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Abstract 
Life cycle assessment (LCA) is a methodology for holistically mea-
suring the environmental impact of a product from initial manufac-
turing to end-of-life disposal. However, the extent to which LCA 
informs the design of computing devices remains unclear. To under-
stand how this information is collected and applied, we interviewed 
17 industry professionals with experience in LCA or electronics 
design, systematically coded the interviews, and investigated com-
mon themes. These themes highlight the challenge of LCA data 
collection and reveal distributed decision-making processes where 
responsibility for sustainable design choices—and their associated 
costs—is often ambiguous. Our analysis identifes opportunities 
for HCI technologies to support LCA computation and its inte-
gration into the design process to facilitate sustainability-oriented 
decision-making. While this work provides a nuanced discussion 
about sustainable design in the information and communication 
technologies (ICT) hardware industry, we hope our insights will 
also be valuable to other sectors. 

CCS Concepts 
• Applied computing → Enterprise modeling; Industry and man-
ufacturing; • Hardware → Impact on the environment. 
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1 Introduction 
The proliferation of computing into almost every aspect of modern 
life has led to substantial growth in its environmental impact (EI). 
Estimates show that the impact of computing is on par with the 
airline industry, accounting for up to 2.1-3.9% of global climate 
warming emissions today [24] and this impact is projected to dou-
ble within the next decade [2]. While transitioning to clean energy 
sources is critical, this alone will not address the 50-80% of com-
puting’s carbon emissions that come from their resource intensive 
manufacturing [3, 26, 27, 52]. It will also not address the annual 62 
million metric tons of electronic waste (e-waste) they produce at 
end of life [23]. Considering many computing devices have lifetimes 
of a few years, it is imperative that we begin designing the next 
generation of sustainable devices now to achieve environmental 
goals such as net zero emissions set by many organizations for 2030 
and beyond. 

Addressing sustainability in product development presents two 
interlinked challenges: accurately assessing environmental impact 
throughout a product’s life cycle and efectively incorporating these 
insights into the design process itself. This impact assessment is 
typically done through a comprehensive LCA. This process is both 
expensive and time-consuming. A sustainability expert traces each 
of the subcomponents in a device back to its raw materials and 
manufacturing energy inputs. The expert also assesses the device’s 
energy consumption during use and the impacts of its end-of-life 
disposal. While complete LCAs provide important, detailed insights, 
in electronics they are often used as reporting tools for retrospective 
analysis rather than informing actionable decisions during the 
design process. This area is ripe for exploration as a new avenue for 
the HCI community to advance sustainability by building systems 
that bridge the gap between complex LCA data and design decision-
making. 

In this paper, we seek to understand the interplay between cur-
rent LCA and product development practices, arming researchers 
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with the necessary background to drive meaningful change. We 
conducted a series of semi-structured interviews with professionals 
who have hands-on experience in producing LCAs or in designing 
electronics, giving the CHI research community a window into 
how LCAs are currently conducted and are (or are not) used to 
inform design decisions, where the key challenges lie, and what 
opportunities exist for future work. In total, we interviewed 17 ex-
perts, including LCA engineers, chief scientists, CEOs of LCA frms, 
semiconductor manufacturers, consortium managers, frmware and 
electrical engineers, and program managers. 

Our analysis revealed several key themes, which we grouped 
into four categories: (1) the current LCA practices in the ICT sec-
tor; (2) the intersection of sustainability and product development; 
(3) navigating the product design and LCA ecosystem (4) incen-
tive structures between stakeholders. We found that the design 
process is distributed across various domains of expertise, with en-
vironmental impact reporting often treated as a separate, external 
process that struggles to infuence the core of product development. 
Moreover, it remains unclear who within the design and manufac-
turing pipeline should be responsible for making sustainable design 
decisions. 

We envision a future ecosystem of computational tools that 
addresses these challenges by accelerating the LCA process and 
presenting information about the environmental impact of comput-
ing devices in a format that is actionable for designers and other 
decision-makers. We observe that the CHI community is particu-
larly well-positioned to study and develop innovative tools that 
support sustainable design practices, since both the LCA process 
and product development involve coordinating across a diverse 
range of stakeholders, including engineers, designers, sustainability 
analysts, fabrication experts, and a global supply chain. Develop-
ing new interaction paradigms for decision-makers and designers 
raises critical framing questions, such as identifying the users and 
their ecological context [5], examining power dynamics within 
the product development decision-making process, and bridging 
information gaps to produce and utilize insights gained from LCAs. 

In this work, we contribute (1) a series of interviews with LCA 
practitioners and engineers to provide insight into how LCAs are 
conducted in the ICT sector and the ways product designers inter-
act with these reports, and (2) opportunities for future research into 
developing new methods and computational tools for both LCA 
practitioners and engineers. These opportunities could signifcantly 
enhance the integration of sustainability into the electronics design 
process, providing practical pathways for making informed, envi-
ronmentally conscious decisions. We hope this paper will spark 
new research eforts and support the development of impactful 
systems that contribute to reducing the environmental footprint of 
electronics. 

2 Related Work and Background 
This paper analyzes the challenges and opportunities associated 
with incorporating LCA methodologies into the electronics design 
process, taking inspiration from prior HCI works focusing on un-
derstanding the workfows of professional groups [41, 45, 73] and 
electronics manufacturing [40, 87]. We review relevant literature 
on sustainable HCI and electronic design tools for electronics. We 

then give a brief primer on LCA, an overview of the landscape of 
tools to support LCA in electronics, and situate our work in this 
context. 

2.1 Sustainable HCI 
Sustainability has been a growing focus in HCI for over a decade [28, 
55, 80], with signifcant attention given to developing persuasive 
technologies to encourage sustainable behaviors and choices. These 
technologies generally seek to act as decision support tools or 
lifestyle intervention systems. A substantial body of work has ex-
plored creating tools to support sustainable choices by providing ac-
tionable environmental impact information in specifc domains [21]. 
Notable examples include climate conscious travel planners that 
highlight lower-emission routes [25], sustainable shopping assis-
tants [11], and carbon footprint calculators for food choices [20]. 
While these tools cannot replace comprehensive LCA studies, they 
seek to ofer accessible and interpretable estimates that enable users 
to make more environmentally-conscious decisions. 

Much of the recent hardware-centered approaches in the HCI 
community have focused on incorporating biodegradable materials 
and recyclable components. Researchers have explored constructing 
interactive interfaces out of biodegradable materials [44, 86]. Others 
have proposed bio-hybrid approaches such as mycelium-based bio-
hybrid devices [51, 78] that incorporate living organisms rather than 
relying solely on traditional computing hardware. This represents 
a fundamental shift in hardware design, moving from traditional 
persistent materials to ones that can safely return to the environ-
ment at the end of their useful life. Parallel to these biodegradable 
and bio-hybrid solutions, signifcant work has focused on devel-
oping electronic systems that are more easily recycled [16, 81, 84]. 
These advances are complemented by the development of novel de-
sign tools that incorporate sustainability considerations from early 
stages of product development. Recent works in this space include 
EcoEDA [50] which assists designers in sourcing used parts for new 
designs, as well as DeltaLCA [85] and EcoSketch [15], which seek 
to enable environmental impact assessment early on in the design 
process. 

The sustainable HCI (SHCI) community has maintained an active 
dialogue of self-refection and critique of the progress and impact 
of SHCI research [8, 9, 70]. Several researchers have raised impor-
tant concerns about the efectiveness and limitations of current 
approaches, particularly regarding the rebound efects of imple-
menting new technologies and the lack of practical, actionable steps 
for implementing sustainable solutions [10, 68]. Remy et al. [63, 64] 
have specifcally addressed the need for better evaluation meth-
ods in SHCI research, highlighting the importance of developing 
more rigorous approaches to assess the efectiveness of sustainable 
computing initiatives. 

