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1 | INTRODUCTION

Abstract

Life cycle assessment (LCA) has been widely applied to assessing the environmental
impacts of information and communication technologies (ICT) products throughout
their lifetime. Building upon LCA methodology, this study proposes a user-oriented,
functionality-based LCA (FLCA) framework that evaluates the environmental impact of
multifunctional ICT products such as smartphones. Incorporating the quality function
deployment and LCA literature, we develop an approach that highlights the linkages
among user behavior, product functionalities, and product environmental footprints.
We use matrix algebra to outline a computational method and a streamlined process
to operationalize such analysis. FLCA analyzes the impact of materials in the context
of how they are used. To illustrate the concept with a simple example, our first case
study calculates the manufacturing GHG emissions of a well-known multifunctional
product, a Swiss Army knife. In the second case study, we estimate the functionality-
based GHG emissions of a hypothetical smartphone. We consider various scopes of
impact, including at the levels of device, infrastructure, and supply chains. Extending
from LCA methods, FLCA moves away from a general understanding of functionality to
a more granular perspective to accommodate the complexity in modern ICT products.
Our study advances a user-oriented perspective to understand product sustainabil-
ity impacts. Additionally, it offers a method to provide empirical evidence of the “hid-
den” impacts of industrial products during consumption, enabling more precise link-
age of the production-consumption relationship through LCA toward better design to

uncover and address users’ needs.

KEYWORDS
consumer behavior, electronics, industrial ecology, information and communication technologies,
life cycle assessment, product design
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The information and communication technologies (ICT) industry is one of the fastest growing industries globally (Farhadi et al., 2012). ICT products
such as smartphones and computers are ubiquitous: As of 2017, there were more than 7 billion cell phone subscribers, as many as the number of
people on earth and approximately 10 times more subscriptions than in 2000 (International Telecommunications Union, 2018). Also, an estimated
3.4 billion smartphones were deployed by 2019, resulting in globally available powerful pocket computing (Belkhir & Elmeligi, 2018). Following the
rapid development of ICT devices, human communication has evolved and increased in quantity and efficiency. This transformational change was
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enabled by the development of ICT hardware such as smartphones and computers, as well as the infrastructure (e.g., data centers and servers) and
software (e.g., operating systems and applications) upon which they depend.

The material and energy inputs required to build, operate, and maintain the ICT industry are substantial (Malmodin & Lundén, 2018). As aresult
of this resource consumption, there is growing attention to the environmental impacts of the ICT industry. The scope of existing ICT industry level
analysis includes computing devices (e.g., smartphone, tablets, desk books, displays), ication networks, and data centers. Together,
these devices and services are used to transmit, store, create, share, or exchange information.

Early studies focused on the energy impact during use of ICT devices with a limited scope, not considering the infrastructure enabling transmis-

sion of information (Van Heddeghem et al., 2014). More recently, researchers have considered the environmental impact of the entire life cycle of
ICT products at a global scale, including the manufacturing, use, transportation, and end-of-life of various segments of the ICT industry. Recent stud-
ies show that the life cycle carbon footprint of the ICT industry, including the raw material extraction, manufacturing, transportation, and end-of-life,
is non-trivial—an estimated net value of 710-1000 MMTCO,e by 2018, equivalent to approximately 1%-3% of global carbon emissions (Belkhir
& Elmeligi, 2018; Malmodin & Lundén, 2018). The scope of that analysis include major ICT segments including smartphones, displays, notebooks,
desktops, communication networks, and data centers. Estimated carbon emissions from data centers in 2020 are about 45% of the total ICT sec-
tor emissions and the highest proportion out of the emissions of all product (see Supporting Information Figure S$1). Despite substantial

energy efficiency improvement in data centers, there are concerns about the increase of the ICT industry’s energy and carbon footprint primarily
driven by the growth of smartphone sales and increasing data consumption from the users (Belkhir & Elmeligi, 2018; Hittinger & Jaramillo, 2019;
Masanet et al., 2020).

Inorder to advance understanding of ICT industry’s environmental impact as well as explore decarbonization pathways, it is crucial to harmonize
analysis scopes and enable meaningful comparisons with the appropriate methodology. In this regard, analysis scopes and methodology for ICT
companies’ organizational-level carbon footprint analysis is well outlined by the GHG Protocol (WRI & WBCSD, 2004). In contrast, ICT devices’
product-level environmental analyses are generally embedded with lots assumptions and have vaguely defined functional units.

