.30 kg 

Output Waste: Solid Alumina powder 52.63 kg 

Step 2: Sintering (@ 1500°C, 1 h, 3°C/min) 

(Assuming zero energy consumption for cold isostatic pressing)   

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Sintered 1000.00 kg 

Input Materials Alumina - Ball milled powder 1052.63 kg 

Input Energy Electricity 3606086.71 kWh 

Output Waste: Solid Alumina powder 52.63 kg 

Step 3: Polishing   

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Final 1000.00 kg 

Input Materials 
Alumina plate - Sintered 1111.11 kg 

Water 4593.74 kg 

Input Energy Electricity 945.55 kWh 

Output Waste: Solid Alumina plate 111.11 kg 

Type of Parameter Parameter Value Unit 
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2.5. HH Module  

Tables A-18, A-19, A-20 and A-21 give the respective inventory details for p-type 

legs, n-type legs, alumina plates and copper tabs of HH module.  

Table A-18: Inventory for producing p-type leg (HH module) 

Output Material Copper tabs 1000.00 kg 

Input Materials Copper sheet 1005.31 kg 

Input Energy Electricity 29581.60 kWh 

Output Waste: Solid Copper 5.31 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Hf0.5Zr0.5CoSb0.8Sn0.2 - Powder 1000.00 kg 

Input Materials 

Hafnium (Hf) 283.37 kg 

Zirconium (Zr) 144.83 kg 

Cobalt (Co) 187.13 kg 

Antimony (Sb) 309.29 kg 

Tin (Sn) 75.39 kg 

Step 2: Arc Melting of Elements 

Type of Parameter Parameter Value Unit 

Output Material 
Hf0.5Zr0.5CoSb0.8Sn0.2 - Arc Melting 

Set 
1000.00 kg 

Input Materials 

Hf0.5Zr0.5CoSb0.8Sn0.2 - Powder 1000.00 kg 

Water (recycled) 1218.00 liters 

Argon 15.52 kg 

Input Energy Electricity 58000.00 kWh 

Output Waste: Air Argon 15.52 kg 

Output Waste: Liquid Water 1218.00 kg 

Step 3: Ball Milling (@ 20 h) 
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Type of Parameter Parameter Value Unit 

Output Material Hf0.5Zr0.5CoSb0.8Sn0.2 - Powders 1000.00 kg 

Input Materials 

Hf0.5Zr0.5CoSb0.8Sn0.2 - Arc Melting 

Set 
1052.63 kg 

Ethanol 258.74 kg 

Input Energy Electricity 12051.40 kWh 

Output Waste: Liquid Ethanol 258.74 kg 

Output Waste: Solid 
Hf0.5Zr0.5CoSb0.8Sn0.2 - Powders 

(Landfill) 
52.63 kg 

Step 4: Hot Pressing (@ 1000-1050°C)   

Type of Parameter Parameter Value Unit 

Output Material Hf0.5Zr0.5CoSb0.8Sn0.2 - Ingot 1000.00 kg 

Input Materials 
Hf0.5Zr0.5CoSb0.8Sn0.2 - Powders 1052.63 kg 

Argon 298.35 kg 

Input Energy Electricity 125994.06 kWh 

Output Waste: Air Argon 298.35 kg 

Output Waste: Solid 
Hf0.5Zr0.5CoSb0.8Sn0.2 - Powders 

(Landfill) 
52.63 kg 

Step 5: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material Hf0.8Ti0.2CoSb0.8Sn0.2 - Polished Ingot 1000.00 kg 

Input Materials 
Hf0.8Ti0.2CoSb0.8Sn0.2 - Ingot 1111.11 kg 

Water 792.77 kg 

Input Energy Electricity 163.18 kWh 

Output Waste: Liquid Waste water 903.88 kg 

Step 6: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material Hf0.8Ti0.2CoSb0.8Sn0.2 - Legs 1000.00 kg 
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Table A-19: Inventory for producing n-type leg (HH module) 

Input Materials 

Hf0.8Ti0.2CoSb0.8Sn0.2 - Polished Ingot 3491.31 kg 

Borax 34.28 kg 

Sodium nitrate 34.28 kg 

Water 9154.54 kg 

Input Energy Electricity 11285.75 kWh 

Output Waste: Liquid Waste water 9223.10 kg 

Output Waste: Solid Hf0.8Ti0.2CoSb0.8Sn0.2 (Landfill) 2491.31 kg 

Step 1: Powder mixing 

Type of Parameter Parameter Value Unit 

Output Material 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Powder 
1000.00 kg 

Input Materials 

Hafnium (Hf) 296.05 kg 

Titanium (Ti) 39.70 kg 

Zirconium (Zr) 75.65 kg 

Nickel (Ni) 194.70 kg 

Tin (Sn) 389.86 kg 

Antimony (Sb) 4.04 kg 

Step 2: Arc Melting of Elements 

Type of Parameter Parameter Value Unit 

Output Material 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - Arc 

Melting Set 
1000.00 kg 

Input Materials 

Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Powder 
1000.00 kg 

Water (recycled) 1218.00 liters 

Argon 15.52 kg 

Input Energy Electricity 58000.00 kWh 

Output Waste: Air Argon 15.52 kg 
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Output Waste: Liquid Water 1218.00 kg 

Step 3: Ball Milling (@ 20 h) 

Type of Parameter Parameter Value Unit 

Output Material 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Powders 
1000.00 kg 

Input Materials 

Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - Arc 

Melting Set 
1052.63 kg 

Ethanol 260.26 kg 

Input Energy Electricity 12122.52 kWh 

Output Waste: Liquid Ethanol 260.26 kg 

Output Waste: Solid 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Powders (Landfill) 
52.63 kg 

Step 4: Hot pressing (@ 1000-1050°C) 

Type of Parameter Parameter Value Unit 

Output Material Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - Ingot 1000.00 kg 

Input Materials 

Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Powders 
1052.63 kg 

Argon 305.31 kg 

Input Energy Electricity 128930.66 kWh 

Output Waste: Air Argon 305.31 kg 

Output Waste: Solid 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Powders (Landfill) 
52.63 kg 

Step 5: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Polished Ingot 
1000.00 kg 

Input Materials 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - Ingot 1111.11 kg 

Water 811.25 kg 
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Table A-20: Inventory for producing alumina plates (HH module) 

Input Energy Electricity 166.98 kWh 

Output Waste: Liquid Waste water 922.36 kg 

Step 6: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - Legs 1000.00 kg 

Input Materials 

Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 - 

Polished Ingot 
3491.31 kg 

Borax 35.08 kg 

Sodium nitrate 35.08 kg 

Water 9367.91 kg 

Input Energy Electricity 11548.80 kWh 

Output Waste: Liquid Waste water 9438.07 kg 

Output Waste: Solid 
Hf0.5Ti0.25Zr0.25NiSn0.99Sb0.01 

(Landfill) 
2491.31 kg 

Step 1: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Alumina - Ball milled powder 1000.00 kg 

Input Materials 
Alumina 1052.63 kg 

Ethanol 349.30 kg 

Input Energy Electricity 19523.70 kWh 

Output Waste: Liquid Ethanol 349.30 kg 

Output Waste: Solid Alumina powder 52.63 kg 

Step 2: Sintering (@ 1500°C, 1 h, 3°C/min) 

(Assuming zero energy consumption for cold isostatic pressing) 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Sintered 1000.00 kg 

Input Materials Alumina - Ball milled powder 1052.63 kg 
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Table A-21: Inventory for producing copper tabs (HH module) 

2.6. PT Module  

Tables A-22, A-23, A-24 and A-25 give the respective inventory details for p- and 

n-type legs, alumina plates and copper tabs of PT module. For copper patterns, the same 

inventory was used as that for copper tabs, while the polyethylene film was approximated 

to be the same as that of polyethylene (for simplicity).  

Table A-22: Inventory for producing p-type leg (PT module) 

Input Energy Electricity 913348.27 kWh 

Output Waste: Solid Alumina powder 52.63 kg 

Step 3: Polishing  

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Final 1000.00 kg 

Input Materials 
Alumina plate - Sintered 1111.11 kg 

Water 16353.65 kg 

Input Energy Electricity 3366.13 kWh 

Output Waste: Solid Alumina plate 16464.76 kg 

Type of Parameter Parameter Value Unit 

Output Material Copper tabs 1000.00 kg 

Input Materials Copper sheet 1002.49 kg 

Input Energy Electricity 24808.88 kWh 

Output Waste: Solid Copper 2.49 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material PbTe-2 % MgTe, doped with 4 % Na 1000.00 kg 

Input Materials 
Lead (Pb) 606.60 kg 

Tellurium (Te) 389.10 kg 
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Magnesium (Mg) 1.50 kg 

Sodium (Na) 2.80 kg 

Step 2: Glove Box Mixing & Powder Filling in Quartz Tube 

Type of Parameter Parameter Value Unit 

Output Material 
PbTe-2 % MgTe, doped with 4 % Na 

- Sealed 
1000.00 kg 

Input Materials 

PbTe-2 % MgTe,  

doped with 4 % Na 
1000.00 kg 

Nitrogen 34.97 kg 

Step 3: Annealing (@ 1050°C, ~ 70 K/h) 

Type of Parameter Parameter Value Unit 

Output Material 
PbTe-2% MgTe, doped with 4 % Na 

- Annealed Set I 
1000.00 kg 

Input Material 
PbTe-2% MgTe, doped with 4 % Na 

- Sealed 
1000.00 kg 

Input Energy Electricity 335126.64 kWh 

Step 4: Diffusion Barrier - Preparation 

Type of Parameter Parameter Value Unit 

Output Material Co0.8Fe0.2 1000.00 kg 

Input Materials 
Cobalt (Co) 808.47 kg 

Iron (Fe) 191.53 kg 

Step 5: Hot Pressing (@ 500°C, 1 h, 30 MPa) 

Type of Parameter Parameter Value Unit 

Output Material P-type leg - Hot pressed ingot 1000.00 kg 

Input Materials 

PbTe-2 % MgTe, doped with 4 % Na 

- Annealed Set I 
626.03 kg 

Co0.8Fe0.2 426.61 kg 

Argon 1272.76 kg 
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Table A-23: Inventory for producing n-type leg (PT module) 

Input Energy Electricity 537486.41 kWh 

Output Waste: Air Argon 1272.76 kg 

Output Wastes: Solid 

PbTe-2 % MgTe, doped with 4 % Na 

- Powders (Landfill) 
31.30 kg 

Co0.8Fe0.2 - Powders (Landfill) 21.33 kg 

Step 6: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material P-type leg - Polished ingot 1000.00 kg 

Input Materials 
P-type leg - Hot pressed ingot 1116.34 kg 

Water 221.13 kg  

Input Energy Electricity 31.69 kWh 

Output Waste: Liquid Waste water 337.46 kg 

Step 7: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material P-type leg - Legs 1000.00 kg 

Input Materials 

P-type leg - Polished ingot 2625.33 kg 

Borax 35.19 kg 

Sodium nitrate 35.19 kg 

Water 9398.17 kg  

Input Energy Electricity 11586.10 kWh 

Output Waste: Liquid Waste water 9468.56 kg 

Output Waste: Solid P-type leg (Landfill) 1625.33 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material PbTe, doped with 0.2 % PbI2 1000.00 kg 

Input Materials 
Lead (Pb) 617.63 kg 

Tellurium (Te) 379.61 kg 
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Lead iodide (PbI2) 2.75 kg 

Step 2: Glove Box Mixing & Powder Filling in Quartz Tube 

Type of Parameter Parameter Value Unit 

Output Material PbTe, doped with 0.2 % PbI2 - Sealed 1000.00 kg 

Input Materials 
PbTe, doped with 0.2 % PbI2 1000.00 kg 

Nitrogen 36.13 kg 

Step 3: Annealing (@ 1050°C, ~ 70 K/h) 

Type of Parameter Parameter Value Unit 

Output Material 
PbTe, doped with 0.2 % PbI2 - 

Annealed Set 
1000.00 kg 

Input Material PbTe, doped with 0.2 % PbI2 - Sealed 1000.00 kg 

Input Energy Electricity 346268.96 kWh 

Step 4: Diffusion Barrier - Preparation 

Type of Parameter Parameter Value Unit 

Output Material Co0.8Fe0.2 1000.00 kg 

Input Materials 
Cobalt (Co) 808.47 kg 

Iron (Fe) 191.53 kg 

Step 5: Hot Pressing (@ 500°C, 1 h, 30 MPa) 

Type of Parameter Parameter Value Unit 

Output Material N-type leg - Hot pressed ingot 1000.00 kg 

Input Materials 

PbTe, doped with 0.2 % PbI2 - 

Annealed Set 
617.70 kg 

Co0.8Fe0.2 434.93 kg 

Argon 1272.76 kg 

Input Energy Electricity 537486.41 kWh 

Output Waste: Air Argon 1272.76 kg 

Output Wastes: Solid 
PbTe, doped with 0.2 % PbI2 - 

Powders (Landfill) 
30.89 kg 
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Table A-24: Inventory for producing alumina plates (PT module) 

Co0.8Fe0.2 - Powders (Landfill) 21.75 kg 

Step 6: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material N-type leg - Polished ingot 1000.00 kg 

Input Materials 
N-type leg - Hot pressed ingot 1118.88 kg 

Water 564.88 kg 

Input Energy Electricity 84.34 kWh 

Output Waste: Liquid Waste water 683.76 kg 

Step 7: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material N-type leg - Legs 1000.00 kg 

Input Materials 

N-type leg - Polished ingot 2634.86 kg 

Borax 35.19 kg 

Sodium nitrate 35.19 kg 

Water 9638.21 liters 

Input Energy Electricity 11882.02 kWh 

Output Waste: Liquid Waste water 9708.60 kg 

Output Waste: Solid N-type leg (Landfill) 1634.86 kg 

Step 1: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Alumina - Ball milled powder 1000.00 kg 

Input Materials 
Alumina 1052.63 kg 

Ethanol 349.30 kg 

Input Energy Electricity 19523.70 kWh 

Output Waste: Liquid Ethanol 349.30 kg 

Output Waste: Solid Alumina powder 52.63 kg 
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Table A-25: Inventory for producing copper tabs (PT module) 

2.7. SC Module  

Tables A-26, A-27, A-28 and A-29 give the respective inventory details for p-type 

legs, n-type legs, alumina plates and aluminum tabs of SC module.  