Translating these research innovations to widespread industry 
adoption remains challenging [43, 49]. This gap between academic 
research and industry practice is particularly evident in sustainable 
computing, where theoretical solutions and research prototypes 
often struggle to fnd paths to widespread adoption. The limitations 
identifed above in academic critique—particularly around impact 
measurement and actionable steps—closely mirror the challenges 
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we observed in our interviews with industry practitioners. By shed-
ding light on these practical obstacles, our work seeks to support 
the SHCI research community in efectively applying their exper-
tise to real-world sustainability challenges in the technology sector. 

2.2 HCI for Electronics Design 
Modern computing devices consist of of numerous interconnected 
components, ranging from simple passive components such as ca-
pacitors and resistors to complex silicon-based integrated circuits, 
or ICs, which can include more advanced functionality like digi-
tal logic, memory, and power regulation. These components are 
assembled on a printed circuit board (PCB), which consists of an 
insulating backing and conductive metal interconnects to which 
individual components are attached. Designers rely extensively on 
electronic design automation (EDA) tools like Altium Designer [47] 
and KiCad EDA [42], which streamline core aspects of the design 
process, including schematic creation, simulation, PCB layout, and 
the generation of design fles and bill of materials (BOM) necessary 
for manufacturing. Interaction and design research in this space is 
highly active. Projects such as Polymorphic Blocks [48] aim to ex-
ploit programming language principles such as polymorphism and 
encapsulation to enable re-use of circuit modules across designs. 
Others such as Strasnick et al [74] have focused on the iterative 
nature of electronics design, developing tools to support interactive, 
context-aware circuit debugging. 

Building of these eforts to incorporate EDA tools more holisti-
cally within the design process, researchers have begun to explore 
methods to bridge the gap between prototyping and manufactur-
ing. Through a qualitative study of the experiences of low-volume 
hardware designers, Khurana et al. [40] revealed key challenges 
in transitioning from prototype to mass production, highlighting 
how early design decisions in prototyping can signifcantly impact 
manufacturability, and emphasizing the need for tools that consider 
manufacturing constraints from the outset. These fndings have 
led to tools such as MakeDevice [29], which assists in generating 
production-ready designs from JacDac [4] system prototypes. Our 
work is inspired by this need-fnding approach, and we similarly 
highlight the potential for new tools to empower electronics de-
signers to consider the downstream impacts of design decisions. 

2.3 Life Cycle Assessment 
LCA is a process for systematically estimating the total EI of a prod-
uct. LCA can be roughly broken into two steps: life cycle inventory 
(LCI) and environmental impact assessment (EIA). Creating the LCI 
involves decomposing a device into subcomponents to identify all 
of the inputs (e.g., raw materials, natural resources, energy), out-
puts (e.g., intermediate and fnal manufactured products), and the 
mapping of these quantities to potential EIs (e.g., carbon emissions, 
environmental toxicity) of a product throughout its life cycle [75]. 
Then in the EIA stage, analysts construct a model of the production 
process fow, usage and disposal, and use the data obtained from 
LCI to compute the environmental impact estimates. 

Once the LCA has been completed, a growing number of com-
panies release consumer-facing product environmental impact re-
ports, which tabulate the results of the LCA to report metrics such 
as carbon footprint numbers. In the ICT industry, this process is 
typically completed after beginning production. To further compli-
cate matters, the information reported in an LCA does not translate 
into clear design recommendations. Bhander et al. [6] describe this 
as the environmentally-conscious design process paradox, where 
conducting a LCA is contingent upon frst completing the design, 
at which point it is often infeasible to make design changes based 
on the results of the analysis. 

To address this challenge, the construction and architecture sec-
tors have begun placing a consistent focus on early-stage design op-
timization towards more sustainable building designs [31, 56, 57, 72]. 
This has led to widespread integration of LCA estimation and simu-
lation functionality directly into building information management 
(BIM) software, or computational tools that enable designers to 
explore the complex trade-ofs between diferent building envelope 
designs [33]. Having access to this information during the early 
design stage is invaluable due to the signifcant cost of building 
construction. The computing and electronics industry faces similar 
challenges, however, there is currently a lack of support for early-
stage EI estimation of electronics designs. Recent work has begun 
to explore this topic with researchers in computer architecture 
and systems developing guidelines and carbon footprint estimation 
tools [26] with a focus on modeling the EI of data centers and cloud 
computing systems [1, 19, 60, 79]. Similarly, researchers have de-
veloped a handful of tools to evaluate aspects of PCB designs for 
sustainability [15, 85]. 

Throughout the rest of this paper, we seek to support this nascent 
body of work through a comprehensive analysis of domain spe-
cifc challenges in performing LCA for electronics and integrating 
these insights into the product design process. We identify these 
challenges in Section 4, and in Section 5 we present a set of opportu-
nities for the CHI community to address them by developing tools 
to support the integration of LCA methodologies into the design of 
electronic and computing systems. 

3 Methods 
We compiled a list of 15 questions designed to uncover the chal-
lenges of producing LCAs of consumer electronic devices and how 
EI data is currently employed by engineers who design these prod-
ucts. We began by conducting two pilot interviews with hardware 
engineers who design PCBs for consumer electronics devices. These 
pilot interviews suggested that a rigid question set was insufcient; 
participants’ varying roles and company structures necessitated a 
more adaptable approach. We instead adopted a semi-structured in-
terview process using our initial compiled questions as a framework 
to guide the discussion similar to prior works [40, 41, 45, 73, 87] 
that identify challenges and opportunities for professional groups. 

3.1 Study Procedure 
We conducted 17 interviews to understand the current practices 
when conducting LCAs of computing devices and the current role 
of sustainability considerations in the product development process. 
The interviews were conducted over Zoom video teleconferencing. 
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Identifer Role Industry Category Years Experience Region Gender 

L1 Chief Scientist Life Cycle Assessment LCA 35 EU M 
L2 Chief Expert Environmental Protec- ICT LCA 30 EU M 

tion Technology 
L3 LCA Engineer Cloud/Data Center LCA 10 NA M 
L4 LCA Expert Electronics LCA 10 EU M 
L5 Consortium Manager Semiconductor Manufacturing LCA 3 NA M 
L6 CEO LCA Software LCA 7 NA M 
L7 Researcher Cloud Computing LCA 2 NA M 
E1 Sr. Director Systems Engineering Semiconductor Manufacturing Engineer 42 NA M 
E2 Dram Design Engineer Semiconductor Devices Engineer 3 NA M 
E3 Systems Engineer Mobile ICs Engineer 2 NA M 
E4 Electrical Engineer Consumer Electronics Engineer 10 NA M 
E5 Firmware Engineer Display Electronics Engineer 3 NA M 
E6 Firmware/Hardware Engineer Consumer Electronics Engineer 10 NA M 
E7 Engineer / Researcher Augmented Reality Engineer 8 NA M 
E8 Senior Researcher Computing Research Engineer 5 NA W 
E9 Program Manager Computer Technology - Soft- Engineer 5 NA M 

ware/Firmware/Manufacturing 
E10 Application Engineer Semiconductor Devices Engineer 2 NA M 

Table 1: Participant information. Table displaying the breakdown of the participant’s self-reported job title, industry, years of 
experience, region, and gender. Based on the participant’s reported job responsibilities, we further categorize them as either 
LCA professionals or engineers. Each participant is linked with an identifer code in the left column, with codes starting with L 
denoting LCA professionals and codes starting with E denoting engineering and product development professionals. 

Interviews were scheduled for one hour. In each semi-structured 
interview, we began by asking the participant to describe their 
current role and responsibilities in detail. Next, we asked them to 
describe a timeline and their contributions in conducting an LCA 
or working on a product development cycle. We then transitioned 
to discussing sustainability explicitly, asking about any high-level 
sustainability initiatives or procedures they were aware of at their 
company, and utilized follow-up questions to uncover links (if any) 
between these high-level corporate goals and their role at the com-
pany. We concluded by soliciting a discussion of their personal 
perspectives regarding the EI of electronic devices and the factors 
and processes they desired to change in the future. 