In ICT product LCAs, product functionality is typically considered within the context of functional units. A functional unit refers to “measure of
the performance of the functional outputs of the product system” (ISO, 2006). In practice, this measure is often defined by the LCA practitioner
based on the specific product. There are many possible functional units due to the multifunctionality nature of ICT products. Variations in interpre-
tation of product functionalities could result in i i h luating deepl Iti tional ICT products such as smartphones. Addition-
ally, unclear definition of functional unit could result in difficulties in comparison. In theory, all comparative ICT LCAs should be based on function.
However, in practice, the functional unit is not defined by the portfolio of functionalities that an ICT product could exhibit. A good example is that
in a typical cell phone LCA, the functional unit is considered as a single cell phone device, despite the fact that a cell phone serves multiple func-
tions, including audio, video, gaming, and computation (Suckling & Lee, 2015). Most existing smartphone LCAs published by companies show the

relative contribution of product’s different life cycle phases without much resolution into the impact of product functionalities, nor about variation
inimpacts depending on how users use different functions (Supporting Information Figure S2). According to ISO standards, a functional unit should
describe quantifiable function of a product. A single smartphone device is not a quantifiable function of a smartphone, and therefore, strictly speak-
ing, it cannot be referred to as a function unit. Rather, one smartphone unit is a reference flow. In the context of a smartphone, a possible functional
unit is more accurately described as “the ability to place and receive 1095 calls over 3 years of product life-time (1 call per day on average).”

Prior research on ICT product related LCAs suggests a key role of clarifying the definition of functionality as well as approaches to model
functionality-user interaction in ICT device LCA (Clément et al., 2020; Kjaer et al., 2018; Pohl et al., 2019; Suckling & Lee, 2015; Subramanian &
Yung, 2017; Walzberg et al., 2019). Systematic review of 76 ICT LCA studies and reports from Clément et al. shows that product use phase, specifi-
cally the network consumption related carbon impact, is prevalent across all ICT products (Clément et al., 2020). As use phase impact is determined
by specific functionality of the ICT devices as well as how they are used by the users, the impact caused from the associated infrastructure (e.g., data
center, transmission stations, and wirelines) could result in variations of LCA results (Suckling & Lee, 2015). Currently, the modeling resolution as
well as standardization of ICT product LCA’s use phase is very limited to using average estimated energy consumption data at the device level. The
lack of standardization to account for ICT products’ life cycle envi impact more compr ively based on specific use case is a missed

opportunity to drive device-level design changes to reduce products’ environmental impact given the rising impact of infrastructure and network
devices (Hittinger & Jaramillo, 2019). While high-level behavior effects are included in several prior ICT LCA studies, device-specific user-related
effects are less often considered in the After ically reviewing academic literature published since 2005 on LCA'’s contribution

to the environmental assessment of ICT, Pohl et al. suggest that user-related effects of technological change is a significant gap in ICT LCA studies
(Pohl et al., 2019). Furthermore, the most widely used interpretation of the functional unit in ICT device LCA as a device or object does not provide
much insight into the correspondence between functionality and environmental footprint. For the user of a smartphone, knowing the environmen-
tal footprint of an average smartphone as a functional unit does not relate readily to daily device usage. The inability to make precise linkage of the
through envir impact is a missed opportunity to provide information that could enable

production- ion r

sustainable design, customer engagement, or policy decisions.
Researchers have explored approaches to better incorporate user behavior and multifunctionality as part of ICT LCA studies. Pohl et al. sug-
gested using survey as a method to understand user behavior (Pohl et al., 2019). Jud| et al. offered an initial analysis of the challenges in LCA
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comparisons of functional devices and identified the life cycle carbonimpact of electronic devices being very different given different system bound-
aries (Judl et al., 2012). It also emphasizes that user behavior needs to be better understood for future studies. However, the study does not pro-
vide a systematic framework that resolves the challenges of dealing with multifunctionality in product LCA. Ryen et al. have explored approaches
to incorporate consumer-relevant information to electronics LCA and demonstrated potential carbon reduction through shifting consumer elec-
tronics toward fewer but highly multifunctional devices. They build a consumer-weighted LCA approach to quantify the environmental impacts of
consumer electronics product community under hybrid LCA framework. The study illustrates the net impact of the consumer electronics commu-
nity increased from 1992 to 2007 primarily driven by increasing ownership and usage, despite the efficiency improvements in individual devices.
The study establishes the importance of incorporating consumer behavior data and provides a more nuanced views on product functionality (Ryen
et al., 2015). While the authors emphasize the importance of having highly multifunctional products as part of the intervention strategies to reduce
product environmental impact from a portfolio approach, there is yet a product-level, coherent method to calculate the environmental impact of
multifunctional ICT devices.

We also draw insights from product design literature on incorporating functionality as part of the product LCA process. While functionality is a
key concept in product design and LCA literature, the focuses from these two communities on functionality differ. In product design, the definition
of functionality is specific and tied to the way the product would be used. Product designers have considered a functionality-based architecture,
where a family of products is d ically with embedded functional characteristics (Dahmus et al., 2001). The field of design for envi-
ronment (DFE) has used functional representation to encourage design solutions toward a more sustainable society. Designers are encouraged to

build “functional profiles” of products in categories such as physical lifetime, use time, reliability, safety, or hine interaction to better con-
ceptualize the products’ life cycle environmental impacts (Wadin et al., 2003). In addition, the framework of quality function deployment (QFD) is
used to “provide a means of translating customer requirements into the appropriate technical requirements for each state of product development
and production” (Chan & Wu, 2002). This framework inspired the green quality function deployment-II (GQFD-II) and environmentally conscious
quality function depl (ECQFD) hods that ii factors such as life cycle monetary and environmental costing with quality function
deployment during the product development process (Vinodh & Rathod, 2010; Zhang et al., 1999). These studies affirm the key role that function-
ality plays in product design, quality assurance, and environmental impact assessment. Linking these differences and harmonizing the terminology

could improve the usefulness of ICT device LCAs to be relevant to a greater community.