Table A-26: Inventory for producing p-type leg (SC module) 

Step 2: Sintering (@ 1500°C, 1 h, 3°C/min) 

(Assuming zero energy consumption for cold isostatic pressing)   

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Sintered 1000.00 kg 

Input Materials Alumina - Ball milled powder 1052.63 kg 

Input Energy Electricity 883844.78 kWh 

Output Waste: Solid Alumina powder 52.63 kg 

Step 3: Polishing 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Final 1000.00 kg 

Input Materials 
Alumina plate - Sintered 1111.11 kg 

Water 42534.64 kg 

Input Energy Electricity 8755.05 kWh 

Output Waste: Solid Alumina plate 42645.75 kg 

Material Parameter Quantity Unit 

Output Material Copper tabs 1000.00 kg 

Input Materials Copper sheet 1012.59 kg 

Input Energy Electricity 4729.17 kWh 

Output Waste: Solid Copper 12.59 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 
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Output Material (Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 1000.00 kg 

Input Materials 

Manganese (Mn) 510.83 kg 

Molybdenum (Mo) 18.21 kg 

Silicon (Si) 457.41 kg 

Aluminum (Al) 1.56 kg 

Germanium (Ge) 11.99 kg 

Step 2: Induction Furnace Melting 

Type of Parameter Parameter Value Unit 

Output Material 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

Melt 
1000.00 kg 

Input Materials 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 1000.00 kg 

Argon 1.13 kg 

Input Energy Electricity 27532.73 kWh 

Output Waste: Air Argon 1.13 kg 

Step 3: Jaw Crushing 

Type of Parameter Parameter Value Unit 

Output Material 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Jaw crushed powder 
1000.00 kg 

Input Material 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

Melt 
1052.63 kg 

Input Energy Electricity 31.62 kWh 

Output Waste: Solid 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Powder (Landfill) 
52.63 kg 

Step 4: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Powder 
1000.00 kg 
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Input Materials 

(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Jaw crushed powder 
1052.63 kg 

Ethanol 307.41 kg 

Input Energy Electricity 357.96 kWh 

Output Waste: Liquid Ethanol 307.41 kg 

Output Waste: Solid 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Powder (Landfill) 
52.63 kg 

Step 5: Plasma Activated Sintering (SPS)  

Type of Parameter Parameter Value Unit 

Output Material 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- SPS Ingot 
1000.00 kg 

Input Materials 

(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Powder 
1052.63 kg 

Argon 13.36 kg 

Input Energy Electricity 87379.10 kWh 

Output Waste: Air Argon 13.36 kg 

Output Waste: Solid 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Powder (Landfill) 
52.63 kg 

Step 6: Ingot Polishing  

Type of Parameter Parameter Value Unit 

Output Material 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Polished Ingot 
1000.00 kg 

Input Materials 

(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- SPS Ingot 
1111.11 kg 

Water 304.65 kg 

Input Energy Electricity 318.55 kWh 

Output Waste: Liquid Waste water 415.76 kg 

Step 7: Leg Dicing 

Type of Parameter Parameter Value Unit 
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Table A-27: Inventory for producing n-type leg (SC module) 

Output Material 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Legs 
1000.00 kg 

Input Materials 

(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

- Polished Ingot 
4203.27 kg 

Borax 28.32 kg 

Sodium nitrate 28.32 kg 

Water 7562.60 kg 

Input Energy Electricity 9323.20 kWh 

Output Waste: Liquid Waste water 7619.24 kg 

Output Waste: Solid 
(Mn0.98Mo0.02)(Si0.9865Al0.0035Ge0.01)1.74 

(Landfill) 
3203.27 kg 

Step 1: Powder Mixing 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 1000.00 kg 

Input Materials 

Magnesium (Mg) 370.87 kg 

Silicon (Si) 85.71 kg 

Tin (Sn) 543.42 kg 

Step 2: Induction Furnace Melting 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 - Melt 1000.00 kg 

Input Materials 
Mg2Si0.4Sn0.6 1000.00 kg 

Argon 1.99 kg 

Input Energy Electricity 48227.86 kWh 

Output Waste: Air Argon 1.99 kg 

Step 3: Jaw Crushing 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 - Jaw crushed powder 1000.00 kg 
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Input Material Mg2Si0.4Sn0.6 - Melt 1052.63 kg 

Input Energy Electricity 31.62 kWh 

Output Waste: Solid 
Mg2Si0.4Sn0.6 - Jaw crushed powder 

(Landfill) 
52.63 kg 

Step 4: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 - Powder 1000.00 kg 

Input Materials 
Mg2Si0.4Sn0.6 - Jaw crushed powder 1052.63 kg 

Ethanol 393.23 kg 

Input Energy Electricity 457.90 kWh 

Output Waste: Liquid Ethanol 393.23 kg 

Output Waste: Solid Mg2Si0.4Sn0.6 - Powder (Landfill) 52.63 kg 

Step 5: Plasma Activated Sintering (SPS) 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 - SPS Ingot 1000.00 kg 

Input Materials 
Mg2Si0.4Sn0.6 - Powder 1052.63 kg 

Argon 23.40 kg 

Input Energy Electricity 153058.08 kWh 

Output Waste: Air Argon 23.40 kg 

Output Waste: Solid Mg2Si0.4Sn0.6 - Powder (Landfill) 52.63 kg 

Step 6: Annealing 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 - Ingot 1000.00 kg 

Input Material Mg2Si0.4Sn0.6 - SPS Ingot 1000.00 kg 

Input Energy Electricity 694.60 kWh 

Step 7: Ingot Polishing 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 - Polished Ingot 1000.00 kg 
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Table A-28: Inventory for producing alumina plates (SC module) 

Input Materials 
Mg2Si0.4Sn0.6 - Ingot 1111.11 kg 

Water 533.65 kg 

Input Energy Electricity 558.00 kWh 

Output Waste: Liquid Waste water 644.76 kg 

Step 8: Leg Dicing 

Type of Parameter Parameter Value Unit 

Output Material Mg2Si0.4Sn0.6 - Legs 1000.00 kg 

Input Materials 

Mg2Si0.4Sn0.6 - Polished Ingot 4203.27 kg 

Borax 49.60 kg 

Sodium nitrate 49.60 kg 

Water 13247.07 liters 

Input Energy Electricity 16331.03 kWh 

Output Waste: Liquid Waste water 13346.28 kg 

Output Waste: Solid Mg2Si0.4Sn0.6 - Landfill 3203.27 kg 

Step 1: Ball Milling 

Type of Parameter Parameter Value Unit 

Output Material Alumina - Ball milled powder 1000.00 kg 

Input Materials 
Alumina 1052.63 kg 

Ethanol 349.30 kg 

Input Energy Electricity 19523.70 kWh 

Output Waste: Liquid Ethanol 349.30 kg 

Output Waste: Solid Alumina powder 52.63 kg 

Step 2: Sintering (@ 1500°C, 1 h, 3°C/min) 

(Assuming zero energy consumption for cold isostatic pressing) 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Sintered 1000.00 kg 

Input Materials Alumina - Ball milled powder 1052.63 kg 
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Table A-29: Inventory for producing aluminum tabs (SC module) 

3. Modules: Electricity Generation (Use Stage) 

Based on the number of modules used for each chosen module system (Table 2-4) 

and assumptions made in Chapter 2, Table A-30 shows: (a) Amount of electricity generated 

by each module system over its lifetime (15 years of continuous operation); and (b) 

Reference flow for the considered functional unit (1 kWh of electricity generated). All 

these calculations assumed that 1000 W of input waste heat power was available for 

conversion to electricity and that the modules were operated at their optimal range of hot 

and cold side temperatures for obtaining the best-possible output.  

Table A-30: Amount of electricity generated and reference flow for every module 

Input Energy Electricity 837154.93 kWh 

Output Waste: Solid Alumina powder 52.63 kg 

Step 3: Polishing 

Type of Parameter Parameter Value Unit 

Output Material Alumina plate - Final 1000.00 kg 

Input Materials 
Alumina plate - Sintered 1111.11 kg 

Water 20795.57 kg 

Input Energy Electricity 4280.42 kWh 

Output Waste: Solid Alumina plate 20906.68 kg 

Type of Parameter Parameter Value Unit 

Output Material Aluminum tabs 1000.00 kg 

Input Materials Aluminum sheet 1002.16 kg 

Input Energy Electricity 34400.27 kWh 

Output Waste: Solid Aluminum 2.16 kg 

Module system  𝜼 (%) Output Electricity (kWh) Reference flow (p) 

BT-1 4.08 5361.12 1.87 × 10-4 
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4. Modules: EOL Scenarios  

Three end-of-life (EOL) scenarios were considered in this study, all of which have 

been described in Chapter 2. For each of these EOL scenarios, the assumption was that 

prior to their occurrence, individual modules were dismantled into their respective 

components and these were separately subjected to the corresponding EOL scenario. All 

related inventory details, as well as a discussion of the 6R-based approach that was used in 

this work, have been provided in the following subsections.  

4.1. 6R-Based Approach 

The 6R-based approach for material flow101 focuses on reducing the amount of raw 

material required to produce the desired product. In practical terms, this approach involves 

practice of six key steps (summary reproduced below):  

• Reduce: Use of resources, energy and materials prior to and during manufacturing, as 

well as emissions and wastes during use.  

• Reuse: Either the product entirely, or its components after its first lifetime for 

subsequent life cycles 

• Recycle: Convert wastes into new, useful materials or even products  

• Recover: Collect, disassemble, sort and clean products at end of their lifetime for 

subsequent reuse  

• Redesign: Convert recycled/recovered products or materials into new, next-generation 

products  

BT-2 7.00 9198.00 1.09 × 10-4 

SK-1 7.50 9855.00 1.01 × 10-4 

SK-2 7.30 9592.20 1.04 × 10-4 

HH 4.50 5913.00 1.69 × 10-4 

PT 8.80 11563.20 8.65 × 10-5 

SC 6.40 8409.60 1.19 × 10-4 
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• Remanufacture: Re-process used products, either to restore to original state (closed 

loop recycling) or for reuse in a new application (open loop recycling)  

4.2. Disposal Scenario (D-Scenario) 

Table A-31 shows the inventory for disposal of individual components of TE 

modules.  

Table A-31: Inventory for the disposal of individual components 

4.3. Practical Scenario (P-Scenario)  

Inventory for disposal-related aspect of these legs was the same as that used for D-

scenario, while that for recycling of alumina plates is provided in A-32.  

Table A-32: Inventory for the recycling of alumina plates  

Type of Parameter Parameter Value Unit 

Output Material Powders (for disposal) 1000.00 kg 

Input Material Component 1000.00 kg 

Infrastructure  Residual material landfill facility 2.08 × 10-6 p 

Transportation required Lorry (16-32 tons, EURO4) 160.93 ton-km 

Type of Parameter Parameter Value Unit 

Output Material Aluminum oxide 2000.00 kg 

Input Materials 

Bauxite 2881.00 kg 

Sodium hydroxide (Caustic soda) 78.96 kg 

Quicklime 40.30 kg 

Alumina Powders 1052.63 kg 

Sea water 565.00 kg 

Surface water 2571.00 kg 

Input Energy Electricity 26361.71 kWh 

Waste for recovery 
Bauxite residue 2.30 kg 

Other 5.60 kg 

Waste for disposal Red mud (dry) 1354.00 kg 
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4.4. Circular Economy Scenario (CE-Scenario)  

With regard to alumina plates, P-scenario was used as discussed in previous section, 

(Table A-32), while metallic tabs were considered to be disposed of under D-scenario 

(Table A-31). For TE legs, their recycling was considered as per the scenario mentioned in 

Chapter 2.  

4.4.1. BT-1 Module  

Tables A-33 and A-34 provide the respective inventory details for recovery, 

reprocessing and reuse of p- and n-type legs of BT-1 module.  

Table A-33: Inventory details for recycling of p-type legs (BT-1 module) 

Waste (non-hazardous) 8.50 kg 

Waste (hazardous) 9.28 kg 

Transportation required Transport involved 3261.24 ton-km 

Output Emissions: Air 

Particulates 0.56 kg 

SO2 2.40 kg 

NO2 0.68 kg 

Mercury (+II, heavy metals to air) 0.0002 kg 

Water vapor  

(inorganic emissions to air) 
1200.00 kg 

Output Emissions: 

Water 

Suspended solids 0.02 kg 

Oil and grease 0.77 kg 

Mercury (+II, heavy metals to 

fresh water) 
7 × 10-8 kg 

Water (treated waste water 

release to surface water) 
1360.00 kg 

Type of Parameter Parameter Value Unit 

Output Material 
P-type TE Leg - Powder - Recycled  

(Step 1) 
1000.00 kg 
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Table A-34: Inventory details for recycling of n-type legs (BT-1 module) 

Input Materials 

P-type TE Leg - Original 2216.07 kg 

Argon (Step 2) 55490.71 kg 

Water 48554.37 kg 

Input Energy 
Electricity (Step 1) 1492.01 kWh 

Electricity (Step 2) 11560.56 kWh 

Output Waste: Air Argon 55490.71 kg 

Output Waste: Water Waste water 48554.37 kg 

Output Waste: Solid P-type material (Landfill after treatment) 1216.07 kg 

Transport Distance Distance involved 
100.00 miles 

552.35 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
N-type TE Leg Material - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

N-type TE Leg - Original 2216.07 kg 

Argon (Step 2) 50556.98 kg 

Water 44237.36 kg 

Input Energy 
Electricity (Step 1) 1348.46 kWh 

Electricity (Step 2) 10532.70 kWh 

Output Waste: Air Argon 50556.98 kg 

Output Waste: 

Water 
Waste water 44237.36 kg 

Output Waste: Solid 
N-type material (Landfill after 

treatment) 
1216.07 kg 

Transport Distance Distance involved 
100.00 miles 

552.35 ton-km 
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4.4.2. BT-2 Module  

Tables A-35 and A-36 provide the respective inventory details for recovery, 

reprocessing and reuse of p- and n-type legs of BT-2 module.  

Table A-35: Inventory details for recycling of p-type legs (BT-2 module) 

Table A-36: Inventory details for recycling of n-type legs (BT-2 module) 

Type of Parameter Parameter Value Unit 

Output Material 
P-type TE Leg - Powder - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

P-type TE Leg - Original 2216.07 kg 

Argon (Step 2) 55490.71 kg 

Water 48554.37 kg 

Input Energy 
Electricity (Step 1) 1176.93 kWh 

Electricity (Step 2) 11560.56 kWh 

Output Waste: Air Argon 55490.71 kg 

Output Waste: 

Water 
Waste water 48554.37 kg 

Output Waste: Solid P-type material (Landfill after treatment) 1216.07 kg 

Transport Distance Distance involved 
100.00 miles 

552.35 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
N-type TE Leg Material - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

N-type TE Leg - Original 2216.07 kg 

Argon (Step 2) 50556.98 kg 

Water 44237.36 kg 

Input Energy 
Electricity (Step 1) 1063.69 kWh 

Electricity (Step 2) 10532.70 kWh 
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4.4.3. SK-1 Module  

Tables A-37 and A-38 provide the respective inventory details for recovery, 

reprocessing and reuse of p- and n-type legs of SK-1 module.  