3.2 Participants 
We recruit two distinct categories of participants: LCA professionals 
and engineers. We defne LCA professionals as individuals who work 
primarily to estimate the EI of products. These include analysts 
who directly estimate the environmental impact of devices as well 
as individuals who create analysis software and datasets to support 
product LCAs. 

We defne engineers as individuals who contribute to the de-
sign, implementation, and manufacturing of computing devices. 
These individuals have responsibilities including designing physi-
cal hardware blocks, frmware implementation, and other design 
decisions that are manifested in end products. We also include in-
dividuals who oversee this process in a management capacity as 
part of this group. A breakdown of participants and a description 
of their relevant experience is shown in Table 1. 

Given that many companies in the consumer electronics space 
are highly protective of trade secrets and other intellectual prop-
erty, we provided examples on how their responses would be 
anonymized in any resulting publications, such as removing any 
names of specifc companies or products that could be used to infer 
their employer from included quotes. Participants were informed 
that we did not wish for them to share any information they felt 
may be sensitive, and were encouraged to describe representative 
scenarios rather than sharing potentially restricted details such as 
specifc component numbers or internal product specifcations. We 
recruited participants through snowball sampling, beginning by 
reaching out to primary and secondary contacts within our pro-
fessional network via e-mail1. To aid in recruitment, participants 
were ofered a $40 USD electronic gift card for participating in the 
interview. Prior to recording, participants were provided with a 
verbal description of the study procedure and verbal consent was 
obtained. A written copy of the study procedure was made available 
upon request. Before recruiting participants, the study protocol was 
submitted to and approved by the institutional review board at the 
host institution. 

3.3 Data Collection and Analysis 
All interviews were audio-recorded and transcribed using Zoom 
teleconferencing software for later analysis. These transcripts were 
frst analyzed via open-coding2 by two researchers separate from 

1Our email template for these initial emails can be found in the supplementary materials 
accompanying this work.
2Our codebook can be found in the supplementary materials accompanying this work. 
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Figure 1: LCA data collection. LCA practitioners require input from many product stakeholders to collect the data needed to 
accurately model EI. Without being part of the initial design process, they often must retrace the steps it took to arrive at the 
fnal product assembly. 

the interviewer utilizing the recording transcripts, with the raw 
audio recordings serving as a fallback to resolve occasional tran-
scription errors. The study team then analyzed the codes using 
thematic analysis [7] to understand current practices regarding 
LCA in the ICT industry, how the results of these assessments are 
(and are not) utilized when making product design decisions, and 
obstacles that make leveraging environmental impact information 
as part of the design process challenging. 

We group the themes that emerged from our analysis into four 
categories centered around present LCA practices, the intersection 
of sustainability and product development, challenges specifc to 
the ICT industry, and motivating incentive structures. We discuss 
our fndings in the following section. 

After concluding this process, we conducted member-checking 
with one randomly-selected LCA professional and one randomly-
selected engineer, utilizing the four-question structured member 
checking interview procedure described in McKim [53]. Each partic-
ipant was provided with a draft of the fndings section of this paper 
(Section 4) and invited to participate in a brief 10-minute interview 
to elicit feedback. In these interviews, both participants expressed 
that their thoughts and experiences were accurately captured in 
our analysis. 

4 Findings 
We begin by discussing themes relating to the present practices 
for LCA and identify how practitioners conduct these analyses in 
the ICT space, identifying the process of gathering the necessary 
data from stakeholder groups as one of the most complex and time-
intensive parts of conducting quality analysis. Next, we explore the 
relationship between sustainability and engineering product devel-
opment, noting how engineers report struggling to relate abstract 
concepts of sustainability to their individual responsibilities. Third, 
we aim to identify the systemic factors that make sustainability-
oriented decision-making particularly challenging in the ICT space. 
Finally, we examine the incentive structures that motivate LCA 
and identify how this impacts diferent stakeholder groups within 
companies. 

4.1 Current LCA Practices 
LCAs are essential for evaluating the holistic EI of products. For a 
basic defnition of an LCA, see Section. 2.3. Below, we delve into the 

methodologies employed by LCA professionals and highlights the 
roles of stakeholder groups they interact with to conduct their anal-
ysis, including product engineering teams and external suppliers 
who provide the components utilized in end products. We provide 
a visualization of the diferent internal and external stakeholder 
groups LCA professionals described requiring information from in 
Figure 1. 

4.1.1 LCA Within the Corporate Structure. Both LCA professionals 
and engineers we interviewed described that companies rely on 
either a dedicated internal sustainability team (a similar structure 
to internal teams that verify security for products [62]) or hire 
external consultants to perform sustainability analysis of products. 
As noted by LCA professionals and engineers: 

The largest companies have in-house LCA practition-
ers, and most companies who’ve used LCA have hired 
consultants. [L6] 
We have a team within the company that actually goes 
and tries to put a number to every component. [L7] 
We have now an engineering team that is chartered 
with developing capability in that [LCA] area because 
it’s kind of agnostic to what the product is. [E1] 

Regardless of the model, these quotes indicate that LCA is per-
formed by individuals outside the product design team. This means 
that the LCA practitioner must actively seek and collect the neces-
sary data to perform a thorough analysis. 

4.1.2 Collecting Internal Data. Performing an LCA requires ac-
counting for the all of the material and energy inputs to the man-
ufacturing process as well as the waste outputs. To do this, LCA 
professionals described obtaining a detailed BOM as an important 
frst step. A BOM is a comprehensive list of raw materials, compo-
nents, and assemblies required to manufacture a product. It includes 
detailed information such as part numbers, descriptions, quantities, 
and weights. To illustrate this, we include an abbreviated example 
of the manufacturer-provided BOM for the Fairphone 4 smartphone, 
alongside an exploded view of device internals and the resulting 
materials information collected during the LCI phase in Figure 2. 

We need all the right data at this point. Like, we need 
your correct BOM with the correct weights and the cor-
rect descriptions of your part. [L4] 
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(C) Table: Materials Information for Recyclers(B) Exploded View of Fairphone 4 
      and Top View of PCB 

(A) Fairphone 4 BOM

… … 300+ entries … …

Figure 2: Smartphone BOM. (A) An excerpt from the manufacturing BOM for the Fairphone 4, which lists over 300 unique 
components. (B) An exploded view of the Fairphone 4 assembly [67]. (C) Materials information for recyclers compiled and 
collected through the LCA data gathering process. Both A and C are from the manufacturer-provided repair and recycling 
information document for the Fairphone 4 [22]. 

However, this manufacturing BOM rarely contains sufciently de-
tailed information, such as the masses of raw materials and spe-
cifc manufacturing methods, that LCA experts need to translate 
manufacturing specs into EI numbers. LCA professionals often go 
through an extensive process of researching information to fll in 
this missing information. 

You never know what type of part this is, right? You 
don’t know whether its injection-molded, whether it’s 
bended, whether it’s thermoformed, whatever, you al-
ways have to check another source of data which might 
be the technical datasheet and... they are in the system 
but they are not there on frst glance, and they might 
not be there from your export of your BOM fle. [L4] 

Further complexity is introduced for BOM entries that are pur-
chased in batches, such as solder paste, fux, and other consumables 
used in manufacturing. 

If you have, like, a certain small printed wiring board, 
and it [the BOM] says 500 grams of solder paste, that’s 
obviously crap. But it might be the number from batches 
you buy the solder paste in... Some of this is intentional, 
and some of it is just badly maintained data in your 
systems. [L4] 

Clarifying this information can make up the bulk of the time it 
takes to complete an LCA, and is largely manual process of reaching 
out to internal stakeholders for clarifcation: 

Filling [the BOM], this is the main part, and this can 
take up to one month if it’s really easy or up to a year 
if nobody works with you... I have regular meetings to 
fll the use case data or the sales numbers. [L4] 

Timelines for completing data collection are inherently tied to 
the responsiveness of other stakeholders who hold key informa-
tion. Moreover, while LCA practitioners rely on data in internal 
CAD libraries, project management software, and contacts with 
the engineering team when possible, they often need to work with 
other internal teams who "work on the infrastructure of procuring 
equipment, installing it, maintaining it closely" and with the supply 
chain to reconcile "all that data that is necessary to compute" [L3]. 