Given the gaps and leanings from incorporating functionality as part of the ICT device LCA, we outline a method or basic “roadmap” for
functionality-based LCA for ICT products that incorporates infrastructure impact and user behavior as part of the product LCA. First, we develop
a mathematical method based on LCA fundamentals. Then, we illustrate the method through two case studies, starting with a less-complex case
and then turning to an example of an ICT product. In the following section, we outline the definition and calculation of a functionality-based LCA
framework using matrix-algebra. The matrix notation provides a succinct, generalizable, and computable description of the framework. We argue
that a functionality-based LCA links users’ specific interaction with products to their sustainability impacts and provides greater insights when
compared to traditional product LCA. Followed by the theoretical discussion, we introduce our data collection approach and recommendations for
practitioners. Finally, we present the results from the case study.

We argue in this paper that current LCA methods are limited in analyzing the nuanced impacts and trade-offs of deeply multifunctional ICT
devices. A current understanding of functionality from merging the product design literature and the LCA literature could advance our understand-
ing of this topic. In particular, incorporating a generalized, functionality-oriented perspective for ICT product LCA could help identify opportunities
for impact mitigation at the individual device level. Given ICT products’ global ubiquity and ial impact, ishil ible production
and consumption relationships within the industry is particularly important.

2 | METHOD

The purpose of the study is to develop an improved LCA method rooted in the mathematical foundations of LCA (Heijungs & Suh, 2002). First, we
outline the mathematical foundations of a functionality-based LCA based on the matrix-based LCA approach. In this process, we define the key
terms and major steps of the assessment. Then, we introduce two critical aspects of the methods: user behavior survey and allocation approach.
Finally, we perform two distinct case studies—(1) a Swiss Army knife, and (2) a smartpl toi the ibility of the method based on their

level of product complexity.

2.1 | Mathematical foundation

Life cycle assessment (LCA) is the most commonly used tool to assess ICT products’ life cycle environmental impact. An ICT product LCA analysis
typically includes raw material extraction, manufacturing, assembly, transportation, use, and end-of-life (Suckling & Lee, 2017). In this study, we
adopt and build upon the matrix-based LCA approach codified by Heijungs and Suh. This approach was used for bottom-up, process-based LCAs
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and can model complex, interacting production processes and pathways using linear equations (Heijungs & Suh, 2002; Suh & Huppes, 2005). We
expand on this LCA approach to model products via functionality matrices whose columns consist of functionality-specific vectors. For consistency,
we maintain the general matrix form and vector notation as much as possible.

Mathematically, a product can be represented by a matrix

F=|ffp.fo (1)

[
whose column
fii
f.
fi=|"” @
fii

represents a functionality i. For example, in the case of a smart phone, a functionality could be calling, text messaging, email access, and internet
surfing. Each entry f; denotes a material or energy input j to a specified functionality i. For consistency and simplicity, here we only consider materials
and energy included in existing standard life cycle inventories (e.g., Ecoinvent) as row-wise contributors to a potential functionality. This avoids the
need to expand the underlying LCA database as part of the functionality analysis and would allow ready incorporation of these methods into existing
databases. As aresult, F is a functionality matrix capturing the minimal energy and material required to facilitate a multifunctionality product.

In order to assess the environmental impact of such a product, the goal is to compute the product functionality-environmental output matrix

where each column g; repi the envir outputs of i. Thus, in application, instead of having one number that measures

the environmental impact of a generic multifunctional product, this matrix provides an accounting of impacts based on specific product use case.

Each row of the matrix captures how much each functionality contributes to an environmental output, allowing comparison of these functionalities’
environmental impact.
To compute G, we make use of the process matrix (Heijungs & Suh, 2002; Suh & Huppes, 2005)

4

Here, A and B are, respectively, the technology matrix and environmental intervention matrix. The columns of P, A, and B represent processes; the
rows of Arep the flows of ¢ dities associated with each process while the rows of B represent the environmental outputs.

To apply this to our functionality-based framework, one can think of a functionality as a linear combination of different processes. For example,
suppose that functionality f; is a linear combination of the processes in P with coefficients (weights) given by a scaling vector s;. Then, the following
equations hold:

(5)

Bs; = g;. (6)
As aresult, we can compute the environmental output vector g; of functionality i by

g = Bs; = BAIf;. (7)

'0 ‘2202 '06260€S L

dny wouy

sapie sse20y UadQ Joj 1da3xa ‘panLIad 10U ABOLIS SI UORNQUISIP Pue 3sn-ay [2202/20/#2] U0 ~AUSIBAIN Piojuels Ag “Wo:



SHieTaL ;2) INDUSTRIAL ECOLOCY WI LEY_I_5

Onaproduct level, we can calculate the total of the individual functionality-based material impact by summing up the material combination:
8prod = ), B @)
H

Now, matrix algebra allows us to move these operations to the matrix level. That is, we can simply compute the entire product functionality-
environmental output matrix G via the following equation:

G=BA'F. (9)

In summary, our functionality assessment largely follows the mathematical form of Heijungs and Suh, replacing unit process vectors with func-
tionality vectors, and extending the method to functionality-based matrix computations (Heijungs & Suh, 2002).