Table A-37: Inventory details for recycling of p-type legs (SK-1 module) 

Table A-38: Inventory details for recycling of n-type legs (SK-1 module) 

Output Waste: Air Argon 50556.98 kg 

Output Waste: 

Water 
Waste water 44237.36 kg 

Output Waste: Solid 
N-type material (Landfill after 

treatment) 
1216.07 kg 

Transport Distance Distance involved 
100.00 miles 

552.35 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
P-type TE Leg - Powder - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

P-type TE Leg - Original 1477.38 kg 

Argon (Step 2) 52326.34 kg 

Water 45785.55 kg 

Input Energy 
Electricity (Step 1) 926.00 kWh 

Electricity (Step 2) 10901.32 kWh 

Output Waste: Air Argon 52326.34 kg 

Output Waste: 

Water 
Waste water 45785.55 kg 

Output Waste: Solid P-type material (Landfill after treatment) 477.38 kg 

Transport Distance Distance involved 
100.00 miles 

314.59 ton-km 
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4.4.4. SK-2 Module  

Tables A-39 and A-40 provide the respective inventory details for recovery, 

reprocessing and reuse of p- and n-type legs of SK-2 module.  

Table A-39: Inventory details for recycling of p-type legs (SK-2 module) 

Type of Parameter Parameter Value Unit 

Output Material 
N-type TE Leg Material - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

N-type TE Leg - Original 1477.38 kg 

Argon (Step 2) 51614.73 kg 

Water 45162.89 kg 

Input Energy 
Electricity (Step 1) 912.31 kWh 

Electricity (Step 2) 10753.07 kWh 

Output Waste: Air Argon 51614.73 kg 

Output Waste: 

Water 
Waste water 45162.89 kg 

Output Waste: Solid 
N-type material  

(Landfill after treatment) 
477.38 kg 

Transport Distance Distance involved 
100.00 miles 

314.59 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
P-type TE Leg - Powder - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

P-type TE Leg - Original 1278.50 kg 

Argon (Step 2) 50486.06 kg 

Water 44175.30 kg 

Input Energy 
Electricity (Step 1) 328.83 kWh 

Electricity (Step 2) 10517.93 kWh 
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Table A-40: Inventory details for recycling of n-type legs (SK-2 module) 

4.4.5. HH Module  

Tables A-41 and A-42 provide the respective inventory details for recovery, 

reprocessing and reuse of p- and n-type legs of HH module.  

Table A-41: Inventory details for recycling of p-type legs (HH module) 

Output Waste: Air Argon 50486.06 kg 

Output Waste: 

Water 
Waste water 44175.30 kg 

Output Waste: Solid P-type material (Landfill after treatment) 278.50 kg 

Transport Distance Distance involved 
100.00 miles 

250.57 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
N-type TE Leg Material - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

N-type TE Leg - Original 1278.50 kg 

Argon (Step 2) 54752.20 kg 

Water 47908.17 kg 

Input Energy 
Electricity (Step 1) 359.15 kWh 

Electricity (Step 2) 11406.71 kWh 

Output Waste: Air Argon 54752.20 kg 

Output Waste: 

Water 
Waste water 47908.17 kg 

Output Waste: Solid 
N-type material (Landfill after 

treatment) 
278.50 kg 

Transport Distance Distance involved 
100.00 miles 

250.57 ton-km 
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Table A-42: Inventory details for recycling of n-type legs (HH module) 

Type of Parameter Parameter Value Unit 

Output Material 
P-type TE Leg - Powder - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

P-type TE Leg - Original 2216.07 kg 

Argon (Step 2) 42154.46 kg 

Water 36885.15 kg 

Input Energy 
Electricity (Step 1) 2596.42 kWh 

Electricity (Step 2) 8782.18 kWh 

Output Waste: Air Argon 42154.46 kg 

Output Waste: 

Water 
Waste water 36885.15 kg 

Output Waste: Solid P-type material (Landfill after treatment) 1216.07 kg 

Transport Distance Distance involved 
100.00 miles 

552.35 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
N-type TE Leg Material - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

N-type TE Leg - Original 2216.07 kg 

Argon (Step 2) 43038.83 kg 

Water 37658.98 kg 

Input Energy 
Electricity (Step 1) 2656.94 kWh 

Electricity (Step 2) 8966.42 kWh 

Output Waste: Air Argon 43038.83 kg 

Output Waste: 

Water 
Waste water 37658.98 kg 

Output Waste: Solid 
N-type material (Landfill after 

treatment) 
1216.07 kg 
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4.4.6. PT Module  

Tables A-43 and A-44 provide the respective inventory details for recovery, 

reprocessing and reuse of p- and n-type legs of PT module.  

Table A-43: Inventory details for recycling of p-type legs (PT module) 

Table A-44: Inventory details for recycling of n-type legs (PT module) 

Transport Distance Distance involved 
100.00 miles 

552.35 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
P-type TE Leg - Powder - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

P-type TE Leg - Original 1749.78 kg 

Argon (Step 2) 47507.93 kg 

Water 41569.44 kg 

Input Energy 
Electricity (Step 1) 11110.30 kWh 

Electricity (Step 2) 9897.49 kWh 

Output Waste: Air Argon 47507.93 kg 

Output Waste: 

Water 
Waste water 41569.44 kg 

Output Waste: Solid P-type material (Landfill after treatment) 749.78 kg 

Transport Distance Distance involved 
100.00 miles 

402.26 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
N-type TE Leg Material - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 
N-type TE Leg - Original 1762.93 kg 

Argon (Step 2) 48947.49 kg 
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4.4.7. SC Module  

Tables A-45 and A-46 provide the respective inventory details for recovery, 

reprocessing and reuse of p- and n-type legs of SC module.  

Table A-45: Inventory details for recycling of p-type legs (SC module) 

Water 42829.05 kg 

Input Energy 
Electricity (Step 1) 11479.69 kWh 

Electricity (Step 2) 10197.39 kWh 

Output Waste: Air Argon 48947.49 kg 

Output Waste: 

Water 
Waste water 42829.05 kg 

Output Waste: Solid 
N-type material (Landfill after 

treatment) 
762.93 kg 

Transport Distance Distance involved 
100.00 miles 

406.50 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
P-type TE Leg - Powder - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

P-type TE Leg - Original 1300.73 kg 

Argon (Step 2) 70343.42 kg 

Water 61550.50 kg 

Input Energy 
Electricity (Step 1) 2698.33 kWh 

Electricity (Step 2) 14654.88 kWh 

Output Waste: Air Argon 70343.42 kg 

Output Waste: 

Water 
Waste water 61550.50 kg 

Output Waste: Solid P-type material (Landfill after treatment) 300.73 kg 

Transport Distance Distance involved 100.00 miles 



 199 

Table A-46: Inventory details for recycling of n-type legs (SC module) 

5. Modules: Life cycle Environmental Impacts (D-scenario) 

Tables A-47–A-53 show the characterized impacts of all TE modules (per module 

set) that utilize 1000 W of input heat power for conversion to electricity, for the D-scenario, 

segregated by contributions of different life cycle stages.  

Table A-47: Characterized impacts of BT-1 module for D-scenario 

257.73 ton-km 

Type of Parameter Parameter Value Unit 

Output Material 
N-type TE Leg Material - Recycled 

(Step 1) 
1000.00 kg 

Input Materials 

N-type TE Leg - Original 1300.73 kg 

Argon (Step 2) 120052.59 kg 

Water 105046.02 kg 

Input Energy 
Electricity (Step 1) 4726.55 kWh 

Electricity (Step 2) 25010.96 kWh 

Output Waste: Air Argon 120052.59 kg 

Output Waste: 

Water 
Waste water 105046.02 kg 

Output Waste: Solid 
N-type material (Landfill after 

treatment) 
300.73 kg 

Transport Distance Distance involved 
100.00 miles 

257.73 ton-km 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.05 -1.21 1.93 × 10-6 -1.16 

TET kg 1,4-DCB 0.22 -0.23 4.67 × 10-6 -0.01 
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Table A-48: Characterized impacts of BT-2 module for D-scenario 

Table A-49: Characterized impacts of SK-1 module for D-scenario 

FET kg 1,4-DCB 4.20 × 10-3 -2.04 × 10-2 2.13 × 10-8 -1.62 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 3.45 × 10-8 -0.02 

HCT kg 1,4-DCB 2.10 × 10-3 -4.95 × 10-2 6.14 × 10-8 -4.74 × 10-2 

HNT kg 1,4-DCB 0.15 -0.59 7.62 × 10-7 -0.44 

MRS kg Cu eq 5.69 × 10-4 -4.88 × 10-4 5.22 × 10-9 8.14 × 10-5 

FRS kg oil eq 1.25 × 10-2 -2.75 × 10-1 7.78 × 10-7 -2.62 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 8.69 × 10-7 -1.17 

TET kg 1,4-DCB 0.03 -0.23 2.10 × 10-6 -0.20 

FET kg 1,4-DCB 7.34 × 10-4 -2.04 × 10-2 9.56 × 10-9 -1.97 × 10-2 

MET kg 1,4-DCB 1.32 × 10-3 -0.03 1.55 × 10-8 -0.03 

HCT kg 1,4-DCB 1.30 × 10-3 -4.95 × 10-2 2.76 × 10-8 -4.82 × 10-2 

HNT kg 1,4-DCB 0.02 -0.59 3.42 × 10-7 -0.57 

MRS kg Cu eq 7.60 × 10-5 -4.88 × 10-4 2.35 × 10-9 -4.12 × 10-4 

FRS kg oil eq 1.14 × 10-2 -2.75 × 10-1 3.50 × 10-7 -2.63 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 1.50 × 10-6 -1.17 

TET kg 1,4-DCB 0.03 -0.23 3.62 × 10-6 -0.21 

FET kg 1,4-DCB 3.80 × 10-3 -2.04 × 10-2 1.65 × 10-8 -1.66 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 2.68 × 10-8 -0.02 

HCT kg 1,4-DCB 1.82 × 10-3 -4.95 × 10-2 4.76 × 10-8 -4.77 × 10-2 

HNT kg 1,4-DCB 0.13 -0.59 5.90 × 10-7 -0.46 

MRS kg Cu eq 1.15 × 10-4 -4.88 × 10-4 4.05 × 10-9 -3.73 × 10-4 
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Table A-50: Characterized impacts of SK-2 module for D-scenario 

Table A-51: Characterized impacts of HH module for D-scenario 

Table A-52: Characterized impacts of PT module for D-scenario 

FRS kg oil eq 1.03 × 10-2 -2.75 × 10-1 6.03 × 10-7 -2.65 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 1.40 × 10-6 -1.17 

TET kg 1,4-DCB 0.03 -0.23 3.38 × 10-6 -0.20 

FET kg 1,4-DCB 5.28 × 10-3 -2.04 × 10-2 1.54 × 10-8 -1.51 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 2.50 × 10-8 -0.02 

HCT kg 1,4-DCB 2.08 × 10-3 -4.95 × 10-2 4.45 × 10-8 -4.74 × 10-2 

HNT kg 1,4-DCB 0.18 -0.59 5.51 × 10-7 -0.41 

MRS kg Cu eq 1.74 × 10-4 -4.88 × 10-4 3.78 × 10-9 -3.15 × 10-4 

FRS kg oil eq 9.97 × 10-3 -2.75 × 10-1 5.63 × 10-7 -2.65 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.01 -1.21 2.82 × 10-7 -1.21 

TET kg 1,4-DCB 4.58 × 10-3 -0.23 6.81 × 10-7 -0.23 

FET kg 1,4-DCB 1.96 × 10-4 -2.04 × 10-2 3.10 × 10-9 -2.02 × 10-2 

MET kg 1,4-DCB 3.01 × 10-4 -0.03 5.03 × 10-9 -0.03 

HCT kg 1,4-DCB 1.94 × 10-4 -4.95 × 10-2 8.96 × 10-9 -4.93 × 10-2 

HNT kg 1,4-DCB 0.01 -0.59 1.11 × 10-7 -0.58 

MRS kg Cu eq 4.89 × 10-5 -4.88 × 10-4 7.61 × 10-10 -4.39 × 10-4 

FRS kg oil eq 1.34 × 10-3 -2.75 × 10-1 1.13 × 10-7 -2.74 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 
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Table A-53: Characterized impacts of SC module for D-scenario 

6. EOL Scenarios: A Comparison  

Figures A.2–A.6 compare the ecological performance of all modules barring HH 

and SC under the three EOL scenarios, while Tables A-54–A-60 and A-61–A-67 show the 

characterized impacts of the modules under P- and CE-scenario respectively.  

GW kg CO2 eq 0.01 -1.21 4.88 × 10-7 -1.20 

TET kg 1,4-DCB 0.01 -0.23 1.18 × 10-6 -0.22 

FET kg 1,4-DCB 1.21 × 10-4 -2.04 × 10-2 5.37 × 10-9 -2.03 × 10-2 

MET kg 1,4-DCB 2.26 × 10-4 -0.03 8.72 × 10-9 -0.03 

HCT kg 1,4-DCB 2.57 × 10-4 -4.95 × 10-2 1.55 × 10-8 -4.92 × 10-2 

HNT kg 1,4-DCB 3.74 × 10-3 -0.59 1.92 × 10-7 -0.59 

MRS kg Cu eq 4.20 × 10-5 -4.88 × 10-4 1.32 × 10-9 -4.46 × 10-4 

FRS kg oil eq 2.22 × 10-3 -2.75 × 10-1 1.96 × 10-7 -2.73 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.02 -1.21 8.42 × 10-7 -1.20 

TET kg 1,4-DCB 0.02 -0.23 2.03 × 10-6 -0.21 

FET kg 1,4-DCB 1.00 × 10-3 -2.04 × 10-2 9.26 × 10-9 -1.94 × 10-2 

MET kg 1,4-DCB 1.49 × 10-3 -0.03 1.50 × 10-8 -0.03 

HCT kg 1,4-DCB 1.54 × 10-3 -4.95 × 10-2 2.68 × 10-8 -4.79 × 10-2 

HNT kg 1,4-DCB 0.03 -0.59 3.32 × 10-7 -0.56 

MRS kg Cu eq 1.67 × 10-3 -4.88 × 10-4 2.27 × 10-9 1.18 × 10-3 

FRS kg oil eq 4.01 × 10-3 -2.75 × 10-1 3.39 × 10-7 -2.71 × 10-1 
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Figure A.2: Life cycle environmental impacts of BT-1 module under different EOL 

scenarios (normalized to impact under baseline D-scenario) 

 

 

Figure A.3: Life cycle environmental impacts of BT-2 module under different EOL 

scenarios (normalized to impact under baseline D-scenario) 
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Figure A.4: Life cycle environmental impacts of SK-1 module under different EOL 

scenarios (normalized to impact under baseline D-scenario) 

 

 

Figure A.5: Life cycle environmental impacts of SK-2 module under different EOL 

scenarios (normalized to impact under baseline D-scenario) 
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Figure A.6: Life cycle environmental impacts of PT module under different EOL 

scenarios (normalized to impact under baseline D-scenario) 

6.1. P-Scenario  

Table A-54: Characterized impacts of BT-1 module for P-scenario 

 

 