Although all these teams may still be internal to the company initi-
ating the LCA, the growing number of stakeholders signifcantly 
increases the complexity and duration of data collection. This high-
lights the necessity for robust internal communication channels 
and well-maintained data systems to facilitate efcient and accurate 
LCA completion. 

4.1.3 Collecting External Data. Many components in modern ICT 
products are themselves assembled from components produced by 
other companies, referred to in industry as "suppliers." However, 
these externally designed and manufactured components must still 
be characterized to conduct a complete LCA. Thus, LCA profes-
sionals must interact with suppliers to understand the EI of these 
external components. 

For L6, the best case scenario is if "you’re getting a PDF by email 
from that supplier" containing "a table showing the diferent impacts". 
However, suppliers often do not share the entire set of requested 
information that is needed to compute the LCA with acceptable un-
certainty. A supplier might leave their own suppliers anonymized 
or "leave imprecision in specifc quantities or specifc material choices" 
[L6]. Suppliers must currently respond to each request manually, 
creating an additional barriers for information sharing when re-
quest volumes are high for common parts: 

So as a supplier you have to fll each [request] out. That’s 
very time consuming and inefcient because we’re basi-
cally putting the same information that they have into 
diferent types and shapes, etc. [L5] 

When supplier data is unavailable, a common practice is to utilize 
pre-computed emissions factors for raw materials assemblies from 
databases such as ecoinvent [18] and Sphera (GaBi) [71] or by 
referring to research publications. This type of data is referred 
to as secondary data. LCA practitioners describe the process of 
identifying which secondary data is the most suitable match for a 
given component or material as requiring substantial expertise and 
familiarity with relevant available datasets and current research 
literature. 
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(A) SimaPro (B) Sphera (GaBi)

Figure 3: User interface of industry-standard LCA software. (A) Screenshot of SimaPro LCA software from [54]. (B) Screenshot 
of Sphera (GaBi) LCA software from [30]. We note that while these examples do not model electronics products, they are 
representative of each tool’s user interface. 

Which data do you use? Which secondary data will be 
the most suitable of the one? Even that that is quite com-
plicated because you have this database... or you have 
some literature journal paper... so that opens up Pan-
dora’s box... People need to understand that it will not 
be trivial because you have to choose [which secondary 
data to use]. [L2] 

This is particularly challenging for electronics where ICs may 
only be labeled by their physical footprint in databases such as 
ecoinvent [18]. Unlike other industries where raw material costs 
often dominate, electronics manufacturing is both highly resource-
intensive and variable. For example, all else being equal, a chip 
produced with a 7 nm process requiring advanced extreme ultra-
violet (EUV) lithography will have a much greater environmental 
impact than an equivalently sized chip using an older 65 nm pro-
cesses [26]. 

LCA practitioners occasionally resort to more drastic measures 
when stakeholders in the supply chain are unwilling or unable to 
share the desired information and secondary data is unavailable. 

Eventually the full-blown version is you go there and 
you make a true on-site verifcation... you can’t get in 
and have a look at their accounts, but you can see how 
many trucks [are] running in and out of the place, and 
what kind of trucks, and what does it say on the side of 
those trucks? [L1] 

Ideally, collecting external data would be as straightforward as 
collecting internal data; however, communication with external 
suppliers often presents additional obstacles for LCA professionals.. 

4.1.4 Modeling EI. After the data collection above, LCA profession-
als assemble an activity fow model, a graph-like structure mapping 
the material and energy inputs and outputs in LCA software such 
as SimaPro or Sphera (GaBi) as shown in Figure 3. This is described 
by LCA professionals as much faster than data collection due to 
the structured nature of the fow modeling phase, which benefts 
heavily from the groundwork laid during data collection. 

If you have everything set up, it’s rarely more than a few 
weeks of going back and forth having quality checks 
with your product manager or doing the quality check 
of what your associate did... so the data availability is 
the real pain. [L4] 

For small assemblies or processes the fow is often modeled manu-
ally using spreadsheet tools. However, for more complex assemblies 
or manufacturing processes, LCA professionals use dedicated LCA 
modeling software. 

We basically store our data in very simple fles, often, 
it’s just a CSV fle and then we [use] fairly simple matrix 
inversion tools... if you have a fairly small system... Most 
of our customers use something called SimaPro, which 
is super old software... made back in the 1990s and they 
haven’t really improved it since. [L1] 

These quotes highlight that once all the data has been gathered 
and reduced to quantities such as mass of a material or intermediate 
carbon footprint, producing an output becomes as simple as mul-
tiplying them to do unit conversions and summing up the output. 
Beyond database integrations and uncertainty calculations in some 
cases (see below), these tools do little to address the core challenges 
of data gathering described above. Moreover, their primitive inter-
faces are designed for a single expert user, making it difcult for 
engineers or others to collaboratively contribute to the process. 

4.1.5 What Makes a Good LCA. During our interviews, LCA ex-
perts shared with us the main quality indicators they use to judge 
the credibility of an LCA report. One of the frst indicators is the 
reporting of data sources. 

First thing I would look at which database did they use. 
And knowing how few databases are actually mass-
balanced, that gives my frst kind of impression. Is this 
likely to be a serious study? [L1] 

Mass balance is the idea that the total mass of materials input to 
the process should be equal to the mass of the outputs. Ensuring 
that an LCA is mass-balanced shows that all parts of the life-cycle 
have been accounted for, even process waste and excess material. 

Another important quality indicator for databases is their uncer-
tainty modeling. Ecoinvent represents uncertainty via log-distributions 
[L2], a common probability distribution in the LCA industry [32]. 



CHI ’25, April 26–May 01, 2025, Yokohama, Japan Englhardt et al. 

However, many databases do not contain this kind of informa-
tion:“The big problem is currently that very few databases contain 
any reasonably high quality, uncertainty data” [L1]. In practice, to 
improve uncertainty information, practitioners "give a worst case 
and a best case estimate" [L1] and gather more information to lower 
that bound. 

L1 also expressed strong opinions on modeling by-products, 
which occur when an activity produces several distinct outputs. 
This seems to be a limitation in current LCA modeling tools and 
hints at the use of diferent modeling strategies across LCA teams. 

In general, interviewees said that transparency was one of their 
most important quality indicators. A report should clearly show 
"potential limitations" [L4] and "the faws every LCA study has" [L4]. 
It should be clear "who really did the study. Sometimes it’s published 
by a company, and then somewhere in the imprint, you notice it was 
external" [L4]. L6 expressed regret over a lack of transparency and 
relying solely on "third-party brands to show the integrity of the 
data", which makes it difcult to "scale up the quantity" and to reuse 
data for other studies. 

Lastly, transparency is also valued for justifying why a new prod-
uct had a signifcantly lower or higher reported carbon footprint 
that its competitors [L4], echoing the need for more comparability 
between LCAs. 
Key Takeaways: Our interviews show the major challenge for 
LCA professionals is gathering the data for their analysis. This 
is often due to a lack of communication or understanding of the 
data needs by engineering teams and external suppliers. Tools and 
standards to support this are virtually non-existent, making it a 
time consuming manual task. 

4.2 The Intersection of Sustainability and 
Product Development 

The section above refects the challenges of sustainability experts 
performing the LCA. Next we explore the engineering and product 
design perspective, examining the challenges they face trying to 
incorporate sustainability into their designs and meeting these 
demands. 

4.2.1 Distributed Decision Making. A fnished product is an amal-
gamation of discrete choices on performance characteristics, fea-
ture set, components, materials, and manufacturing methods. Each 
individual decision has some EI associated with it. When asking 
engineers about their decision-making processes, we fnd it highly 
distributed across individuals and organizations. 