A critical chall with functionality-based approaches is that the data required to specify a functionality is different. While a device such as a
smartphone can be straightforwardly defined as a physical object produced by a set of interacting unit processes, a functionality requires an object,
supporting infrastructure, and networks. The environmental impact of a specific functionality depends on how the consumer uses the device and

thus requires understanding of user behavior, and because multiple functions are embodied in the same physical device, overlap and co-usage of
certain material components are expected in nearly all cases. For example, nearly all smartphone functionalities require usage of the screen. We
discuss methods to address these challenges below.

2.2 | Case study

Case study is a commonly applied method to illustrate concept applications. In case selection literature, typical case selection is recommended to
be applied to probing of new mechanisms (Seawright & Gerring, 2008). Given the goal of this study is to discuss a new approach of conducting LCA,
it is beneficial to consider typical cases where the approach can be applied. To investigate how FLCA can be applied, we conducted two case studies
using typical case selection. The clear benefit of case study approach for this study is to provide concrete, relatable applications of the proposed
approach. Additional case study materials can also provide opportunities for practitioner to explore the background data, reproduce, and further
the case studies.

Toillustrate the approach, we deliberately select two typical case studies including the Swiss Army knife and the smartphone. Our first case study
is awell-known multi-functionality product, the Swiss Army knife. Almost everyone is familiar with or has interacted with this product. It is distinctly

t ities, it is i ward to identify the product disassembly and material

multi-functional by design. Due to the clear distinction of
composition. More importantly, the Swiss Army knife intentionally tries to fit many functionalities into a single device. Therefore, it presents a
similar but more tractable problem in comparison to the smartphone. The connection between the Swiss Army knife and mobile device is described
by computer scientist Mahadev Satyanarayanan as “We can characterize the current design philosophy for mobile devices as the ‘Swiss Army knife’

approach: cram as much functionality as possible into a single device” (Satyanarayanan, 2005). The smartphone is the most widely sold and high
growth ICT product around the world (International Telecommunications Union, 2018). Therefore, it serves as a good example for discussing the
design and use implications of ICT products.

2.3 | User survey

User survey is awidely adopted tool in design research. It has been integrated as part of the product development process by many organizations. It
enables collection of user preference data at different scales and resolutions (Brown & Eisenhardt, 1995; MacDonald et al., 2009). In this study, we
choose user survey as the primary approach to collect user behavior and preferences data toward how specific product functionalities are used. We
consider our case studies as pilots to test out the feasibility of the FLCA method. Given this focus, we think user survey’s comprehensiveness, ver-
satility, and efficiency could ensure the implementation and transparency of FLCA. Comprehensiveness refers to user survey’s coverage of topics
and specificity. For example, in one of our case studies, we ask specific questions regarding the frequency of how each functionality is used. Versa-
tility refers to user survey’s ability to be tailored for specific needs. In the case study, we ask both quantifiable metrics where functionality could
be measured through frequency of use as well as qualitative open questions where the respondents can describe their motivations behind product
engagement. Efficiency refers to user survey’s ability to collect sizeable sample within a reasonable time frame. It also provides a pathway to scale
up similar types of analysis in the future (Alreck & Settle, 2004). In the data collection, we focus on metrics relevant to user engagement based on
theoretical literature in user engagement with technology. Time is a critical metric in measuring user’s engagement with technology devices, par-
ticularly ICT devices (O'Brien & Toms, 2008; Suckling & Lee, 2015). While we acknowledge user engagement can refer to a range of experiences,
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in this study, we prioritize quantifiable user engagement metrics. Nevertheless, we encourage the research community to explore other metrics in
in the discussion section.

user and share adq

To collect user behavior data of the first case study, we conduct online surveys using an internet-based microtask platform Amazon Mechanical
Turk and request the participants to complete a Google-form based web survey. Mechanical Turk was launched in 2005 as a service to “crowd-
source” tasks online and has been used as a source of subjects for social science data collection since then (Paolacci et al., 2010). Since Mechanical

Turk is arelatively recent tool to be applied in academic research, we review the guidelines from the research ¢ ity and follow rec
best practices (Sheehan, 2018). In the first case study, participants were adults recruited through Amazon Mechanical Turk. In the surveys, we first
ask about participants’ basic demographic information. We then ask about participants’ interaction with the products’ primary functionalities based
on how much time they use each of them. The survey consists of single choice, multiple choices, and open-ended questions. The detailed questions,
guidelines, as well as the IRB exemption documents, are included in the supplementary information (see S).