 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.05 -1.21 2.40 × 10-4 -1.16 

TET kg 1,4-DCB 0.22 -0.23 4.70 × 10-5 -0.01 

FET kg 1,4-DCB 4.20 × 10-3 -2.04 × 10-2 1.83 × 10-6 -1.62 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 4.44 × 10-6 -0.02 

HCT kg 1,4-DCB 2.10 × 10-3 -4.95 × 10-2 -2.91 × 10-7 -4.74 × 10-2 

HNT kg 1,4-DCB 0.15 -0.59 6.87 × 10-5 -0.44 

MRS kg Cu eq 5.69 × 10-4 -4.88 × 10-4 -2.06 × 10-6 7.93 × 10-5 

FRS kg oil eq 1.25 × 10-2 -2.75 × 10-1 6.44 × 10-5 -2.62 × 10-1 
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Table A-55: Characterized impacts of BT-2 module for P-scenario 

Table A-56: Characterized impacts of SK-1 module for P-scenario 

Table A-57: Characterized impacts of SK-2 module for P-scenario 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 1.43 × 10-4 -1.17 

TET kg 1,4-DCB 0.03 -0.23 2.74 × 10-5 -0.20 

FET kg 1,4-DCB 7.34 × 10-4 -2.04 × 10-2 1.09 × 10-6 -1.97 × 10-2 

MET kg 1,4-DCB 1.32 × 10-3 -0.03 2.65 × 10-6 -0.03 

HCT kg 1,4-DCB 1.30 × 10-3 -4.95 × 10-2 -1.83 × 10-7 -4.82 × 10-2 

HNT kg 1,4-DCB 0.02 -0.59 4.09 × 10-5 -0.57 

MRS kg Cu eq 7.60 × 10-5 -4.88 × 10-4 -1.23 × 10-6 -4.13 × 10-4 

FRS kg oil eq 1.14 × 10-2 -2.75 × 10-1 3.84 × 10-5 -2.63 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 1.86 × 10-4 -1.17 

TET kg 1,4-DCB 0.03 -0.23 3.64 × 10-5 -0.21 

FET kg 1,4-DCB 3.80 × 10-3 -2.04 × 10-2 1.42 × 10-6 -1.66 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 3.44 × 10-6 -0.02 

HCT kg 1,4-DCB 1.82 × 10-3 -4.95 × 10-2 -2.25 × 10-7 -4.77 × 10-2 

HNT kg 1,4-DCB 0.13 -0.59 5.32 × 10-5 -0.46 

MRS kg Cu eq 1.15 × 10-4 -4.88 × 10-4 -1.60 × 10-6 -3.75 × 10-4 

FRS kg oil eq 1.03 × 10-2 -2.75 × 10-1 4.99 × 10-5 -2.65 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 8.35 × 10-5 -1.17 

TET kg 1,4-DCB 0.03 -0.23 1.80 × 10-5 -0.20 
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Table A-58: Characterized impacts of HH module for P-scenario 

Table A-59: Characterized impacts of PT module for P-scenario 

FET kg 1,4-DCB 5.28 × 10-3 -2.04 × 10-2 6.39 × 10-7 -1.51 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 1.54 × 10-6 -0.02 

HCT kg 1,4-DCB 2.08 × 10-3 -4.95 × 10-2 -7.67 × 10-8 -4.74 × 10-2 

HNT kg 1,4-DCB 0.18 -0.59 2.39 × 10-5 -0.41 

MRS kg Cu eq 1.74 × 10-4 -4.88 × 10-4 -7.08 × 10-7 -3.15 × 10-4 

FRS kg oil eq 9.97 × 10-3 -2.75 × 10-1 2.25 × 10-5 -2.65 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.01 -1.21 3.76 × 10-5 -1.21 

TET kg 1,4-DCB 4.58 × 10-3 -0.23 7.31 × 10-6 -0.23 

FET kg 1,4-DCB 1.96 × 10-4 -2.04 × 10-2 2.86 × 10-7 -2.02 × 10-2 

MET kg 1,4-DCB 3.01 × 10-4 -0.03 6.94 × 10-7 -0.03 

HCT kg 1,4-DCB 1.94 × 10-4 -4.95 × 10-2 -4.61 × 10-8 -4.93 × 10-2 

HNT kg 1,4-DCB 0.01 -0.59 1.07 × 10-5 -0.58 

MRS kg Cu eq 4.89 × 10-5 -4.88 × 10-4 -3.22 × 10-7 -4.40 × 10-4 

FRS kg oil eq 1.34 × 10-3 -2.75 × 10-1 1.01 × 10-5 -2.74 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.01 -1.21 6.40 × 10-5 -1.20 

TET kg 1,4-DCB 0.01 -0.23 1.25 × 10-6 -0.22 

FET kg 1,4-DCB 1.21 × 10-4 -2.04 × 10-2 4.88 × 10-7 -2.03 × 10-2 

MET kg 1,4-DCB 2.26 × 10-4 -0.03 1.18 × 10-6 -0.03 

HCT kg 1,4-DCB 2.57 × 10-4 -4.95 × 10-2 -7.83 × 10-8 -4.92 × 10-2 

HNT kg 1,4-DCB 3.74 × 10-3 -0.59 1.83 × 10-5 -0.59 

MRS kg Cu eq 4.20 × 10-5 -4.88 × 10-4 -5.49 × 10-7 -4.47 × 10-4 
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Table A-60: Characterized impacts of SC module for P-scenario 

6.2. CE-Scenario  

Table A-61: Characterized impacts of BT-1 module for CE-scenario 

 

 

FRS kg oil eq 2.22 × 10-3 -2.75 × 10-1 1.72 × 10-5 -2.73 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.02 -1.21 9.53 × 10-5 -1.20 

TET kg 1,4-DCB 0.02 -0.23 1.88 × 10-5 -0.21 

FET kg 1,4-DCB 1.00 × 10-3 -2.04 × 10-2 7.27 × 10-7 -1.94 × 10-2 

MET kg 1,4-DCB 1.49 × 10-3 -0.03 1.76 × 10-6 -0.03 

HCT kg 1,4-DCB 1.54 × 10-3 -4.95 × 10-2 -1.13 × 10-7 -4.79 × 10-2 

HNT kg 1,4-DCB 0.03 -0.59 2.72 × 10-5 -0.56 

MRS kg Cu eq 1.67 × 10-3 -4.88 × 10-4 -8.16 × 10-7 1.18 × 10-3 

FRS kg oil eq 4.01 × 10-3 -2.75 × 10-1 2.56 × 10-5 -2.71 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.05 -1.21 1.71 × 10-3 -1.16 

TET kg 1,4-DCB 0.22 -0.23 -6.07 × 10-3 -0.01 

FET kg 1,4-DCB 4.20 × 10-3 -2.04 × 10-2 -9.67 × 10-5 -1.63 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 -1.37 × 10-4 -0.02 

HCT kg 1,4-DCB 2.10 × 10-3 -4.95 × 10-2 3.26 × 10-5 -4.73 × 10-2 

HNT kg 1,4-DCB 0.15 -0.59 -3.93 × 10-3 -0.45 

MRS kg Cu eq 5.69 × 10-4 -4.88 × 10-4 -2.03 × 10-5 6.11 × 10-5 

FRS kg oil eq 1.25 × 10-2 -2.75 × 10-1 4.22 × 10-4 -2.62 × 10-1 
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Table A-62: Characterized impacts of BT-2 module for CE-scenario 

Table A-63: Characterized impacts of SK-1 module for CE-scenario 

Table A-64: Characterized impacts of SK-2 module for CE-scenario 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 6.82 × 10-4 -1.17 

TET kg 1,4-DCB 0.03 -0.23 -2.22 × 10-3 -0.20 

FET kg 1,4-DCB 7.34 × 10-4 -2.04 × 10-2 -3.51 × 10-5 -1.97 × 10-2 

MET kg 1,4-DCB 1.32 × 10-3 -0.03 -4.91 × 10-5 -0.03 

HCT kg 1,4-DCB 1.30 × 10-3 -4.95 × 10-2 1.19 × 10-5 -4.82 × 10-2 

HNT kg 1,4-DCB 0.02 -0.59 -1.43 × 10-3 -0.57 

MRS kg Cu eq 7.60 × 10-5 -4.88 × 10-4 -7.92 × 10-6 -4.20 × 10-4 

FRS kg oil eq 1.14 × 10-2 -2.75 × 10-1 1.69 × 10-4 -2.63 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 1.72 × 10-3 -1.17 

TET kg 1,4-DCB 0.03 -0.23 -9.08 × 10-5 -0.21 

FET kg 1,4-DCB 3.80 × 10-3 -2.04 × 10-2 -5.10 × 10-4 -1.71 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 -7.11 × 10-4 -0.02 

HCT kg 1,4-DCB 1.82 × 10-3 -4.95 × 10-2 -4.88 × 10-5 -4.77 × 10-2 

HNT kg 1,4-DCB 0.13 -0.59 -1.85 × 10-2 -0.48 

MRS kg Cu eq 1.15 × 10-4 -4.88 × 10-4 -1.20 × 10-5 -3.85 × 10-4 

FRS kg oil eq 1.03 × 10-2 -2.75 × 10-1 4.31 × 10-4 -2.64 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.04 -1.21 2.56 × 10-3 -1.17 

TET kg 1,4-DCB 0.03 -0.23 -1.43 × 10-5 -0.20 
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Table A-65: Characterized impacts of HH module for CE-scenario 

Table A-66: Characterized impacts of PT module for CE-scenario 

FET kg 1,4-DCB 5.28 × 10-3 -2.04 × 10-2 -7.91 × 10-4 -1.59 × 10-2 

MET kg 1,4-DCB 0.01 -0.03 -1.10 × 10-3 -0.02 

HCT kg 1,4-DCB 2.08 × 10-3 -4.95 × 10-2 -7.14 × 10-5 -4.75 × 10-2 

HNT kg 1,4-DCB 0.18 -0.59 -0.03 -0.43 

MRS kg Cu eq 1.74 × 10-4 -4.88 × 10-4 -2.35 × 10-5 -3.38 × 10-4 

FRS kg oil eq 9.97 × 10-3 -2.75 × 10-1 6.45 × 10-4 -2.64 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.01 -1.21 1.02 × 10-4 -1.21 

TET kg 1,4-DCB 4.58 × 10-3 -0.23 -1.52 × 10-4 -0.23 

FET kg 1,4-DCB 1.96 × 10-4 -2.04 × 10-2 -1.14 × 10-5 -2.02 × 10-2 

MET kg 1,4-DCB 3.01 × 10-4 -0.03 -1.58 × 10-5 -0.03 

HCT kg 1,4-DCB 1.94 × 10-4 -4.95 × 10-2 -7.75 × 10-7 -4.93 × 10-2 

HNT kg 1,4-DCB 0.01 -0.59 4.35 × 10-4 -0.58 

MRS kg Cu eq 4.89 × 10-5 -4.88 × 10-4 -4.90 × 10-6 -4.44 × 10-4 

FRS kg oil eq 1.34 × 10-3 -2.75 × 10-1 2.62 × 10-5 -2.74 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.01 -1.21 2.95 × 10-4 -1.20 

TET kg 1,4-DCB 0.01 -0.23 -6.82 × 10-4 -0.22 

FET kg 1,4-DCB 1.21 × 10-4 -2.04 × 10-2 -1.02 × 10-6 -2.03 × 10-2 

MET kg 1,4-DCB 2.26 × 10-4 -0.03 -1.27 × 10-6 -0.03 

HCT kg 1,4-DCB 2.57 × 10-4 -4.95 × 10-2 7.10 × 10-6 -4.92 × 10-2 

HNT kg 1,4-DCB 3.74 × 10-3 -0.59 -1.07 × 10-4 -0.59 

MRS kg Cu eq 4.20 × 10-5 -4.88 × 10-4 -1.13 × 10-6 -4.47 × 10-4 
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Table A-67: Characterized impacts of SC module for CE-scenario 

7. Thermoelectrics vs Renewables  

In order to estimate the ecofriendly potential of thermoelectrics vis-à-vis existing 

renewable energy technologies, ecological performance of chosen TE modules in this study 

is compared with that of two established renewable energy forms: solar- and wind-based 

electricity. Table A-68 shows the performance of the seven modules (under base EOL 

scenario) as well as these two renewable energy technologies, all of which replace coal-

based electricity, for the sake of common comparison. To enable like-for-like comparison, 

all sources of energy used are considered on per-kWh basis, with solar or wind-based 

electricity replacing 1 kWh of their coal-based counterpart at the plant-level. Also, all solar- 

and wind-based figures are based on the US grid, as this study assumes the production of 

thermoelectrics inside the United States.  

Table A-68: Life cycle performance of thermoelectrics vs renewables 

FRS kg oil eq 2.22 × 10-3 -2.75 × 10-1 7.51 × 10-5 -2.73 × 10-1 

Impact 

category 
Unit Production Use EOL  Total 

GW kg CO2 eq 0.02 -1.21 1.98 × 10-3 -1.19 

TET kg 1,4-DCB 0.02 -0.23 -6.28 × 10-4 -0.21 

FET kg 1,4-DCB 1.00 × 10-3 -2.04 × 10-2 -7.02 × 10-5 -1.95 × 10-2 

MET kg 1,4-DCB 1.49 × 10-3 -0.03 -1.00 × 10-4 -0.03 

HCT kg 1,4-DCB 1.54 × 10-3 -4.95 × 10-2 -7.81 × 10-5 -4.80 × 10-2 

HNT kg 1,4-DCB 0.03 -0.59 -3.02 × 10-3 -0.56 

MRS kg Cu eq 1.67 × 10-3 -4.88 × 10-4 -2.33 × 10-4 9.49 × 10-4 

FRS kg oil eq 4.01 × 10-3 -2.75 × 10-1 4.83 × 10-4 -2.70 × 10-1 

Impact 

category 
BT-1 BT-2 SK-1 SK-2 HH PT SC SBE WBE 
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GW -1.16 -1.17 -1.17 -1.17 -1.21 -1.20 -1.20 -1.15 -1.20 

TET -0.01 -0.20 -0.21 -0.20 -0.23 -0.22 -0.21 1.13 -0.10 

FET -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 

MET -0.02 -0.03 -0.02 -0.02 -0.03 -0.03 -0.03 -0.02 -0.03 

HCT -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.04 -0.05 

HNT -0.44 -0.57 -0.46 -0.41 -0.58 -0.59 -0.56 -0.43 -0.56 

MRS 

(values in 

× 10-4) 

0.82 -4.12 -3.73 -3.15 -4.39 -4.46 1.18 5.72 8.21 

FRS -0.26 -0.26 -0.26 -0.27 -0.27 -0.27 -0.27 -0.26 -0.27 

SBE: Solar-based electricity; WBE: Wind-based electricity 
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APPENDIX-B 

SUPPORTING INFORMATION FOR CHAPTER 4 

B. Ecological Profile of Thermoelectrics for Periodic Waste Heat 

Emitting Applications 

1. Introduction 

For cradle-to-grave life cycle assessment (LCA) of thermoelectric (TE) modules 

used in a periodically waste heat generating application, this Appendix provides details on 

chosen modules and results on their characterized impacts. Information on inventory of the 

chosen modules is available in previous study (Chapter 3)158.  