There’s a team of leadership across various disciplines, 
so like hardware lead, software lead, manufacturing 
lead, test leads and stuf like that... Then they have 
a hierarchy below them of diferent teams focused on 
diferent features or diferent parts of the validation or 
engineering or design. [E9] 

E5 provided additional context by recounting the process of 
choosing a specifc component: 

Say I want the specifc sub component, right? And then... 
the GSM [Global Supply Management] leader will want 
to use these specifc suppliers, but maybe somebody else 
working on the software side doesn’t like the reference 
code... or somebody else from hardware sees that, yes, 
like, of course the unit price is low but then you have all 
these extra passive components that make the system 
very complicated, or somebody may not like their EMC 
[Electromagnetic Compatibility] spec... There’s a lot of 
people that are involved and nobody controls everything. 
[E5] 

The distribution of these design decisions makes it challenging 
for an individual to make sustainability focused choices. When 
optimizing a part for lower monetary cost, even project leaders must 
balance conficting requirements across the organization suggesting 
optimizing for carbon cost would face the same challenges. 

4.2.2 Propagating Design Decisions to Final Products. All engineer-
ing participants described following some form of phase gate design 
process utilizing design for manufacturing (DFM) principles [40, 61]. 
In this process, a list of specifcations and features are developed 
and a series of prototypes are built and evaluated against these 
specifcations. After prototype builds, multiple low-volume manu-
facturing test runs are conducted to validate the design and manu-
facturing process. However, we fnd that the bulk of architectural 
and component-level decisions are made in the earlier prototyping 
stage. When comparing the BOM of prototypes before beginning 
manufacturing validation testing to the resulting fnished product, 
E7 describes that 

Most [components] will make it in. After the proto 
builds, unless there’s a subsystem like tear up or some-
thing due to some functional thing not being right, but 
usually it’s not the case. [E7] 

This suggests that, from a temporal perspective, if sustainability-
related metrics are to be considered and incorporated meaningfully 
into the design process, they must be introduced in the prototyping 
stage before choices have been solidifed. 

4.2.3 Translating Abstract Goals to Design Requirements. While all 
engineers we interviewed were aware of high-level sustainability 
goals at their companies, they often struggled to understand how 
these goals translated to their role and responsibilities. 

When we have our yearly trainings they usually will 
have a snippet in there about... how we want to go 
towards sustainability. But a lot of times that’s just like 
what the company in general is doing... It’s not like we 
had a meeting to say hey, let’s make this sustainable. 
[E4] 
I would say I don’t have particular guidance on how 
this afects me daily. Maybe it afects... how the supply 
chain pre-qualifes suppliers? [E5] 

These quotes demonstrate that although engineers are aware of 
these high level goals, there is little awareness of how they are imple-
mented or who is taking ownership to achieve them. E9 identifed 
that goals must be expressed explicitly as measurable outcomes in 
order for them to be meaningfully considered within the design 
process: 
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The only way that you can really get some traction 
is like you have to be able to measure it and prove it, 
because if you kind of just generally gesture at it and 
don’t have a measurable improvement or change or 
something, then you can’t really include that in your 
calculation... as a KPI or key performance indicator, like 
product requirements. [E9] 

This is further supported by the fact that engineers who were 
more readily able to discuss sustainability within the context of 
their work consistently related it back to quantifable metrics. E2 
described that in their role, this manifests itself most clearly through 
optimizing the power consumption of designs. 

We want to design our chips to be low power, so that is 
tied into sustainability. [E2] 

E1 went a step further, explicitly stating that they start by estimating 
the potential impact of various system inputs and outputs, then 
optimizing to reduce the factors that have the highest impact. 

The resources... water... power... gasses... the amount of 
energy required... so we try to monitor now all that and 
convert these to CO2 equivalents... We try to have the 
discipline to really understand what the drivers are... 
and if we can solve those items where the priority usage 
is... it becomes something that’s real. [E1] 

Although this distinction may seem subtle, we note that this trans-
lates the abstract goal of reducing environmental impact into a 
requirement to reduce specifc measurable product attributes, such 
as power consumption or gas usage. This allows engineers to factor 
sustainability metrics into the design discussions and workfows 
discussed above. 
Key Takeaways: We observe that sustainability goals are often too 
abstract for individual engineers, and that decisions to prioritize 
sustainability must operate within many constraints. Goals need to 
be translated into familiar metrics that individuals and teams can 
use to take action. 

Now that we have analyzed the perspectives of the LCA experts 
and engineers, next we zoom out to examine the ecosystem they 
work in, including the unique challenges of electronics and attempts 
to overcome them. 

4.2.4 Navigating Supplier Relationships. Computing devices are 
complex assemblies consisting of hundreds of parts from multiple 
diferent suppliers [50]. The varying power dynamics of supplier 
relationships can make procuring information uniquely challeng-
ing. 

That depends on your relationship to that specifc sup-
plier ... could be that they don’t answer because they 
are super big, and they just don’t care. [L4] 

This is further complicated by the multitiered supply chain for 
electronic devices. A component purchased from a supplier is fre-
quently assembled from other components in turn manufactured 
by other suppliers. This is often discussed through supply chain 
tiers, where a tier 1 supplier is an entity directly purchased from, a 
tier 2 supplier supplies tier 1 suppliers, and so on. 

if you get past that frst tier one supplier, anything 
beyond that usually is very, very difcult, because you 
have zero leverage also over that upstream tier. [L3] 

Since suppliers in tier 2 and beyond do not have a direct customer 
relationship with the company, they have little incentive to respond 
to requests for information. To further complicate matters, many 
companies in the ICT space consider other ICT companies among 
their customer base [77], requiring companies to act simultaneously 
in both roles. 

4.2.5 Intellectual Property Concerns. Due to factors such as ferce 
competition for market share, reliance on similar groups of suppli-
ers, large research and development (R&D) costs, and the difculty 
of enforcing patents internationally, companies in the ICT space 
place a high priority on safeguarding intellectual property (IP). 
Many suppliers fear sharing any information about manufacturing 
and production practices for LCA fearing it could inadvertently 
leak critical trade secrets. 

IP is defnitely the number one concern that is quite 
consistent throughout all the suppliers, because this is 
something that they are making a business of. So they 
do not want to go into the details. [L5] 
Another [challenge] is data security. So companies not 
wanting to expose trade secrets about their products 
externally. [L6] 

L1 described that they often work with suppliers who have intel-
lectual property concerns by requesting aggregate data. 

We say, just aggregate the things that you feel are con-
fdential. So if there is specifc chemicals, don’t tell us 
about it. Just tell me how much chemicals are you buy-
ing and at what price... then I take a worst case assump-
tion. [L1] 

4.2.6 Technical Complexity. Development of modern ICT products 
also requires integrating multiple distinct and technically complex 
components. Because of this, engineers generally specialize in a 
narrow application space. E10 who works to implement verifca-
tion logic on semiconductor devices describes how understanding 
the intricate tradeofs of even highly-adjacent felds can pose a 
signifcant challenge: 

There are a lot of other felds, say, like layout, like phys-
ical design... if they explain their problem they’re facing 
right now it might take me a while to understand it, 
and not to mention that if I want to look at their work 
and then make a modifcation... it will take an infnite 
amount of time. [E10] 

Given that even specialized engineers experience this burden, it is 
surely magnifed from the perspective of LCA professionals who 
often lack the feld or industry-specifc knowledge required to in-
terpret the purpose and implied specifcations of components when 
presented with a BOM. 