For the second case study of smartphone use, we use industry average survey data, as prior studies have estimated smartphone energy use at
the handset and infrastructure level (Schaefer et al., 2003). In addition, market research and non-profit agencies have been tracking smartphone’s
user behavior as part of the market analysis. We use data from sources such as app-based tracking and surveys in order to estimate user behavior
(Nielsen, 2013; Pew Research Center, 2015). We chose to use these secondary data as opposed to primary data collection because existing surveys
and market research have the benefit of large sample size and representativeness.

24 | Allocation approaches

Allocation is a critical topic of LCA and, therefore, needs to be further discussed for FLCA. In LCA literature, multifunctionality refers to multiple uses
of aunit process or that of an output. Formulations of various types of allocation approaches are thoroughly discussed in the “Multifunctionality and
Allocation” section of the Computational Structure of Life Cycle Assessment book (Heijungs & Suh, 2002). In particular, it refers to the “inevitability
of the multifunctionality” as “unit processes of which the functions are deliberately coupled.” The “inevitability” refers to the joint nature of the
functionality. Some examples of multi-functionality from this perspective include a production process that produces chlorine and caustic soda at
the same time (joint production) and a plane transporting cargo and passengers at the same time (combined production). Furthermore, Heijungs and
Suh present several analytical approaches to allocation relevant to multifunctionality, including substitution, partitioning, surplus, division, linear
programming, using pseudoinverse, and merging economic flows.

In this section, we discuss allocation approaches in the context of consumer products, particularly ICT products that are highly functional. We
focus on the two approaches that are most widely applied in industrial analysis and multifunctionality problems: substitution and partitioning. One
should note that allocation choice involves subjectivity and it is important to disclose the assumption transparently in practice. A key challenge in
functionality-based LCA of multifunctional devices is the lack of one-to-one correspondence between parts of the device (or supporting infrastruc-
ture) and functions provided. For example, the screen in a multifunctional smartphone is required for nearly all tasks performed by the smartphone.
How then is one to understand the impact of the screen on the environmental burdens of each functionality?

Following the allocation discussion regarding multifunctionality, we outline two approaches to address this challenge and one measure of the
benefits of multifunctionality. These two approaches should be familiar to LCA practitioners: partitioning (impact of sub-uses) and displacement (or
substitution, co-product displacement).

24.1 | Partitioning

In the case of partitioning, the impact of sub-pieces of a device or workflow that intersect more than one functionality can be allocated by fractional
usage. This is intuitive: If manufacturing the screen has impact x, and 50% of screen usage is associated with a function (say, instant messaging), then

the ing functionality should be all d 0.5x impact.
This allocation method requires two main steps:

1. Identify the task/functionality usage breakdown by the user during product lifetime in order to determine which functions are most important.
2. Identify the minimal combination of materials and/or supporting infrastructure required for each task/functionality.

Following the
alternative usage allocated unit as t;. Matrix G denotes the environmental impact of a full set of functionalities. Note that because each functionality
is constructed through a combination of materials of the final product, and since each row of the vector g; reflects a particular environmental output,
we know that the row-wise maximum of G will be less than the per-row impact of the final product gproq, calculated by the full material combination.

ical ion, we denote the envil impact of a given functionality i as g; and the fraction of time or any other
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Let t be a vector denoting the fraction of time or any other alternative usage unit allocated to each functionality. The purpose is to normalize the
time spent on each functionality from survey results. The resulting vector from the matrix multiplication Gt refers to the usage-weighted average
impact of all the functionalities of the product. t;g; refers to the impact of individual functionality given its fraction of usage in unit such as number
of times used or minutes spent.

Based on the definition, we know that

=ttty ety =1 (10)

0<Gt= (Zg,»;t;) s(Zt,-)(m,axg;;) < Bprod (11)
T i T ! j

One caveat is that it would be difficult to account for multitasking. For example, if a smartphone user is simultaneously navigating and calling while
using cellular data, how should we allocate the cellular energy use? While we do not have a general answer to this conundrum, we offer some
possible ways to think about this question in the discussion section.

24.2 | Displacement

The second allocation approach one could use for multifunctionality problems in product-based LCA is displacement or substitution. A similar prob-
lem to refer tois the problem of co-production, where “a unit process is producing two or more valuable outputs” (Heijungs & Suh, 2002). Essentially,
in a multifunctional device, the displacement method leads to comparing the individual functionalities with specific products that these function-
alities could replace. For example, in the case of a smartphone, we can consider that a smartphone has replaced multiple devices, such as phones,
pagers, cameras, video recorder, voice recorder, fax machines, and flashlights. Calculating the displacement in this case would be technically diffi-
cult, though not impossible in practice. In summary, one determines a production method to alternatively produce co-products and subtracts the
impacts of these alternative production methods from the overall impact of manufacturing all co-produced products in order to arrive at the impact
from the primary product.