2. Modules: Thermal Cycling  

Since the application considered in this study (Chapter 4) involves thermal cycling 

that in turn reduces conversion efficiency of TE modules (explained in Chapter 2), data 

regarding such reduction in conversion efficiency with each thermal cycle – referred to as 

thermal cycling reduction coefficient (TCRC) – is important while evaluating the 

ecological credentials of this platform. However, as mentioned in Chapter 4, no TCRC data 

is available in literature for one of the aforementioned seven modules (PT), while for the 

other six modules, such data is not directly available. Instead, multiple studies report TCRC 

data for the four TE material systems that constitute these six modules, but under differing 

operational conditions. Hence, for each of these four systems, specific choices had to be 

made with regard to considering their TCRC for this study. These choices were primarily 

made based on the temperature range of operation considered in literature vis-à-vis that 

suitable for the given module of consideration. However, when appropriate, other factors 

were also considered. The following sub-sections highlight the final TCRC values chosen 

in this study, based on the values arrived at in literature.  
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2.1. TCRC: BT System  

Five studies – two based on the same module – have been undertaken on evaluating 

trends for either or both of conversion efficiency and output power of BT modules over 

multiple thermal cycles19,53,116,206,209. Of these, four provide data on variation in either of 

thermoelectric figure of merit (ZT), conversion efficiency or output power of concerned 

BT module, while the fifth study206 provides an equation for change in normalized 

conversion efficiency and output power with number of thermal cycles. Table B-1 provides 

the data on hot and cold side temperatures, as well as the TCRC for first four papers, while 

Table B-2 provides information on this equation and TCRC for the final fifth study.  

Table B-1: Details regarding TCRC of BT systems in literature 

Parameters 
Park et. al 

(2012)116 

Hatzikraniotis et. al 

(2010)53 

Barako et. al 

(2012, 2013)19,209 

Maximum hot side 

temperature (TH, °C) 
160 200 146 

Minimum hot side 

temperature (TH, °C) 
30 30 -20 

Cold side temperature 

(TC, °C) 
20 24 23 

Time of cycling (mins) - 

per cycle 
3 30 1 

Number of cycles  6000 6000 

- Number of effective 

cycles for reduction 
4000 6000 

Initial ZT - 0.74 0.624 

Final ZT - 0.63 0.58, 0.0197 

Initial Z - 0.00247 - 

Final Z - 0.00211 - 

Reduction in power (%) 11.00 14.00 - 
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Table B-2: Details regarding TCRC of BT modules in literature 

Since TCRC was unavailable for the combination of two studies19,209, this study 

was ignored. Further, of the remaining three studies, only two provide data on operational 

temperature range53,116, both of which are not in sync with that used for the two BT modules 

considered in this work. Hence, the remaining study was chosen206, in part as it showed the 

highest TCRC (i.e., the worst-case scenario among all five studies) for this module (0.0035 

% per cycle; Table B-2). 

2.2. TCRC: SK System 

In contrast to BT modules, only two studies seek to evaluate the performance of SK 

modules/materials under thermal cycling54,210. Table B-3 provides data on operational 

temperature ranges and TCRC values computed using these studies. Since the temperature 

ranges of operation for first paper54 were more in line with that optimal for the two SK 

modules considered here (Table B-3), and since this system shows a higher TCRC (i.e., 

taking into account the worst-case scenario) than the other study210, it was considered for 

this LCA work (i.e., TCRC = 0.2216 % per cycle).  

 

 

Reduction in power (%) 

per cycle 
0.0029 0.0025 - 

Parameters Wang et. al (2019)206 

Equation for efficiency - Normalized 
𝜂 = 1 − (1.40 × 10−6 × exp (2.93

× log10 𝑁𝑐𝑦𝑐𝑙𝑒) 

Equation for power - Normalized 

𝑃𝑜𝑢𝑡𝑝𝑢𝑡 = 1 − (7.24 × 10−5

× exp (2.08

× log10 𝑁𝑐𝑦𝑐𝑙𝑒) 

Reduction in power (%) per cycle – based on 

equation (9125 cycles) 
0.0035 
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Table B-3: Details regarding TCRC of SK modules in literature 

2.3. TCRC: HH System  

Four studies have sought to estimate the effect of thermal cycling on conversion 

efficiency of HH modules/materials/systems159,211–213. Table B-4 provides details on TCRC 

of HH material or system in these four studies. Of these, the first paper results in an 

extremely high TCRC (~ 0.033 % per cycle)211, which is unlike the other three studies 

(TCRC: ~ 0.004-0.005 % per cycle)159,212,213. Hence, the first paper was ignored211, while 

among the other studies, the fourth study was chosen as it shows the worst TCRC (0.005 

% per cycle)159 among the latter three studies.  

 

 

 

Parameters 
Ochi et. al 

(2014)54 
 

Biswas et. al 

(2012)210 
 

Maximum hot side temperature (TH, °C) 600 400 

Minimum hot side temperature (TH, °C) 200 50 

Cold side temperature (TC, °C) 40 30 

Time of cycling (mins) - per cycle 120 45 

Number of cycles 450 200 

Number of effective cycles for reduction 450 200 

Initial ZT - 0.9 

Final ZT - 0.85 

Initial efficiency (%) - 7.45 

Final efficiency (%) - 7.16 

Initial power (W) 29.5 7.45 

Final power (W) 26.7 7.16 

Reduction in power or power density (%) 9.49 3.94 

Reduction in power (%) per cycle 0.0222 0.0201 
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Table B-4: Details regarding TCRC of HH modules in literature 

2.4. TCRC: SC System    

Two studies have sought to analyze TE performance under thermal cycling for SC 

modules/materials. Table B-5 provides details on TCRC for this system under these two 

studies. Of these, the second paper was chosen, as its operational temperature range is in 

line with that for the SC module considered in this study.  

 

 

 

Parameters 
Jacques et. 

al (2018)211 

Rausch et. 

al (2015)212 

Joshi et. al 

(2014)213 

Bartholomé et. 

al (2014)159 

Maximum hot side 

temperature (TH, °C) 
600 700 600 - 

Minimum hot side 

temperature (TH, °C) 
100 100 100 - 

Cold side 

temperature (TC, °C) 
30 30 100 - 

Time of cycling 

(mins) - per cycle 
115 130 1 - 

Number of cycles 110 500 1000 200 

Number of effective 

cycles for reduction 
110 500 1000 200 

Initial power (W) 8.5 - - - 

Final power (W) 8.2 - - - 

Reduction in power 

or power density (%) 
3.53 2.00 4.00 1.00 

Reduction in power 

(%) per cycle 
0.0327 0.0040 0.0041 0.0050 
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Table B-5: Details regarding TCRC of SC modules in literature 

Thus, based on aforementioned choices, the final TCRC chosen for each module is 

provided in Table 2-5 and used for subsequent calculation.  

3. Modules: Electricity Generation and Final Conversion Efficiency 

Based on the TCRCs considered for chosen modules, total amount of electricity 

generated by each module set (by harvesting 1000 W of waste heat) in NG-based plant was 

calculated (Table B-6). For the sake of comparison, the amount of electricity produced by 

each of these module sets (from Chapter 3) is also provided.  

Table B-6: Amount of electricity generated (in kWh) by each TE module set  

Parameters 
Skomedal et. al 

(2016)214 

Tarantik et. al 

(2015)207 

Maximum hot side temperature (TH, °C) 450 550 

Minimum hot side temperature (TH, °C) 150 350 

Cold side temperature (TC, °C) 25 20 

Time of cycling (mins) - per cycle 55 45 

Number of cycles 160 100 

Number of effective cycles for reduction 160 100 

Initial power (W) 0.11 0.71 

Final power (W) 0.07 0.7 

Reduction in power or power density (%) 36.36 1.41 

Reduction in power (%) per cycle 0.2821 0.0142 

Modules  NG-based plant (Chapter 4)  Coal-based plant (Chapter 3) 

BT-1 1275.14 5361.12 

BT-2 2187.74 9198.00 

SK-1 1174.66 9855.00 

SK-2 1143.33 9592.20 

HH 1317.48 5913.00 
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4. Modules: Life Cycle Environmental Impacts  

4.1. D-Scenario 

Tables B-7–B-12 show the characterized impacts of all TE modules (per module 

set) based on functional unit, segregated by contributions from individual life cycle stages.  

Table B-7: Life cycle impacts of BT-1 module (D-scenario) 

Table B-8: Life cycle impacts of BT-2 module (D-scenario) 

SC 1310.22 8409.60 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.20 -0.81 8.13 × 10-6 -0.61 

TET kg 1,4-DCB 0.93 -0.03 1.96 × 10-5 0.90 

FET kg 1,4-DCB 0.02 -2.01 × 10-4 8.94 × 10-8 0.02 

MET kg 1,4-DCB 0.03 -0.01 1.45 × 10-7 0.01 

HCT kg 1,4-DCB 0.01 -2.11 × 10-3 2.58 × 10-7 0.01 

HNT kg 1,4-DCB 0.62 -0.01 3.20 × 10-6 0.61 

MRS kg Cu eq 2.39 × 10-3 -2.82 × 10-4 2.20 × 10-8 2.11 × 10-3 

FRS kg oil eq 0.05 -0.23 3.27 × 10-6 -0.18 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.19 -0.81 3.65 × 10-6 -0.62 

TET kg 1,4-DCB 0.13 -0.03 8.82 × 10-6 0.10 

FET kg 1,4-DCB 3.09 × 10-3 -2.01 × 10-4 4.02 × 10-8 2.89 × 10-3 

MET kg 1,4-DCB 0.01 -0.01 6.52 × 10-8 -0.01 

HCT kg 1,4-DCB 5.48 × 10-3 -2.11 × 10-3 1.16 × 10-7 3.37 × 10-3 

HNT kg 1,4-DCB 0.10 -0.01 1.44 × 10-6 0.09 

MRS kg Cu eq 3.20 × 10-4 -2.82 × 10-4 9.87 × 10-9 3.80 × 10-5 

FRS kg oil eq 0.05 -0.23 1.47 × 10-6 -0.18 
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Table B-9: Life cycle impacts of SK-1 module (D-scenario) 

Table B-10: Life cycle impacts of SK-2 module (D-scenario) 

Table B-11: Life cycle impacts of HH module (D-scenario) 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.33 -0.81 1.26 × 10-5 -0.47 

TET kg 1,4-DCB 0.21 -0.03 3.03 × 10-5 0.18 

FET kg 1,4-DCB 0.03 -2.01 × 10-4 1.38 × 10-7 0.03 

MET kg 1,4-DCB 0.05 -0.01 2.24 × 10-7 0.03 

HCT kg 1,4-DCB 0.02 -2.11 × 10-3 3.99 × 10-7 0.01 

HNT kg 1,4-DCB 1.10 -0.01 4.95 × 10-6 1.09 

MRS kg Cu eq 9.64 × 10-4 -2.82 × 10-4 3.39 × 10-8 6.28 × 10-4 

FRS kg oil eq 0.09 -0.23 5.06 × 10-6 -0.15 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.32 -0.81 1.17 × 10-5 -0.48 

TET kg 1,4-DCB 0.24 -0.03 2.83 × 10-5 0.21 

FET kg 1,4-DCB 0.04 -2.01 × 10-4 1.29 × 10-7 0.04 

MET kg 1,4-DCB 0.06 -0.01 2.10 × 10-7 0.05 

HCT kg 1,4-DCB 0.02 -2.11 × 10-3 3.73 × 10-7 0.02 

HNT kg 1,4-DCB 1.54 -0.01 4.62 × 10-6 1.53 

MRS kg Cu eq 1.46 × 10-3 -2.82 × 10-4 3.17 × 10-8 1.18 × 10-3 

FRS kg oil eq 0.08 -0.23 4.72 × 10-6 -0.15 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.02 -0.81 1.27 × 10-6 -0.78 

TET kg 1,4-DCB 0.02 -0.03 3.06 × 10-6 -0.01 

FET kg 1,4-DCB 8.80 × 10-4 -2.01 × 10-4 1.39 × 10-8 6.79 × 10-4 
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Table B-12: Life cycle impacts of SC module (D-scenario) 

4.2. Life Cycle Impacts: Comparison of EOL Scenarios  

For various EOL scenarios, Figures B.1–B.4 compare life cycle impacts of modules 

(barring HH and SK-2), while Tables B-13–B-24 show characterized impacts.  