It’s super hard, because you have no idea what exactly 
this part should be...If you’re a product engineer, you 
can check for plausibility of that specifc product. [L4] 

L4 goes on to describe the hypothetical example of encountering a 
part on a BOM called "left chamber." While this terminology may 
be familiar to an engineer working in the feld and imply charac-
teristics about its construction and function, a LCA professional 
conducting an assessment lacks the necessary context to interpret 
this information and must in turn request clarifcation from engi-
neering teams working on the product. Just as LCA professionals 
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express lacking necessary context to understand engineering docu-
mentation, we fnd that the inverse of this is also true. E7 describes 
struggling to understand the impact of the environmental claims 
they see on product environmental impact reports. 

it’s really hard to say. Oh, we use 30% less water in 
production of this compared to what it was before. Like, 
I really don’t know whether that’s good or not. I mean 
it sounds good, but I don’t know... what impact that has. 
[E7] 

4.2.7 Scaling to Meet Growing Demand. L3 describes there is a 
growing need for LCA: “There’s a growing demand for people that 
can actually just carbon account at this point, because it hasn’t really 
been automated". This is a positive sign but introduces challenges 
when scaling to meet demand due to the substantial domain-specifc 
expertise required L1 notes: 

because the feld is growing so quickly, so many new 
people are coming in that have absolutely no under-
standing of economics and stuf like that. [L1] 

This highlights an urgent need for better tooling to support LCA ef-
forts, both to enable existing professionals to work more efciently 
and to enable a wider group of participants to perform quality 
analysis. 

4.2.8 Unclear Standards. Several LCA professionals expressed mixed 
opinions about industry-agnostic LCA standards such as ISO 14040 
[35] and ISO 14044 [36]. Although thorough in terms of defn-
ing what a LCA should include and consider, they do not specify 
the industry-specifc implementation details such as software and 
data sharing practices. L1 observes a need for a more concrete, 
application-focused standard for computing, saying: 

I think more and more people are beginning to realize 
that there’s something wrong with the way most LCAs 
are done today and that we need to get a better standard, 
a better procedure, something and defnitely more easy 
to understand. [L1] 

L5 observes that standardization has already occurred in other 
industries 

There are a lot of other industry that have already been 
through all this and developed their platform and their 
standardization of calculation method ... the chemical 
industry, the apparel industry, and the automotive in-
dustry... [L5] 

As an active participant in an industry group working to defne stan-
dards for LCA methods in the semiconductor industry, L5 describes 
that 

the goal for that group is to actually standardize 2 
things. One is the technology or platform that people 
use to exchange data and store data, and number 2 is to 
standardize the way that people calculate their carbon 
footprint, specifcally, product level emissions. [L5] 

These quotes mirror the confusion felt by engineers and demon-
strate a widespread recognition of the need for standardization. 
Designing new tools to facilitate the LCA process could both in-
form standards development and accelerate their adoption. 

4.2.9 Possible Solutions. Through the process of conducting these 
interviews, multiple participants raised specifc ideas for ways the 

current state of the art could be improved upon. L6 described a 
vision for digital collaborative LCA platforms: 

I think it’s moving LCA into a digital format where it 
can actually be used as a design tool and collaboratively 
between organizations is one of the key innovations that 
has to happen, because right now it’s mainly a verifca-
tion and accounting exercise outside of the individual 
people who are doing the detailed modeling work. [L6] 

By enabling more rapid computation of EI, L6 hopes that building 
more fexible and collaborative tools could make the results of a 
LCA more accessible to stakeholders in the product design process. 
While tools like this could help address the temporal mismatch 
that exists between the rapid pace of product development in the 
ICT industry and the current LCA timeline, this alone does not 
address the challenge of providing actionable metrics to engineers 
described in Section 4.2. Engineers expressed that, if integrated 
within their EDA and CAD software, they may be able to more 
easily consider sustainability-related tradeofs. 

When you do your BOM, it shows you diferent things... 
You should have a column for sustainability, and like, 
if each component could have a footprint like you see 
when you make fight ticket bookings. [E8] 
Once it’s reached that point of like oh, there’s 10 com-
ponents that match my spec, usually... I’ll just go with 
the cheapest one, right? But then, if you can now see 
cost along with carbon footprint, maybe the decision 
changes. Maybe I’ll spend, I don’t know, 5 or 2 more 
cents on something and go with the part that’s... better 
in terms of greenhouse gas emissions. [E6] 

Key Takeaways: In addition to the challenges faced by LCA experts 
and engineers, the current ecosystem around them is not conducive 
to data sharing and there is a lack of accepted standards or tools. 
There is however clear momentum and interest in adopting such 
solutions to more tightly integrate the LCA and product design 
timelines. We visualize the current process and a future, integrated 
timeline in Figure 4. 

4.3 Incentive Structures Between Stakeholders 
In addition to exploring how diferent stakeholders engage with 
LCA and the design ecosystem around them, it is also important to 
understand the incentive structures present within companies and 
the broader ICT industry. 

4.3.1 Motivating Factors. Participants report government regula-
tions, negotiations to secure environmental resources, and corpo-
rate net-zero goals as the main incentives motivating LCAs. All 
LCA practitioners explicitly mentioned current and anticipated 
government regulations and reporting requirements as a central 
driver for conducting life-cycle assessment. 

[motivation] defnitely comes from the legal or regula-
tion part of the world, where, as you may already know, 
there are diferent kinds of reporting regulations that 
is coming up both in the US but more aggressively in 
Europe. [L5] 

As an example of this, multiple participants mentioned recent EU 
regulatory framework requiring LCA and EI reporting for products 
containing rechargeable batteries [59] and the EU Digital Product 
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Figure 4: LCA integration with product development. (Top) In the current product development process, LCA data is collection 
begins after the fnal BOM is completed. This means products have already reached the market by the time the LCA report is 
available. (Bottom) In our envisioned product development process, LCA data collection and computation are carried out in 
parallel to all design stages in an integrated fashion. The preliminary LCA results can now be used to inform decision-making. 

Passport (DPP) initiative[17]. Incentives also come from negotia-
tions with local or regional governments who oversee natural re-
sources and land management. Modern semiconductor fabrication 
facilities have increasingly expanded in scale to enable increased 
efciency [82]. The scale of these operations means that manu-
facturers must secure non-trivial agreements for land use, energy, 
water, and waste management from local governments. E1 describes 
conducting LCAs as an important component of negotiating for 
approval to expand manufacturing capacity in a region. 

If they want to expand their facility and the town they’re 
in says ‘we don’t believe you’re a responsible partner, 
we’re not going to let you use more power... more water’ 
Now they have to go fnd another place to build their 
next factory. So it’s becoming an economic necessity 
because the alternatives are very, very costly. [E1] 

On an industry level, L5 pointed out that the semiconductor 
industry needs the ability to compare with other industries both 
to conform with reporting standards as well as to further garner 
support from suppliers and manufacturers for LCA processes. 

A baseline is important, because in order to speak at 
an industry level and gather traction in in terms of 
resources and support to reduce carbon emissions, we 
have to frst understand what is the current emissions 
of the industry, right? Without that we cannot compare 
with other industries. [L5] 

The fnal motivating factor, mentioned by both LCA professionals 
and engineers, were the numerous carbon reduction goals pledged 
by companies in the ICT space. 

They have very ambitious net 0 goals. In order to achieve 
that, they need more granular data to support them 
on quantifying initiatives, decarbonization eforts, and 
quantifying the roadmap so they can make it more 
credible. [L5] 

They’re quite public. I think by 2030 we want to be net 0 
total emissions... [this is] what we promise to everyone 
including our shareholders but also our customers. [L7] 

We note that all of these stated goals are in terms of carbon emis-
sions, which is in contrast with the perspectives shared by LCA 
professionals who spoke in terms of EI more holistically. We could 
not infer any tension between stakeholder groups arising from this 
diference perspectives in our interviews, but this is nonetheless 
illustrative of the high stated priority of carbon emissions reduction 
relative to other EI metrics. 

4.3.2 Value for Stakeholders. These economic and regulatory forces 
create incentives and value for sustainability in the industry. How-
ever, it is not immediately clear how these high-level goals impact 
stakeholders at a more granular level. We next examine the stake-
holders who are impacted by an increased emphasis on sustain-
ability as a metric. Engineers and LCA professionals both cited 
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marketing teams as a dominant internal advocate motivating dis-
cussion of sustainability within the context of an individual product 
and for collecting LCA data. 