However, the displacement approach has few c ini ion. First, it is ¢ ing to identify and harmonize the technologies
being displaced. For example, one could argue that a smartphone camera displaces the functionality of a pocket-style camera that could produce
the same quality of images while others could argue that a smartphone camera displaces the functionality of a DSLR camera that could produce
the same quality of images. The choice of displacement technology would be dependent on the prior use case and therefore challenging to stan-

dardize. Second, the displacement approach might result in negative results when the multifunctionality product is replacing a prior functionality
that has significant impact. While having a negative value while using the displacement allocation method is perfectly reasonable, this could lead
to confusion in applications and interpretation. Lastly, displacement has problems in that it assumes a “static” baseline in the product displaced.
That is, it ignores the background technical progress that would have rendered stand-alone phones obsolete even in the absence of smartphones.
In this sense, displacement assumptions could be seen as excessively “backward facing” in that they measure displacement of an inferior earlier
product. For these reasons, we use the partitioning approach in this case study and only briefly discuss the implications of the displacement method
in the discussion.

2.5 | Functionality factor

Multifunctionality lends itself to computing a metric of the efficiency associated with using a multifunctional product. When a product has more
functions, in theory it may use resources more efficiently than single-function products. One internally consistent alternative is to compare the
impact of all possible functionalities as stand-alone objects versus one single device. These stand-alone objects can be understood as individual
“minimal viable product” capable of conducting a specific functionality.

For simplicity of exposition, from now on, we only consider a single specific environmental output, namely carbon emission in the form of CO,e
in grams. In particular, this simplifies the environmental output vectors g;, gprod into one-row vectors, and so we can simply treat them as scalars
38i» 8prod- Note that the matrix G, in this case, reduces to a one row multi-column matrix. We introduce the notion of functionality factor and allocated
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TABLE 1 Victorinox Swiss Army knife resource requirements for two exemplary functionalities

Functionality
Material requirement Cutting 1000 times using the large blade Picking 1000 times using the toothpick
Steel (g) 177 0
Plastic (g) 104 3
Brass (g) 6 0
functionality factor:
n
Functionality factor (FF) = M, (12)
Sprod

Allocated functionality factor (FFgjocated) = (13)

Sprod
Here, g; denotes the impact of individual functionalities and g; iiocated = tigj denotes the usage-allocated impact of individual functionalities.

We provide one way to understand the functionality factor (FF). We sum the functionality-based LCA results across all functionalities and divide
those by the product-based LCA total impact assessment. This functionality factor would be 1 for a single function product: the product impact is
the function impact. For highly multifunctional devices, the FF can be large.

One drawback of the functionality factor is that the more functionalities there are, the higher the factor will be, and the scaling can be different
across products. This is solved by looking at the allocated functionality factor (FFgjacateq)- By Equation (11), we have that the range of FFgjocated iS
between 0 and 1; therefore, it offers a normalized metric for cross-product comparison.

3 | RESULTS

We perform two distinct case studies to illustrate how the functionality-based impact canbe impl. d. We begin with a well-known
multifunctionality product, the Swiss Army knife, which has no upstream infrastructure requirements during the use phase and relatively easily
quantifiable manufacturing impacts. Next, we move on to a prominent example in the ICT product category, the smartphone. We use secondary
data collected from the literature to outline an initial functionality-based impact assessment. We focused on the production, use, and end-of-life
phase impact for the analysis (transportation from the final assembly to customer is excluded for the case studies). Again, for the case studies
impacts are icated using CO, ivalent for simplicity (WRI & WBCSD, 2004). We use the partitioning allocation approach for the analysis

for ease of implementation.

3.1 | Case study 1: The Swiss Army knife

Thefirst step of the analysis is to identify the functionality as well as the corresponding resource requirements to fulfill the functionality. We outline
15 functionalities of the Swiss Army knife based on product part descriptions provided by retailer REI (Supporting Information Figure S3). Using an
open-source CAD drawing provided by GrabCAD, we compile a list of 32 materials that compose the Swiss Army knife. We estimate the material
type of each part based on product information. Because of the illustrative nature of this case study, we used generic material categories instead
of specific engineering material names. The main materials include stainless steel (e.g., blades, corkscrew, scissors), brass (e.g., rivet washer), and
plastic (e.g., caps).

For illustration purpose, the material composition of 2 out of the 15 functionalities of the Swiss Army knife are shown in Table 1 and calculated
first. We assume a conservative average 60% yield factor for the materials consumption based on the upper limit of industry reported stainless steel,
injection molded plastic, and copper material scrap rate (Nguyen, 2004; Reck et al., 2010). Each functionality can be calculated using the minimal
combination of resources required to perform it, along with a usage metric in number of times used. In this case study, we assume each functionality
to be the maximum lifetime usage number of such functionality. For instance, the material requirements for the functionality “Cutting 1000 times
using large blade” can be calculated below using part mass information provided in the SI, assuming this Swiss Army knife’s large blade could be
used for cutting 1000 times before it breaks and gets disposed of. The disassembly of the Swiss Army knife is illustrated in Supporting Information
Figure S4. We assume the complete disposal of the product after two functionalities are utilized in the first calculation for simplicity. Of course in
reality, a user may continue to utilize a multifunctional product even after some of the functions are broken or un-usable.
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We can write the technology matrix for these two selected functionalities of the Swiss Army knife following the well-outlined methods for life
cycle inventory of a product by Suh and Huppes (Suh & Huppes, 2005):