 

MET kg 1,4-DCB 1.35 × 10-3 -0.01 2.26 × 10-8 -0.01 

HCT kg 1,4-DCB 8.70 × 10-4 -2.11 × 10-3 4.02 × 10-8 -1.24 ×10-3 

HNT kg 1,4-DCB 0.03 -0.01 4.99 × 10-7 0.02 

MRS kg Cu eq 2.19 × 10-4 -2.82 × 10-4 3.42 × 10-9 -6.24 × 10-5 

FRS kg oil eq 0.01 -0.23 5.09 × 10-7 -0.23 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.10 -0.81 5.41 × 10-6 -0.71 

TET kg 1,4-DCB 0.14 -0.03 1.30 × 10-5 0.11 

FET kg 1,4-DCB 0.01 -2.01 × 10-4 5.94 × 10-8 0.01 

MET kg 1,4-DCB 0.01 -0.01 9.65 × 10-8 -3.40 × 10-3 

HCT kg 1,4-DCB 0.01 -2.11 × 10-3 1.72 × 10-7 0.01 

HNT kg 1,4-DCB 0.22 -0.01 2.13 × 10-6 0.21 

MRS kg Cu eq 0.01 -2.82 × 10-4 1.46 × 10-8 0.01 

FRS kg oil eq 0.03 -0.23 2.17 × 10-6 -0.21 
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Figure B.1: Comparison of life cycle impacts of BT-1 module under various EOL 

scenarios (normalized by impact of D-scenario) 

 

 

Figure B.2: Comparison of life cycle impacts of BT-2 module under various EOL 

scenarios (normalized by impacts of D-scenario) 
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Figure B.3: Comparison of life cycle impacts of SK-1 module under various EOL 

scenarios (normalized by impacts of D-scenario) 

 

Figure B.4: Comparison of life cycle impacts of SC module under various EOL scenarios 

(normalized by impacts of D-scenario) 

Table B-13: Life cycle impacts of BT-1 module (P-scenario) 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.20 -0.81 1.01 × 10-3 -0.61 

TET kg 1,4-DCB 0.93 -0.03 1.98 × 10-4 0.90 



 224 

Table B-14: Life cycle impacts of BT-2 module (P-scenario) 

Table B-15: Life cycle impacts of SK-1 module (P-scenario) 

FET kg 1,4-DCB 0.02 -2.01 × 10-4 7.70 × 10-6 0.02 

MET kg 1,4-DCB 0.03 -0.01 1.87 × 10-5 0.01 

HCT kg 1,4-DCB 0.01 -2.11 × 10-3 -1.22 × 10-6 0.01 

HNT kg 1,4-DCB 0.62 -0.01 2.89 × 10-4 0.61 

MRS kg Cu eq 2.39 × 10-3 -2.82 × 10-4 -8.67 × 10-6 2.10 × 10-3 

FRS kg oil eq 0.05 -0.23 2.71 × 10-4 -0.18 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.19 -0.81 6.03 × 10-4 -0.62 

TET kg 1,4-DCB 0.13 -0.03 1.15 × 10-4 0.10 

FET kg 1,4-DCB 3.09 × 10-3 -2.01 × 10-4 4.59 × 10-6 2.89 × 10-3 

MET kg 1,4-DCB 0.01 -0.01 1.11 × 10-5 -0.01 

HCT kg 1,4-DCB 0.01 -2.11 × 10-3 -7.68 × 10-7 3.37 × 10-3 

HNT kg 1,4-DCB 0.10 -0.01 1.72 × 10-4 0.09 

MRS kg Cu eq 3.20 × 10-4 -2.82 × 10-4 -5.18 × 10-6 3.28 × 10-5 

FRS kg oil eq 0.05 -0.23 1.61 × 10-4 -0.18 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.33 -0.81 1.56 × 10-3 -0.47 

TET kg 1,4-DCB 0.21 -0.03 3.06 × 10-4 0.18 

FET kg 1,4-DCB 0.03 -2.01 × 10-4 1.19 × 10-5 0.03 

MET kg 1,4-DCB 0.05 -0.01 2.88 × 10-5 0.03 

HCT kg 1,4-DCB 0.02 -2.11 × 10-3 -1.89 × 10-6 0.01 

HNT kg 1,4-DCB 1.10 -0.01 4.46 × 10-4 1.09 

MRS kg Cu eq 9.64 × 10-4 -2.82 × 10-4 -1.34 × 10-5 6.69 × 10-4 

FRS kg oil eq 0.09 -0.23 4.19 × 10-4 -0.15 
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Table B-16: Life cycle impacts of SK-2 module (P-scenario) 

Table B-17: Life cycle impacts of HH module (P-scenario) 

Table B-18: Life cycle impacts of SC module (P-scenario) 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.32 -0.81 7.00 × 10-4 -0.48 

TET kg 1,4-DCB 0.24 -0.03 1.51 × 10-4 0.21 

FET kg 1,4-DCB 0.04 -2.01 × 10-4 5.36 × 10-6 0.04 

MET kg 1,4-DCB 0.06 -0.01 1.29 × 10-5 0.05 

HCT kg 1,4-DCB 0.02 -2.11 × 10-3 -6.44 × 10-7 0.02 

HNT kg 1,4-DCB 1.54 -0.01 2.01 × 10-4 1.53 

MRS kg Cu eq 1.46 × 10-3 -2.82 × 10-4 -5.93 × 10-6 1.17 × 10-3 

FRS kg oil eq 0.08 -0.23 1.89 × 10-4 -0.15 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.02 -0.81 1.69×10-4 -0.78 

TET kg 1,4-DCB 0.02 -0.03 3.28×10-5 -0.01 

FET kg 1,4-DCB 8.80 ×10-4 -2.01×10-4 1.29×10-6 6.80 ×10-4 

MET kg 1,4-DCB 1.35 ×10-3 -0.01 3.11×10-6 -0.01 

HCT kg 1,4-DCB 8.70 ×10-4 -2.11×10-3 -2.07×10-7 -1.24 ×10-3 

HNT kg 1,4-DCB 0.03 -0.01 4.82×10-5 0.02 

MRS kg Cu eq 2.19 ×10-4 -2.82×10-4 -1.45×10-6 -6.38 ×10-5 

FRS kg oil eq 0.01 -0.23 4.52×10-5 -0.23 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.10 -0.81 6.12×10-4 -0.71 

TET kg 1,4-DCB 0.14 -0.03 1.2 ×10-4 0.11 

FET kg 1,4-DCB 0.01 -2.01×10-4 4.67 × 10-6 0.01 



 226 

Table B-19: Life cycle impacts of BT-1 module (CE-scenario) 

Table B-20: Life cycle impacts of BT-2 module (CE-scenario) 

MET kg 1,4-DCB 0.01 -0.01 1.13×10-5 -3.39×10-3 

HCT kg 1,4-DCB 0.01 -2.11×10-3 -7.24×10-7 0.01 

HNT kg 1,4-DCB 0.22 -0.01 1.75 × 10-4 0.21 

MRS kg Cu eq 0.01 -2.82×10-4 -5.24 × 10-6 0.01 

FRS kg oil eq 0.03 -0.23 1.64 × 10-4 -0.21 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.20 -0.81 0.01 -0.60 

TET kg 1,4-DCB 0.93 -0.03 -0.03 0.88 

FET kg 1,4-DCB 0.02 -2.01 × 10-4 -4.07 × 10-4 0.02 

MET kg 1,4-DCB 0.03 -0.01 -5.74 × 10-4 0.01 

HCT kg 1,4-DCB 0.01 -2.11 × 10-3 1.37 × 10-4 0.01 

HNT kg 1,4-DCB 0.62 -0.01 -0.02 0.59 

MRS kg Cu eq 2.39 × 10-3 -2.82 × 10-4 -8.52 × 10-5 2.03 × 10-3 

FRS kg oil eq 0.05 -0.23 1.77 × 10-3 -0.18 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.19 -0.81 0.00 -0.62 

TET kg 1,4-DCB 0.13 -0.03 -0.01 0.09 

FET kg 1,4-DCB 3.09 × 10-3 -2.01 × 10-4 -1.48 × 10-4 2.74 × 10-3 

MET kg 1,4-DCB 0.01 -0.01 -2.07 × 10-4 -0.01 

HCT kg 1,4-DCB 0.01 -2.11 × 10-3 4.99 × 10-5 3.42 × 10-3 

HNT kg 1,4-DCB 0.10 -0.01 -0.01 0.08 

MRS kg Cu eq 3.20 × 10-4 -2.82 × 10-4 -3.33 × 10-5 4.71 × 10-6 

FRS kg oil eq 0.05 -0.23 7.12 × 10-4 -0.18 
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Table B-21: Life cycle impacts of SK-1 module (CE-scenario) 

Table B-22: Life cycle impacts of SK-2 module (CE-scenario) 

Table B-23: Life cycle impacts of HH module (CE-scenario) 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.33 -0.81 0.01 -0.46 

TET kg 1,4-DCB 0.21 -0.03 0.00 0.18 

FET kg 1,4-DCB 0.03 -2.01 × 10-4 -4.28 × 10-3 0.03 

MET kg 1,4-DCB 0.05 -0.01 -0.01 0.03 

HCT kg 1,4-DCB 0.02 -2.11 × 10-3 -4.09 × 10-4 0.01 

HNT kg 1,4-DCB 1.10 -0.01 -0.15 0.94 

MRS kg Cu eq 9.64 × 10-4 -2.82 × 10-4 -1.00 × 10-4 5.82 × 10-4 

FRS kg oil eq 0.09 -0.23 0.00 -0.14 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.32 -0.81 0.02 -0.46 

TET kg 1,4-DCB 0.24 -0.03 -1.20 ×10-4 0.21 

FET kg 1,4-DCB 0.04 -2.01 ×10-4 -0.01 0.04 

MET kg 1,4-DCB 0.06 -0.01 -0.01 0.04 

HCT kg 1,4-DCB 0.02 -2.11 ×10-3 -5.99 ×10-4 0.01 

HNT kg 1,4-DCB 1.54 -0.01 -0.24 1.29 

MRS kg Cu eq 1.46 ×10-3 -2.82 ×10-4 -1.97 ×10-4 9.78 ×10-4 

FRS kg oil eq 0.08 -0.23 0.01 -0.14 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.02 -0.81 4.59 × 10-4 -0.78 

TET kg 1,4-DCB 0.02 -0.03 -6.84 × 10-4 -0.01 

FET kg 1,4-DCB 8.80 ×10-4 -2.01 × 10-4 -5.10 ×10-5 6.28 ×10-4 
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Table B-24: Life cycle impacts of SC module (CE-scenario) 

 

MET kg 1,4-DCB 1.35 × 10-3 -0.01 -7.07 ×10-5 -0.01 

HCT kg 1,4-DCB 8.70 ×10-4 -2.11 ×10-3 -3.48 ×10-6 -1.24 ×10-3 

HNT kg 1,4-DCB 0.03 -0.01 -1.95 × 10-3 0.02 

MRS kg Cu eq 2.19 × 10-4 -2.82 × 10-4 -2.20 × 10-5 -8.44 ×10-5 

FRS kg oil eq 0.01 -0.23 1.18 × 10-4 -0.23 

Impact category Unit Production Use EOL Total 

GW kg CO2 eq 0.10 -0.81 1.27 ×10-2 -0.70 

TET kg 1,4-DCB 0.14 -0.03 -4.03 ×10-3 0.11 

FET kg 1,4-DCB 0.01 -2.01 ×10-4 -4.50 ×10-4 0.01 

MET kg 1,4-DCB 0.01 -0.01 -6.42 ×10-4 -4.04 ×10-3 

HCT kg 1,4-DCB 0.01 -2.11 ×10-3 -5.01 ×10-4 0.01 

HNT kg 1,4-DCB 0.22 -0.01 -1.94 ×10-2 0.19 

MRS kg Cu eq 1.07 ×10-2 -2.82 ×10-4 -1.50 ×10-3 0.01 

FRS kg oil eq 0.03 -0.23 3.10 ×10-3 -0.20 
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APPENDIX-C 

SUPPORTING INFORMATION FOR CHAPTER 5 

C. Ecological Profile of Thermoelectrics for Automotive Applications 

(Intermittent Waste Heat Generation) 

1. Introduction 

For cradle-to-grave LCA of TEGs, this Appendix provides detailed inventory for 

heat exchanger and other components that are used in addition to modules in chosen 

generators. It was assumed that after procuring the desired inputs, both generators were 

manufactured in the US, using the average 2015 U.S. electric grid mix for processing 

various individual components (due to unavailability of more recent data).   

2. TEG – Heat Exchanger Components 

2.1. Heat Exchangers  

Tables C-1, C-2 and C-3 respectively provide the inventory for copper TEG base, 

copper fins, and SS side bars for both TEGs for both SK-1 and BT-1 modules.  

Table C-1: Inventory of copper base  

For TEG-1 (Only skutterudite modules) 

Type of 

Parameter 
Material Value Unit Remark 

Process output Copper base 1000 kg  

Process inputs Copper sheet 1047.23 kg 

Based on the loss of ~ 4.5 % of 

material during cutting, as 

obtained through calculations 
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Table C-2: Inventory of copper fins  

Electricity 11.41 kWh 

Used to cut copper sheet to 

sizes required to produce 

copper fins    

Emission 

output: Solid 

waste 

Copper sheet 

(Hazardous waste, 

landfill) 

47.23 kg  

For TEG-2 (Skutterudite + Bismuth Telluride modules) 

Type of 

Parameter 
Material Value Unit Remark 

Process output Copper base 1000 kg  

Process inputs 

Copper sheet 1131.18 kg 

Based on the loss of ~ 11.5 % 

of material during cutting, as 

obtained through calculations.  

Electricity 10.35 kWh 

Used to cut the copper sheet to 

sizes required to produce 

copper fins   

Emission 

output: Solid 

waste 

Copper sheet 

(Hazardous waste, 

landfill) 

131.18 kg  

For TEG-1 (Only skutterudite modules) 

Type of 

Parameter 
Material Value Unit Remark 

Process 

output 
Copper fins 1000 kg 

 

Process 

inputs 
Copper sheet 1105.39 kg 

Based on the loss of ~ 10 % of 

material during cutting, as obtained 

through calculations 
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Table C-3: Inventory of side bars 

2.2. Min-K (Thermal Insulation)  

Table C-4 shows the inventory for Min-K.  

Table C-4: Inventory of Min-K (as obtained from company source128,129) 

Electricity 8.42 kWh 
Used to cut copper sheet to sizes 

required to produce copper fins   

Emission 

output:  

Solid waste 

Copper 

(Hazardous 

waste, landfill) 

105.39 kg 

 

For TEG-2 (Skutterudite + Bismuth Telluride modules) 

Type of 

Parameter 
Material Value Unit Remark 

Process 

output 
Copper fins 1000 kg  

Process 

inputs 

Copper sheet 1153.06 kg 

Based on the loss of ~ 13 % of 

material during cutting, as obtained 

through calculations 

Electricity 17.89 kWh 
Used to cut copper sheet to sizes 

required to produce copper fins   

Emission 

output:  

Solid waste 

Copper 

(Hazardous 

waste, landfill) 

153.06 kg  

Type of Parameter Material Value Unit 

Process output SS Side Bars 1000 kg 

Process input Cold-rolled SS plate 1000 kg 
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3. Use Stage: Electricity Generation and Fuel Savings  

3.1. Thermal Cycling Reduction Coefficient (TCRC)    

Since use of TEs in automobiles involve thermal cycling that reduces conversion 

efficiency of TE modules, data regarding such reduction in conversion efficiency with each 

thermal cycle – referred to as thermal cycling reduction coefficient (TCRC) – is important 

while evaluating the ecological credentials of this platform. This TCRC data was directly 

taken from that calculated for SK and BT modules in previous Appendix (Table 2-5).  

3.2. Gasoline Savings: Calculation Procedure and Actual Savings  

Typically, prior to estimating gasoline savings, it is important to calculate the fuel 

consumed without the use of thermoelectric generator. Hence, this step was first 

undertaken, and then estimated the fuel saved by using it, as well as the excess fuel 

consumed due to its mass. The difference between the two was the net amount of fuel saved 

by the generator. However, this entire process was conducted using a complicated 

procedure that is described in the following sub-sections, step-by-step.  