A marketing person might go to a VP and say, hey, 
we want to have a marketing sticker that say’s it’s 
sustainable... in which case they might tell the MechEs 
[mechanical engineers] hey, you have to design with 
this specifc material. [E4] 
They want to launch and then use that [LCA result] for 
marketing. [L4] 

While marketing teams may derive a beneft from being able to 
report product sustainability metrics in materials, current processes 
exist largely as a burden for other stakeholders, including suppliers 
and the teams building these products. Individual suppliers struggle 
with these added requirements to report sustainability information, 
especially since they may not have dedicated teams to respond to 
requests to information from LCA professionals. L5, an industry 
consortium manager focused on developing LCA standards within 
the semiconductor industry, went on to clarify that the value propo-
sition of engaging in this process with customers is often unclear 
from the perspective of suppliers. 

In the end of it that does not generate a lot of value 
for suppliers. So it’s basically just a requirement for 
additional work. [L5] 

This sentiment was also echoed by L3, who noted that 
5 to 10% of suppliers either have the data readily avail-
able or are keen to provide that quickly to you. The rest 
of them either has no capacity, or doesn’t have funding 
available to procure that data, or doesn’t even know 
where to get it often or sometimes also just is not re-
ally interested in providing it to you because there’s no 
fnancial beneft for them yet. [L3] 

Product engineers also describe feeling similarly burdened, explain-
ing that managing sustainability-related requirements further com-
plicates their already challenging design processes. 

There’s already so much work involved in the design of 
a product, and having to think about ways to navigate 
around recycled goods or recycled materials... It is kind 
of an afterthought... when you’re developing prototypes 
and trying to get something to work. [E6] 

E1 further emphasized that other product requirements are not 
relaxed when adding sustainability-related design requirements: 

There is no trade-of... we don’t get to work on sustain-
ability in lieu of some other need or requirement so it 
becomes yet another requirement. [E1] 

This outlines the diferent stakeholders involved and their value 
perception of sustainability. While corporations stand to beneft in 
terms marketing and compliance with regulations, others such as 
suppliers and individual engineers are not currently equipped to 
handle this additional workload. 
Key Takeaways: Government regulations, economic forces, and 
marketing are key incentives for sustainable design; however design 
teams are often not involved in making decisions and lack tools to 
support sustainable design, making it an additional burden. 

5 Opportunities 
Based on the major themes that emerged from the interviews, we 
identify the following research opportunities on computational 
systems and interfaces to support the LCA process and to better 
incorporate sustainability in product development. We divide these 
opportunities into two main categories. The frst is ways to improve 
the LCA process itself through automating data collection, improv-
ing data sharing, and methodology standardization. Second, we 
focus on opportunities to leverage LCA information during design 
to reduce EI. A visual mapping of opportunities to the obstacles 
they address is shown in Figure ??. In the following sections, we 
elaborate on specifc opportunities within each category and dis-
cuss how HCI research could help address current limitations while 
supporting more sustainable product development practices. We 
also acknowledge that eforts to reduce the EI of electronics are 
moderated at a high level by external factors such as regulatory 
policy and consumer choices. We hope that research in the HCI 
community can provide tangible support during the design phases, 
in addition to current work that seeks to inform policy-makers and 
consumers to further incentivize sustainable product design. 

5.1 Facilitating LCA and EI Reporting 
5.1.1 Data Acquisition. The majority of the time spent producing 
an LCA is dedicated to data collection. This is due to the large vol-
ume of required data and the involvement of multiple stakeholders 
who use diferent data formats, computation and collection methods. 
We identify four opportunities to support faster data acquisition 
cycles: 

Improved interfaces for data translation between stakeholders. To 
facilitate data requesting and sharing between suppliers and com-
panies, we can develop interfaces that can use the languages that 
stakeholders are most familiar with to communicate the needs, and 
a common underlying representation for the requested and shared 
data. 

Automating data collection. Data collection can be automated 
with IoT devices, as suggested by L2, using readily available sensors 
for power usage and heat dissipation or computer vision techniques 
to track waste and excess material. While tracking devices them-
selves may contribute to EI, low-tech, passive sensing techniques 
ofer a promising approach to mitigate this issue [12, 39]. 

Automating data approximations. Since LCA practitioners com-
monly use industry averages and approximations to compensate 
for missing primary data, a promising approach is to automate this 
process using data crawling techniques or AI-augmented search 
engines to discover available information [69], combined with data-
driven approximation algorithms. 

Targeted data collection for uncertainty reduction. While gather-
ing more primary information is always benefcial for improving 
LCAs, it would be valuable to support LCA experts in prioritizing 
which data sources to target to reduce overall uncertainty. This can 
be non-trivial because the impact depends not only on how much 
uncertainty a given data source has but also on its position in the 
data fow. A promising direction is to frame this as an inverse opti-
mization problem, modeling both the impact of each data source 
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on the fnal uncertainty and the difculty of data acquisition, with 
internal sources generally being less costly than external ones. 

5.1.2 Consistency in methodology. A key challenge in conducting 
LCAs is to guarantee consistency across diferent assessments. LCA 
practitioners gather EI data from a variety of sources, including pri-
mary data from suppliers, secondary data from industry-averaged 
databases, and regression models from academic papers. These data 
sources are often aggregated in spreadsheets, with varying degrees 
of quality and uncertainty. Managing, maintaining, and reusing 
this diverse data is a signifcant hurdle. Additionally, LCAs are 
typically produced by separate teams, which can lead to inconsis-
tencies. For example, L2 described an experiment where two LCA 
teams independently produced assessments for the same product, 
and the outcomes difered by 30%, highlighting discrepancies in 
modeling choices. To address these challenges, we identify two key 
opportunities for improving consistency: 

Collaborative tools. We think that fostering exchange and en-
abling collaborations between multiple LCA practitioners with 
real-time collaborative tools could open the door for more method-
ological agreement. In recent years, browser-based collaborative 
tools, such as Google Docs and Overleaf for writing, Figma and 
Canva for UI and graphic design or Onshape for CAD, have shown 
success for this tool paradigm. 

Heterogeneous database management. Instead of enforcing strict 
EI data format standards, we propose developing systems that em-
brace the inherent messiness of real-world data sources. This ap-
proach, which lies at the intersection of computer systems and 
creative processes, could help LCA practitioners manage and inte-
grate diverse data formats without sacrifcing accuracy. 

5.1.3 Communication. An LCA is more than just a fnal number; 
it involves detailing product components, associated activities, and 
connecting them via activity fows. A major challenge, as noted 
by L1, is communicating the LCA model to stakeholders and non-
experts. We identify three opportunities for future research to im-
prove LCA communication: 

Explainability and contextualization. LCA graphs can be complex, 
representing products at a low level, but they also reveal human 
activities that ofer opportunities for visualization and storytelling. 
We see potential in using hierarchical storytelling to emphasize the 
human aspect of LCA models, which otherwise tend to commodify 
human activities. As an example, program visualization methods 
could assist engineers in connecting their design decisions to the 
overall EI of a product. 

Comparisons. Given the need to compare similar products or 
design variations (L2, L6), there is potential for LCA tools tailored 
to comparing two LCA graphs, which involves analyzing model-
ing assumptions, data sources, and more. This could draw from 
prior work on program comparisons, which are challenging. While 
locally optimal solutions for moderate-sized programs exist [65], 
developing LCA-specifc comparison approaches, from semi-guided 
to fully automatic, would be valuable. 

Rethinking EI metrics. During our interviews, engineering partic-
ipants expressed that metrics such as the global warming potential 

(GWP) were not very meaningful to them. While other metrics have 
been proposed by L1, such as quality-adjusted life years, conveying 
the efects of climate change and sustainability-related information 
is an ongoing challenge [38] and leaves room for new approaches. 
One possible alternative for displaying an absolute result is to dis-
play a relative result or ranking or to communicate context via 
related products or decisions, better aligning with the optimization-
based decision-making approaches described by engineers in our 
interviews. 