Steel Plastic Brass Electricity ~ Cutting  Toothpicking  Disposal
production  production  production  (assembly)  usage usage
1 0 o] o] =177 0 0 Steel (g)
] 1 0 0 —-104 -3 [ Plastic (g)
A= 0 o] 1 o] -6 0 0 Brass (g)
] 0 0 1 -1 0 0o Electricity (kWh)
0 0 o] o] 1000 0 0 Cutting times
0 0 0 o] 0 1000 0 Picking times
0 0 0 0 1 1 -1 Disposal

The column indicates steel production, plastic production, brass production, electricity production (for electricity used during product assembly),
use of the Swiss Army knife for cutting, use of the Swiss Army knife for tooth picking, and disposal of the knife. Each row is assigned to steel (g), plastic
(g), brass (g), electricity (kWh), number of times the cutting function is used, number of times the tooth picking function is used, and disposed Swiss
Army knife (unit).

The environmental intervention matrix and the functionality matrix are given by

B,=(48 78 92 04 o0 o o1) (14)

where each row entry represents the environmental intervention for a specific material of production process. For the case study, we use carbon
emission as the main evaluation metric due to its high inventory data reliability. We also use industry-based life cycle inventory for the calculation
and acknowledge that these data only provide a first-order approximation of potential impact and that they are generally not process or product
specific. Specifically, we use inventory and emissions data acquired from a comprehensive life cycle inventory database Ecolnvent 3.5 (Wernet et al.,
2016). Therefore, the unit for the environmental intervention matrix B, is g COe:

0 0
0 0
[ 0 0
Fo=|f; fp|=| O o | (15)
[ 1000 0
0 1000
0 0

where f4 represents cutting 1000 times using the large blade and f, represents picking 1000 times using the toothpick.

We can calculate the carbon footprint of the functionality of two representative functionalities of the Swiss Army knife outlined in the case study
section based on partitioning allocation approach. We follow the algorithm provided above in Section 2.1. We illustrate the calculation of the two
example functionalities as

Gy, =ByA; 'F, (16)

= (17164 234) 17)

This means our estimated carbon footprint of the Swiss Army knife performing cutting functionality 1000 times using its large blade is 1716.4 g
CO,e and it performing tooth picking functionality 1000 times using its toothpick is 23.4 g CO5e.

In addition, we collected user data (n = 100) through online web-survey to understand users’ interaction with the Swiss Army knife. The results
of the functi ity-based impact 1t are presented below with incorporation to user frequency of different functionalities of the Swiss
Army knife (Table 2). The details of the survey and usage allocation calculation are provided in Part Il of the Supporting Information.
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TABLE 2 Summary of selected functionalities’ user survey results (n=100) and corresponding carbon footprint

Cutting using the large blade Picking using the toothpick
Number of using this i ity approxil once aday 14 10
Number of using this ionality approxil once aweek 39 20
Number of using this i ity approxil once amonth 29 24
Number of using this ionality approxil onceayear 11 20
Number of respondents who never use this functionality 7 26
Average times used assuming 1000 times total product lifetime use 110 43
Average usage allocation (%) 11.05 431
Total carbon footprint (g CO,€) 188.8 10

Therefore, if we account for the estimated use times from the survey, we could redefine the functionality matrix as below and calculate the
corresponding impacts:

o o

o o

[ 0 0
=t f|=| 0 o] (18)

| 1) |10 o

0o 43

0o o
Gy =ByA; 'Fy (19
=(1888  10) (20)

Now we expand the analysis to account for all of the 15 functions of the Swiss Army knife (see Supporting Information Figure S3). We can solve
the impact using calculation from a 20 x 20 technology matrix. Results show that it is a highly multifunctional device with varying range of impacts
of the functionalities:

Tweezer Largeblade Canopener Reamer,punch Corkscrew Scissors
-1
Gis=BisAisFis=( 04 1888 1053 535 1156 - 189) 21)

Based on the functionality factor (FF) we introduced, in the case of the Swiss Army knife we can calculate the functionality factor as the ratio of
the sum of all functionalities versus the total device production carbon footprint:

10.0 + 1709.1 + 1666.3 + 1647.2 + 1661.5 + --- + 23.9
FFswiss Army knife = 21037 ~

9.6 (22)

This implies that the Swiss Army knife, by combining multiple functions into one, avoids the impacts of 15 separate devices with an impact ~10
times as large.
On the other hand, FFyocqteq can give a different view. According to the survey results, the total allocated functionality factor for all 15 function-

alitiesis
Z", 8i_allocated
FFocated = =2 3)
Sprod
04t +188.8x ty + 105.3 X ts + 53.5 X tg + 115.6 X ts + - + 189X 145
=~ 2103.7 24

~0.61 (25)
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where the time spent on each functionality is calculated via the user survey and normalized. While FF indicates the highly efficient nature of the
Swiss Army knife. The FFjocateq Can indicate the degree to which the functionality is utilized. FF gjocateq €an give a sense if the multifunctional device
is being underutilized in a sense. Consider, for example, a user who only uses the toothpick functionality of the Swiss Army knife. That is, the usage
fraction = 100% for the “picking using toothpick” function and 0% for all others. The resulting FF gjocates Would be quite small. This implies that the
“efficiency” of use of the device is low, in that the user purchased a carbon-intensive multifunctional device only to provide a single simple function.
That user would have produced much less impact by only purchasing a simple reusable toothpick.