Type of Parameter Material Value Unit 

Process output Min-K 1000 kg 

Process inputs 

Silica (SiO2) 815.57 kg 

Alumina (Al2O3) 4.46 kg 

Titanium dioxide (TiO2) 114.18 kg 

Iron oxide (Fe2O3) 2.72 kg 

Calcium oxide (CaO) 51.22 kg 

Magnesium oxide (MgO) 9.79 kg 

Sodium oxide (Na2O) 1.52 kg 

Potassium oxide (K2O) 0.54 kg 

Water (H2O) 5043.78 kg 

Emission output: Air Water (H2O) 5043.78 kg 
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3.2.1. Step 1 

In order to determine the amount of fuel consumed without a thermoelectric, it is 

necessary to have an idea of the distance travelled as well as the fuel economy of the 

vehicle. Prior to 2008, fuel economy (FE) values for automobiles were calculated by 

considering only two kinds of driving – city and highway224. For both kinds of driving, FE 

was first estimated using UDDS (urban dynamometer driving schedule) and HWFET 

(highway fuel economy test cycle) cycles respectively224,225, after which it was combined 

to obtain the final FE (in the ratio of 55 % for city driving and 45 % for highway driving) 

– this method is termed the 2-cycle fuel economy. However, after 2008, this calculation 

was modified by considering five kinds of driving cycles, which go beyond city and 

highway driving cycles226. Further, another change to evaluating fuel economy for urban 

driving since 2008 has been the replacement of UDDS procedure with FTP (federal test 

procedure) (FTP-72)224. Subsequently, FE values for the five cycles (under 5-cycle FE 

method) are then used to estimate city and highway driving FE values, which in turn are 

used to obtain the final FE value of a vehicle (with same ratio of 55 % for city driving and 

45 % for highway driving) – this is termed the 5-cycle fuel economy (FE). Since the 

formulas for obtaining these city and highway driving fuel economies are highly 

complicated in 5-cycle method227,  the correlation between the old 2-cycle FE method and 

the new 5-cycle method was used, based on Equations 1 and 2 given below228. This 

automatically converts the idea of city and urban FE values (provided using 5-cycle method 

at present) into the same values using the 2-cycle method (i.e., based on FTP and HWFET 

cycles respectively). The 5-cycle FE values for city and highway driving cycles for 

Chevrolet Suburban are available in public domain229 as 15 mpg and 22 mpg respectively. 

These were used to obtain the city and highway driving FE values for 2-cycle method 

respectively, using the equations given below.  

𝐹𝐸𝑐𝑖𝑡𝑦,5−𝑐𝑦𝑐𝑙𝑒 =  
1

0.004091 +
1.1601
𝐹𝐸𝐹𝑇𝑃

   … … (1) 
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𝐹𝐸ℎ𝑖𝑔ℎ𝑤𝑎𝑦,5−𝑐𝑦𝑐𝑙𝑒 =  
1

0.003191 +
1.2945

𝐹𝐸𝐻𝑊𝐹𝐸𝑇

   … … (2) 

3.2.2. Step 2 

In this step, the amount of energy (𝐸) needed for driving the vehicle under both 

FTP and HWFET cycles was estimated using Equation 3, where the three individual terms 

(that were summed up) referred to three components: inertial (mass-dependent), 

aerodynamic (dependent on countering aerodynamic drag of vehicle), and rolling (to 

counter rolling resistance faced by vehicle). It turns out that the integral parts of each of 

these terms are vehicle-independent (i.e., they are the same, irrespective of the vehicle 

considered), so it is a constant value. Hence, Equation 3 can be converted into Equation 4.  

𝐸 =  ∫ 𝑃. 𝑑𝑡
𝑐𝑦𝑐𝑙𝑒

0

= 𝑚 ∫ 𝑉
𝑑𝑉

𝑑𝑡
𝑑𝑡

𝑐𝑦𝑐𝑙𝑒

0

+  
𝐶𝑑𝐴𝜌

2
∫ 𝑉3𝑑𝑡

𝑐𝑦𝑐𝑙𝑒

0

+ 𝑓𝑟𝑚𝑔 ∫ 𝑉𝑑𝑡
𝑐𝑦𝑐𝑙𝑒

0

 … . . (3) 

 

𝐸 = 𝑚𝛽1 +
𝐶𝑑𝐴𝜌

2
𝛽2 + 𝑓𝑟𝑚𝑔𝛽3   … . . (4) 

Based on the raw data provided for both FTP and HWFET cycles (velocity against 

time) in EPA database224, values of 𝛽1, 𝛽2 and 𝛽3 were calculated (by integrating the 

parameters) – these are provided in Table C-5.  

Table C-5: Values of vehicle-independent coefficients for Equation 4 (above) 

Further, values of total load (𝑚 = mass of vehicle + test load of 136 kg, representing 

weight of 2 average persons) and frontal area of vehicle (85 % of length multiplied by 

Cycle 𝜷𝟏 𝜷𝟐 𝜷𝟑 

FTP 3,026 4,549,910 17,770 

HWFET 1,165 8,539,652 16,507 
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width of vehicle) for Chevrolet Suburban (𝐴)229 were obtained/calculated, and rough values 

were used for aerodynamic drag coefficient (𝐶𝑑= 0.36) (assumed to be same as that given 

in230), density of air (𝜌 = 1.225 kg/m3)231, rolling resistance (𝑓𝑟 = 0.008)232 and acceleration 

due to gravity (𝑔 = 9.81 m/s2) to calculate the total energy (𝐸) needed to drive the vehicle 

per cycle (FTP or HWFET). This total energy was calculated separately for both FTP and 

HWFET cycles – all of which assumed the non-usage of TEGs.  

3.2.3. Step 3 

Having obtained the fuel economy values for FTP and HWFET cycles in Step 1 

itself, tank capacity of Chevrolet Suburban229 was used to estimate the total distance that 

the vehicle can travel on either of these cycles alone in a single fuel tank. Using this, two 

parameters were estimated: (a) Total number of driving cycles (of either kind, 2-cycle 

method) that the vehicle can cover in 1 entire fuel tank; and (b) Total driving energy that 

is available over 1 fuel tank (product of total gasoline used and energy content of gasoline). 

Further, the total energy needed for driving per cycle (obtained as 𝐸 in Step 2) was 

multiplied with the total number of driving cycles, for both city and highway driving, to 

obtain the total energy needed for driving in a single fuel tank. The ratio of these two 

quantities – total driving energy needed to total driving energy provided by gasoline – is 

the tank-to-wheel (TTW) efficiency of car, without the use of TEGs. In addition, the 

aforementioned information was used to estimate the amount of fuel (gasoline) consumed 

per cycle (for each kind of driving cycle), as well as the energy content of this fuel.  

3.2.4. Step 4 

A thermoelectric generator can only meet those needs of a car that are met using 

electricity (i.e., only for electronics). Since these needs are currently met by alternator in 

any automobile, first, the total amount of energy consumed by the alternator over 1 cycle 

of each kind (FTP or HWFET) was calculated by multiplying three values – current used 

by alternator, voltage of alternator, and time for which the alternator is used (i.e., duration 

of any driving cycle). More information on these values is provided in Table C-6.  
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Table C-6: Information on alternator energy consumption 

Finally, fuel energy consumed over both city and driving cycles over the lifetime 

of the vehicle (100,000 miles) was summed up and obtained as 21,624.90 liters of fuel.  

3.2.5. Step 5 

Any TEG, upon use, adds to the mass of the vehicle. Hence, the incremental energy 

needed to drive this additional mass was calculated using Equation 4 (above). Obviously, 

since aerodynamic drag does not change with addition of mass, the second term becomes 

zero, while the other terms were non-zero (as the mass of vehicle is affected). Upon adding 

this incremental energy to the total energy needed to drive per cycle, total energy needed 

to drive Chevrolet Suburban after fitting the TEG onto it was obtained.  

3.2.6. Step 6 

While the conversion efficiency of both TEGs from chosen studies104,140 

corresponds to FTP cycle (i.e., city driving conditions), no information is available on the 

same under highway driving conditions. However, it is well known that the conversion 

efficiency of any device is typically dependent on temperature difference between its hot 

and cold ends. Assuming the cold side temperature to be constant, it can be said that the 

hot side temperature is likely to increase during highway driving due to higher speeds vis-

à-vis city driving, as also the rate of exhaust gas flow. Thus, there is enough reason to 

believe that the efficiency of both generators will be higher during highway driving than 

their value during city driving. However, since there is no information on how much this 

efficiency increase can be, the same conversion efficiency was assumed for these TEGs 

under both driving conditions (i.e., highway driving efficiency = city driving efficiency). 

However, these are merely original values, and thermal cycling occurs after each thermal 

Parameters & Unit Value 

Current (A) 150229 

Voltage (V) 14233 

Time (t, seconds)224 Driving cycle: City (1,874), Highway (765) 
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cycle. Hence, it was assumed for sake of simplicity that each driving cycle (FTP or 

HWFET) corresponds to 1 thermal cycle, and an overall equal distribution of both driving 

cycles was considered over the lifetime of vehicle. For each driving cycle, conversion 

efficiency of the generator was calculated by taking into consideration the TCRC values 

mentioned (Table 2-5).  

Using these figures, the amount of energy generated by each TEG was calculated, 

assuming that ~ 60 % of fuel energy was lost as exhaust waste heat234. It is the TCRC-

affected conversion efficiency figure for each driving cycle (i.e., each thermal cycle) that 

was used to obtain the total energy generated by the generator. This value was compared 

with the energy consumed by the alternator for both FTP and HWFET cycles. In both types 

of driving, it was found that the energy produced by both TEGs was lower than that 

consumed by the alternator, so that it replaced only a part of energy consumed by the 

alternator, and this part of energy was then considered to be additionally available for 

driving. Another assumption made in this aspect was that of the total energy produced by 

TEGs, only 90 % was considered as going to alternator, with 10 % assumed to be lost.  

3.2.7. Step 7 

Now, the total energy available for driving was calculated as the sum of two terms: 

(a) One, the product of TTW (tank-to-wheel) efficiency and fuel energy provided for 

Chevrolet Suburban without use of any TEG; and (b) Additional energy generated by the 

TEG (i.e., wattage of generator, multiplied by total driving time) for every driving cycle 

(FTP or HWFET). This total energy available for driving was then divided by fuel energy 

provided by the vehicle overall, to estimate the new TTW efficiency of vehicle with use of 

TEGs. Using this new TTW efficiency (𝜂𝑡2𝑤), fuel economy (𝐹𝐸, 2-cycle method) was 

estimated for FET and HWFET cycles using Equation 5, where 𝐸𝑑𝑟𝑖𝑣𝑒 is the energy needed 

for driving per cycle, 𝜌𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒  is energy density of gasoline, and 𝑙𝑐𝑦𝑐𝑙𝑒 is the length of 

driving cycle, all considering the use of TEGs.  

𝐹𝐸 =  𝜂𝑡2𝑤

𝜌𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒

𝐸𝑑𝑟𝑖𝑣𝑒
𝑙𝑐𝑦𝑐𝑙𝑒    … . . (5) 
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Based on this formula, fuel economy was obtained under the 2-cycle method. This 

was later inputted into Equations 1 or 2 (as the case may be) to obtain the city and highway 

driving FE values for 5-cycle method. Finally, total distance travelled by Chevrolet 

Suburban on either kinds of driving was divided with these FE values to estimate the total 

fuel consumed under each driving cycle. All these calculations were undertaken separately 

for each driving (thermal) cycle, and then the fuel consumed across all driving cycles was 

summed up to obtain overall fuel consumption. Table C-7 shows the overall fuel 

consumption upon use of either of the two generators and the obtained fuel savings.  

Table C-7: Fuel consumption and savings upon use of TEGs 

4. End-of-Life (EOL) Scenarios   

Three end-of-life (EOL) scenarios were considered in this study (same as in 

previous chapters) and inventory for these scenarios is provided in following sub-sections.  

4.1. Disposal Scenario (D-Scenario) 

Inventory for D-scenario is the same as given in Table A-31.  

4.2. Practical Scenario (P-Scenario)  

Inventory is produced in Tables C-8 (for copper-based components) and C-9 (for 

stainless-steel side bars) for recycling of heat exchanger components in P-scenario. 

Copper-based components were assumed to be converted to secondary copper, which may 

be used for the same or some other application.  

Table C-8: Inventory for the recycling of copper-based heat exchanger components (base 

and fins) 

Parameters TEG-1 TEG-2 

Fuel consumed without use of TEGs (liters) 21,624.90 21,624.90 

Fuel consumed with use of TEGs (liters) 21,328.92 20,963.95 

Fuel saved with use of TEGs (liters) 295.98 660.95 

Type of Parameter Parameter Value Unit 
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Output Material Copper, secondary 1000 kg 

Input Materials 

Copper base/fins 1000 kg 

Occupation, arable land, unspecified use, US 0.92 m2a 

Water, river, US 5.07 m3 

Oil, crude 76.41 kg 

Coal, bituminous, 24.8 MJ per kg 201.15 kg 

Chemicals inorganic, at plant/GLO US-EI U 0.0889 kg 

Chemicals organic, at plant/GLO US-EI U 18.29 kg 

Sulfuric acid (98 % H2SO4), at plant/RER 

Mass 
0.0073 ton 

Input Energy 
Electricity, medium voltage, at grid, 2015/US 

US-EI U 
286.62 kWh 

Output Emissions: 

Air 

Carbon dioxide 331.49 kg 

Particulates 39.32 g 

Sulfur dioxide 400.38 g 

Nitrogen oxides 946.84 g 

Arsenic 4.04 g 

Lead 0.22 g 

Copper 0.39 g 

Nickel 0.00848 g 

Sulfuric acid 0.21 g 

Output Emissions: 

Water 

Phosphorus 0.0154 g 

Copper 0.19 g 

Lead 0.0165 g 

Nickel 0.24 g 

Ammonia 0.2 g 

Arsenic 0.00651 g 

Final Waste flows Hazardous waste, unspecified treatment 4.66 kg 
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Table C-9: Inventory for recycling of stainless-steel side bars 

4.3. Circular Economy Scenario (CE-Scenario)  

Inventory for recycling TE legs is provided in Tables A-33–A-46.   

5. Modules: Life cycle Environmental Impacts  

5.1. D-Scenario  

Tables C-10 and C-11 show the respective characterized impacts of both TEGs, 

segregated by contributions of different life cycle stages, for the D-scenario.  

Table C-10: Characterized impacts of TEG-1 for D-scenario 

Waste to treatment 
Disposal, municipal solid waste, 0 % water, to 

sanitary landfill 
1.06 kg 

Type of Parameter Material Quantity required Unit 

Output Material Side re-bar 1000 kg 

Input Materials Steel side bars 1000 kg 

Input Energy 

Electricity (for sorting) 0 kWh 

Electricity (for shredding) 50 kWh 

Electricity - Primary Energy 

(For melting, refining) 
1.8 GJ 

Electricity  

(For rebar formation) 
175 kWh 

Transportation 

required 

Transport involved 

(Assumed) 

100 miles 

160.934 km 

160.934 ton-km 

Impact category Unit Production Use Disposal Total 

GW kg CO2 eq 9.79 -3.18 3.53 × 10-3 6.62 

TET kg 1,4-DCB 7.42 -8.79 8.53 × 10-3 -1.36 
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Table C-11: Characterized impacts of TEG-2 for D-scenario 

5.2. P-Scenario  

Tables C-12 and C-13 show the respective characterized impacts of both TEGs, 

segregated by contributions of different life cycle stages, for the P-scenario.  