5.2 LCA to Inform EI Reduction 
5.2.1 Sustainability-First Design. Sustainability adds to design re-
quirements like functionality, cost, and aesthetics, making inte-
gration more challenging. We propose three ways to incorporate 
sustainability into the design process: 

Interpretable metrics. One possible avenue is providing engineers 
with clearer, more actionable values to guide their decisions. Several 
participants noted that sustainability metrics are hard to interpret 
and desired simpler, more intuitive metrics, such as sorting compo-
nents by carbon footprint on vendor databases or choosing parts 
with an eco-label (E7). Expanding to other impact factors like com-
ponent toxicity would be valuable to optimize for e-waste reduction, 
but require addressing challenges in both estimation [37] and com-
munication, as toxicity includes various types of ecological and 
human impacts. 

Trade-of visualization. Viewing the design process as an explo-
ration problem [34], we propose framing sustainable trade-ofs as 
a multi-objective optimization problem. Decision-makers need vi-
sualization tools to explore the Pareto front of design alternatives. 
These tools should display various metrics and ofer options while 
ensuring the design remains valid, which can be challenging [50]. 

Constraint-based systems. Rather than optimizing for sustainabil-
ity, an alternative is to treat it as a constraint, imposing rules on 
the design space and guiding design choices. An example is the 
zero-waste garment design paradigm, where a constraint-based 
system ensures no fabric waste is produced during the process [83]. 

5.2.2 LCA Across Design Stages. Designing involves both high-
level and low-level exploration, from sketches to 3D models and 
physical mock-ups. If we want to integrate, get informed by, and act 
upon LCAs during design, we need to be able to refect high-level 
changes on low-level LCA representations. To enable sustainable 
design choices earlier in the process, before the product is fnished, 
we propose two research opportunities: 

Representations at diferent levels of detail. We think that one 
promising avenue for designing with LCAs is to maintain repre-
sentations at diferent levels, such as low-level LCA and high-level 
product designs and to translate changes between them. This trans-
lation problem can be viewed as a compilation problem, for example 
if all representations are diferent programs, or as a bidirectional 
editing problem, for example if one of the representations is a data 
structure [13]. The challenge here is to fnd the right representation 
and translation methods for design. 
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Hierarchical LCA modeling. Starting an LCA can be intimidating 
because of its ambition to holistically capture all human activities 
tied to a complex product. As in other disciplines, LCA practitioners 
talk about bottom-up versus top-down modeling strategies to over-
come the blank canvas. However, current LCA design tools only 
work with low-level database entries, so-called processes, which 
are connected to fows to create complex LCA graphs. We think that 
hierarchical LCA design tools that facilitate top-down approaches 
could beneft LCA practitioners. Additionally, hierarchical models 
provide high-level editing handles by design. 

5.3 Sustainable Design Without a Full LCA 
LCAs are a powerful modeling tool that requires expertise and time 
investment. But even without incorporating the full LCA paradigm 
into design tools, EI factors can be taken into account. Here, we 
outline three opportunities to enable sustainable design as the 
ecosystem of LCA tools described above develops: 

Streamlined LCA methods. Streamlined LCA methods [58, 69] do 
not establish a full LCA graph, but they directly produce a carbon 
footprint given product characteristics or a detailed BOM. They 
are often used to get an approximation of the EI of a product and 
they might be useful to scale up carbon assessments in the light of 
upcoming EI reporting legislation [L2]. The challenge with these 
methods is their opacity and possibility for data quality inspection 
and uncertainty modeling. We think improving them and develop-
ing interfaces to inspect their results and computation functions 
could be an interesting avenue for the community to explore. 

Proxy-metrics. Carbon accounting is relatively new compared 
to tracking other metrics, such as monetary cost and power usage. 
Without reinventing an accounting model for EI factors, can we 
leverage existing factors as a proxy metric? For example, is the 
manufacturing cost negatively correlated with carbon footprint? 
Intuitively, cheap products are often associated with short life spans 
and high waste, but a cheap product could also hide a more sustain-
able, low-tech solution. What insights can we gain if we add power 
consumption, heat dissipation, and water usage to this picture? 
We think that a wide-ranging study of diferent, already existing 
metrics with respect to modeled EI factors could reveal interesting 
multi-variable correlations. These correlation models could then 
be used for faster EI approximation methods during design. 

Cross-pollination between diferent research areas. An LCA trans-
lates a product BOM into human activities, which are converted 
into environmental impact. However, human activities could also 
be converted to other factors, such as physical and mental labor, 
focusing on the people afected by a proposed life cycle. This is a 
similar approach to research which proposes domain-specifc lan-
guages for maker workfows [76] and laboratory experiments [46], 
guiding human activities in these spaces. We see cross-pollination 
opportunities between LCAs and human activities modeling re-
search which could present a gateway for makers and amateurs 
to explore these modeling paradigms for both environmental and 
human factors. 

6 Limitations 
While this paper provides valuable insights towards incorporating 
LCA more holistically within ICT product design, several limita-
tions with our approach should be acknowledged. Our participants 
were overwhelmingly male (16/17) and all based in either North 
America or Europe, which limits our perspective within the context 
of the ICT industry, which is truly global in scale. This may limit the 
ability of our fndings to generalize to other regions with diferent 
regulatory environments, market conditions, and attitudes toward 
sustainability. 

In this study, we focused specifcally on two stakeholder groups, 
LCA professionals and product engineers in the ICT space, in order 
to identify opportunities to bridge the gap between assessing EI 
and designing to optimize for EI. However, as we illustrate in our 
fndings, there are countless additional stakeholder groups that 
incentivize or participate in the product development process in the 
ICT industry. When discussing the role of these additional stake-
holder groups in this paper, we do so through the perspectives 
of our interview participants. Future work could engage directly 
with these additional stakeholder groups to provide a more com-
prehensive and nuanced understanding of their involvement in the 
product development process. 

In addition, the confounding factor of social desirability bias is 
well-documented when engaging with topics such as environmental 
sustainability[14, 66]. Though it may be challenging in practice, 
this highlights both the need for and potential value of conducting 
observational studies on product development and sustainability in 
corporate contexts. By acknowledging these limitations, we aim to 
provide a transparent account of our study’s scope and encourage 
further research to address these gaps and build on our fndings. 

7 Conclusion 
In this paper, we explored the obstacles and opportunities for im-
proving the integration betwen the LCA process and sustainable 
electronics design. Through a series of semi-structured interviews 
with industry experts, we identifed several key challenges related to 
LCA acquisition and use. These challenges stem from three main ar-
eas: (1) how diferent stakeholders—LCA experts, product engineers, 
managers, marketing teams, and others—communicate with each 
other, (2) how data is shared and passed between these stakeholders, 
and (3) how this data is used to inform decision-making processes. 
These areas are rich with opportunities for HCI researchers, as 
improving interactions between people, between people and data, 
and designing tools that help interpret data are core aspects of HCI. 

Building on these challenges, we identifed specifc opportunities 
where computational systems and interfaces can make LCA report-
ing more efcient, accurate, and interpretable. We also highlighted 
how computational tools can help integrate LCAs into the design 
process—by supporting design decisions in the context of com-
peting objectives, enabling decision-making earlier in the design 
stages, and allowing for informed decisions even without perfect 
LCA data. 

Additionally, our study gives insights into the complex incen-
tive structures surrounding the adoption of sustainability practices, 
shaped by factors such as consumer awareness, policymaking, and 
the costs imposed on suppliers. While addressing these systemic 
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issues requires broader changes, we argue that improved compu-
tational systems and interfaces have the potential to accelerate 
sustainability eforts. By making LCA processes more accessible, in-
terpretable, and seamlessly integrated into design workfows, these 
tools can infuence consumer, policy, and industry practices. 

The CHI community, therefore, not only has the power but also 
the responsibility to drive these eforts forward and contribute to 
the broader goal of sustainable electronics production. We hope 
our work will inspire future research and the development of inno-
vative systems that promote environmental responsibility within 
the electronics industry and beyond. 
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