Table C-12: Characterized impacts of TEG-1 for P-scenario 

FET kg 1,4-DCB 0.94 -4.91 × 10-3 3.88 × 10-5 0.94 

MET kg 1,4-DCB 1.37 -0.01 6.30 × 10-5 1.36 

HCT kg 1,4-DCB 0.45 -0.02 1.12 × 10-4 0.43 

HNT kg 1,4-DCB 32.49 -0.21 1.39 × 10-3 32.28 

MRS kg Cu eq 0.03 -1.49 × 10-3 9.54 × 10-6 0.03 

FRS kg oil eq 2.54 -0.98 1.42 × 10-3 1.56 

Impact category Unit Production Use Disposal Total 

GW kg CO2 eq 6.34 -3.18 2.14 × 10-3 3.17 

TET kg 1,4-DCB 12.66 -8.79 5.18 × 10-3 3.87 

FET kg 1,4-DCB 0.60 -4.91 × 10-3 2.36 × 10-5 0.59 

MET kg 1,4-DCB 0.87 -0.01 3.83 × 10-5 0.86 

HCT kg 1,4-DCB 0.29 -0.02 6.81 × 10-5 0.27 

HNT kg 1,4-DCB 20.68 -0.21 8.45 × 10-4 20.47 

MRS kg Cu eq 0.04 -1.49 × 10-3 5.79 × 10-6 0.04 

FRS kg oil eq 1.66 -0.98 8.62 × 10-4 0.68 

Impact category Unit Production Use Practical Total 

GW kg CO2 eq 9.79 -3.18 -0.06 6.56 

TET kg 1,4-DCB 7.42 -8.79 -20.32 -21.69 

FET kg 1,4-DCB 0.94 -4.91 × 10-3 -0.04 0.89 

MET kg 1,4-DCB 1.37 -0.01 -0.07 1.29 

HCT kg 1,4-DCB 0.45 -0.02 -0.01 0.41 
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Table C-13: Characterized impacts of TEG-2 for P-scenario 

5.3. CE-Scenario  

Tables C-14 and C-15 show the respective characterized impacts of both TEGs, 

segregated by contributions of different life cycle stages, for the CE-scenario.  

Table C-14: Characterized impacts of TEG-1 for CE-scenario 

HNT kg 1,4-DCB 32.49 -0.21 -2.03 30.25 

MRS kg Cu eq 0.03 -1.49 × 10-3 -0.02 0.02 

FRS kg oil eq 2.54 -0.98 -0.01 1.55 

Impact category Unit Production Use Disposal Total 

GW kg CO2 eq 6.34 -3.18 -0.03 3.13 

TET kg 1,4-DCB 12.66 -8.79 -12.28 -8.41 

FET kg 1,4-DCB 0.60 -4.91 × 10-3 -0.03 0.57 

MET kg 1,4-DCB 0.87 -0.01 -0.04 0.82 

HCT kg 1,4-DCB 0.29 -0.02 -0.01 0.26 

HNT kg 1,4-DCB 20.68 -0.21 -1.23 19.25 

MRS kg Cu eq 0.04 -1.49 × 10-3 -0.01 0.03 

FRS kg oil eq 1.66 -0.98 -0.01 0.67 

Impact category Unit Production Use Disposal Total 

GW kg CO2 eq 9.79 -3.18 0.32 6.93 

TET kg 1,4-DCB 7.42 -8.79 -20.35 -21.72 

FET kg 1,4-DCB 0.94 -4.91 × 10-3 -0.17 0.77 

MET kg 1,4-DCB 1.37 -0.01 -0.24 1.11 

HCT kg 1,4-DCB 0.45 -0.02 -0.03 0.40 

HNT kg 1,4-DCB 32.49 -0.21 -6.57 25.72 

MRS kg Cu eq 0.03 -1.49 × 10-3 -0.02 0.01 

FRS kg oil eq 2.54 -0.98 0.08 1.64 
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Table C-15: Characterized impacts of TEG-2 for CE-scenario 

6. EOL Scenarios: A Comparison  

Figures C.1 and C.2 respectively show the life cycle environmental impacts of 

chosen generators for various EOL scenarios. In all cases, a negative magnitude of impact 

represents positive effect on environment, and vice-versa.  

 

Figure C.1: Comparison of life cycle impacts of TEG-1 and TEG-2 for chosen functional 

unit (1 liter of gasoline saving) – P-scenario 

Impact category Unit Production Use Disposal Total 

GW kg CO2 eq 6.34 -3.18 0.20 3.36 

TET kg 1,4-DCB 12.66 -8.79 -12.55 -8.68 

FET kg 1,4-DCB 0.60 -4.91 × 10-3 -0.09 0.51 

MET kg 1,4-DCB 0.87 -0.01 -0.13 0.73 

HCT kg 1,4-DCB 0.29 -0.02 -0.01 0.25 

HNT kg 1,4-DCB 20.68 -0.21 -3.42 17.05 

MRS kg Cu eq 0.04 -1.49 × 10-3 -0.01 0.03 

FRS kg oil eq 1.66 -0.98 0.05 0.73 
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Figure C.2: Comparison of life cycle impacts of TEG-1 and TEG-2 for chosen functional 

unit (1 liter of gasoline saving) – CE-scenario 

7. Environmental impacts – Elemental basis  

Table C-16 shows environmental impacts of producing 1 kg of various elements 

used in TE legs of both generators, as well as of copper (used in copper base and fins).  

Table C-16: Environmental impacts of producing 1 kg of various elements used in TE 

legs of both TEGs, as well as of copper 

Impact  

category 
Unit Ba Bi Co Cu DD Fe 

GW kg CO2 eq 17.43 33.90 28.99 8.54 118.91 22.15 

TET kg 1,4-DCB 20.96 19.08 62.74 2065.16 283.00 23.44 

FET kg 1,4-DCB 0.73 0.26 0.79 14.82 3.85 0.44 

MET kg 1,4-DCB 1.09 0.38 1.15 21.49 5.89 0.67 

HCT kg 1,4-DCB 0.78 0.53 1.08 3.60 4.15 2.85 

HNT kg 1,4-DCB 35.97 8.45 32.10 547.65 127.20 10.40 

MRS kg Cu eq 0.10 3.56 9.60 1.18 0.34 0.07 

FRS kg oil eq 4.20 11.39 7.42 2.64 44.04 5.69 
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8. Environmental Impacts – Alternative Scenarios  

Figure C.3 shows the comparison of life cycle impacts of TEG-2 under base case 

and longer lifetime travel distance (assuming that the generator is better over its non-use, 

as discussed in Chapter 5), while Figure C.4(a-b) compares the life cycle impacts of both 

generators under with and without use of TCRC in fuel savings.  

8.1. Hypothetical Alternative Scenario – Lifetime Travel Distance  

 

 

Impact  

category 
Unit La Ni Se Sb Te Yb 

GW kg CO2 eq 55.23 14.67 14.52 24.94 23.05 118.24 

TET kg 1,4-DCB 155.55 849.29 23.98 115.16 1240.67 404.31 

FET kg 1,4-DCB 2.04 7.51 0.36 49.27 9.16 3.55 

MET kg 1,4-DCB 3.06 10.82 0.53 68.66 13.28 5.22 

HCT kg 1,4-DCB 2.01 2.01 0.56 10.58 2.83 4.34 

HNT kg 1,4-DCB 67.88 254.37 10.12 1732.45 333.84 112.81 

MRS kg Cu eq 0.18 3.87 0.03 0.18 0.75 0.36 

FRS kg oil eq 21.88 3.57 4.29 6.22 6.30 37.37 
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Figure C.3: Life cycle environmental impacts of TEG-2 in two scenarios: (a) Base case 

and (b) Longer lifetime travel distance 

8.2. Hypothetical Alternative Scenario – No TCRC  

 

 

 

Figure C.4: Life cycle environmental impacts of both generators under base case and 

without any TCRC distance for: (a) TEG-1 (top) and (b) TEG-2 (bottom) 
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APPENDIX-D 

SUPPORTING INFORMATION FOR CHAPTER 6 

D. Green Principles for Sustainable Thermoelectrics  

1. Nature of Electric Grid  

1.1. U.S. Average 2015 Electric Grid   

In all original scenarios in Chapters 3-5, the average U.S. 2015 electric grid mix 

was assumed to be used for processing TE legs and other TE device components. This grid 

was used due to paucity of more recent data in Ecoinvent database137. The source-wise 

composition of this grid is provided in Table D-1.  

Table D-1: Grid composition of average U.S. 2015 electric grid mix 

1.2. Idaho Mix  

 

Source of electricity Share (%) in production 

Coal 33.74 % 

Natural gas 33.21 % 

Nuclear 19.83 % 

Hydropower 6.24 % 

Wind 4.75 % 

Oil 0.71 % 

Solar PV 0.66 % 

Geothermal 0.42 % 

Industrial gas 0.16 % 

Petroleum coke 0.16 % 

Wood 0.11 % 
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Table D-2: Grid composition of Idaho 2015 electric grid mix137 

1.3. Solar-Wind grid  

For the hypothetical solar-wind electric grid, a mix of 50 % contribution from solar 

photovoltaic (solar PV) and the remnant 50 % from wind-based electricity was assumed.   

2. Environmental impacts under alternative/hypothetical scenarios  

Table D-3 presents the environmental impacts of TEG-1 and TEG-2 for the original 

and two alternative hypothetical scenarios – Idaho grid and solar-wind grid.  

Table D-3: Characterized life cycle impacts of TEGs under various grid scenarios (D-

scenario or disposal as EOL treatment) 

Source of electricity Share (%) in production 

Hydropower 84.71 % 

Wind 8.26 % 

Natural gas 5.47 % 

Biogas 1.17 % 

Geothermal 0.39 % 

Impact  

category 
Unit 

TEG-1 TEG-2 

Base 

case 

Idaho 

grid 

S-W 

grid 

Base 

case 

Idaho 

grid 

S-W 

grid 

GW kg CO2 eq 1959 -504 -610 2093 -1312 -1458 

TET kg 1,4-DCB -403 -1103 1309 2561 1592 4927 

FET kg 1,4-DCB 276.75 249.49 256.15 390.63 352.95 362.16 

MET kg 1,4-DCB 401.83 348.91 356.63 567.10 493.93 504.60 

HCT kg 1,4-DCB 126.47 60.59 66.58 176.51 85.43 93.71 

HNT kg 1,4-DCB 9556 8764 9000 13533 12439 12764 

MRS kg Cu eq 9.01 7.92 10.95 24.51 23.00 27.19 



 249 

3. Methodology for calculating leg dicing efficiency (LDE) 

3.1. Original Scenario  

The original method of calculating LDE is provided in Section 2 of Appendix-A.  

3.2. Efficient Leg Dicing Scenario  

In the efficient leg dicing scenario, the only difference that occurs is that the dicing 

equipment position was assumed to be repeatedly modified to ensure that the maximum 

number of small squares – encapsulating the dimensions of TE legs – could be formed at 

each circular end of the cylindrical sintered-and-polished sample, with the height cutting 

continued along with the height of sample dimension. As a result, based on an external 

source235, it was calculated that a maximum number of 96 squares could be obtained on 

either of the circular ends. However, the number of cuts or TE legs that could be obtained 

along the height dimension remained the same as in original leg dicing scenario (i.e., 2). 

Hence, the total number of samples that could be formed is 96 multiplied by 2, or 192. 

Hence, dicing efficiency was calculated from the following equations and obtained below.  

 

𝐷𝑖𝑐𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑒𝑔𝑠 𝑝𝑒𝑟 1 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 

=  
192 × (4 𝑚𝑚)3 × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝜋 × (25 𝑚𝑚)2 × 11.43 𝑚𝑚 × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
 

 

⇒ 𝐷𝑖𝑐𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  53.04 % 

 

Thus, an increase in leg dicing efficiency was observed in this scenario.  

FRS kg oil eq 461.75 -174.70 -202.22 449.36 -430.56 -468.61 

S-W grid: Solar-wind grid (50 % solar- and 50 % wind-based electricity) 
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4. Leg Dicing Efficiency Scenarios: Environmental Impacts  

Table D-4 presents the environmental impacts of TEG-1 and TEG-2 for the original 

and hypothetical scenarios of leg dicing efficiency.  

 

Table D-4: Characterized life cycle impacts of TEGs under LDE scenarios (D-scenario or 

disposal as EOL treatment)  

5. Selective Laser Sintering – Electricity Consumption 

Based on available literature204,205, the unit electricity consumption (i.e., electricity 

consumed to process 1 kg of final part or output) is 15 kWh/kg. Assuming that this process 

is only 33.33 % efficient (one-third efficient) for producing TE legs from cylinder samples, 

the unit electricity consumed would be 15 kWh divided by 33.33 %, i.e. 45 kWh/kg.  

Impact category Unit 

TEG-1 TEG-2 

Original 

scenario 

Higher 

Dicing 

Efficiency 

Original 

scenario 

Higher 

Dicing 

Efficiency 

GW kg CO2 eq 1959.05 1220.08 2093.42 949.46 

TET kg 1,4-DCB -402.58 -949.81 2560.68 -1840.06 

FET kg 1,4-DCB 276.75 174.47 390.63 216.85 

MET kg 1,4-DCB 401.83 254.75 567.10 317.20 

HCT kg 1,4-DCB 126.47 86.53 176.51 111.40 

 HNT kg 1,4-DCB 9555.54 6002.31 13532.55 7448.12 

 MRS kg Cu eq 9.01 6.03 24.51 11.59 

 FRS kg oil eq 461.75 269.94 449.36 145.69 
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6. Environmental Impacts of HH module  

For the HH module, minimum usage duration was estimated such that it showed 

ecofriendliness on all considered impacts. For this, two cases were considered – one of 

increasing usage duration per cycle, while keeping its lifetime constant, while the other 

case focused on increasing overall lifetime while keeping per-cycle usage duration 

constant. In either case, the application was gas-based power plant (taken from Chapter 4), 

and the modules were assumed to be disposed of at the end of their lifetime (D-scenario as 

EOL treatment). Table D-5 shows the impacts of all three scenarios – the original scenario 

in Chapter 3183, and of these two new cases.  

 

Table D-5: Characterized life cycle impacts of HH modules under various scenarios (D-

scenario or disposal as EOL treatment) 

 

  

Impact category Unit 

HH 

module: 

Original 

scenario 

Case I: Higher 

per-cycle usage 

duration 

(17 h 33 min) 

Case II: 

Longer 

lifetime 

(6 h 31 min) 

GW kg CO2 eq -1030.85 -4627.21 -4627.17 

TET kg 1,4-DCB -10.23 -136.67 -136.67 

FET kg 1,4-DCB 0.89 -2.00 × 10-3 -1.99 × 10-3 

MET kg 1,4-DCB -15.27 -73.04 -73.04 

HCT kg 1,4-DCB -1.63 -11.05 -11.05 

HNT kg 1,4-DCB 27.08 -11.21 -11.21 

MRS kg Cu eq -0.08 -1.34 -1.34 

FRS kg oil eq -298.48 -1336.49 -1336.48 
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