In a sense, our approach could be considered complimentary to displacement. Displacement asks: What did we replace by having multiple func-
tionalities in one product? It does not ask about the efficiency of such replacement based on the usage. If a product carries 20 functionalities but
the user only uses 2, then there could be lower emission impact if the user bought 2 separate smaller products instead of a product that carries all
these extraunused tools. As a result, without factoring into allocated usage, individual impact could be high. However, factoring into the distribution
of usage, we could understand the efficiency of the multifunctional product through the allocated functionality factor, which is always between O
and 1 (the numerator is never larger than the product footprint). In the case of the Swiss Army Knife, every functionality impact will include that of
the enclosure because it is part of the minimum requirement for usage of such functionality. If the user does not use multiple functionalities, such
enclosure could be made much smaller and thus reduce the impact. However, if a minimal enclosure is shared between all functionalities that are
used frequently, then we reduce the impact of the larger sum of multiple smaller enclosures.

3.2 | Case study 2: Smartphone

Our next case study is a smartphone. Similar to the Swiss Army knife example, the first step of the analysis is to identify functionalities that one
device fulfills. After that, we can map these functionalities with corresponding resource requirements. ICT products, particularly smartphones, are
used to facilitate a range of activities from calling to watching entertainment. Smartphones have a range of possible functionalities, including phone
calls, text messages (SMS), video, audio, web browsing, and email. Each functionality is supported by a set of hardware, software, as well as energy
inputs and connections to broader information infrastructure. The multifunctionality nature of smartphone has been explored in academic studies
(Nielsen, 2013; Paiano et al., 2013; Schaefer et al., 2003; Suckling & Lee, 2015). To streamline the analysis, we leverage a framework proposed
to evaluate the energy impact of Internet of Things devices and incorporate LCA approach (Hittinger & Jaramillo, 2019). We consider the direct
energy draw from the device as well as the indirect energy and resource ion. Under this k,a i ity-based evaluation of a

smartphone’s environmental impact can be described as

Ghunctionality = Gdevice + Gi + Gaupply chain + Gbehaviorals (26)

where the four components are noted with increasing order of complexity in the equation.

* Ggevice = Environmental impact of direct (local) energy of device components;

* Ginfrastructure = ENvironmental impact of remote energy use for the supporting infrastructure. In the following analysis, we use Gjyfrastructure =
Gretwork + Gdata center;

* Gaupply chain = Environmental impact of energy and resource use associated with device production;

* Gpehavioral = Environmental impact of indirect energy and resource of device through behavioral changes of the user.

For the following case study, we consider the first three levels of impact in the equation. The behavior level impact is considered out of scope for
this case study. To analyze the functionality-based environmental impact of a smartphone, we construct a representative smartphone with credible
and detailed case studies from the literature. The following case study uses a combination of secondary data based on availability and fit because
publicly available smartphone LCAs have limited data granularity at the component level. We select the top three most popular activities for the
case study, namely text messaging, voice/video calls, and internet surfing along with an additional emerging activity that has gained popularity in
smartphone devices: virtual reality (VR) activity (Pew Research Center, 2015) (Figure 1).

To calculate device and infrastructure level impact, we obtain energy consumption estimations at device, at network, and at data centers using
mobile ph d-t d energy ion power model. The energy consumption power models use actual measurements of equipment energy

consumption and data traffic flow to estimate the energy consumption under various use scenarios. We primarily use the modeling results from Yan
etal. and supplement with network energy consumption estimation from Malmodin to be more accurate. Specifically, we use the basic connectivity

service power consumption of 2 W per mobile 4G subscriber and add additional energy requit its based on 1 bps rate and data traffic
under different use scenario (Malmodin, 2020; Yan et al., 2019).

The testing condition for the following three use cases are listed below based on the experimental setup by the latest literature (Yan et al., 2019).
We calculated the energy consumption in Table 3 based on the assumption that energy consumption have a linear relationship with time (Yan et al.,
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FIGURE 1 ICT product functionality-based LCA calculation approach (based on Malmodin, 2020; Yan et al., 2019)
TABLE 3 Energyc ion br f y smartphone functi ities (calculated based on Malmodin, 2020; Yan et al., 2019)
Texting Web browsing Video chat VR
Device-level energy ion (W) 0.320 0.663 0.731 0.961
Network energy consumption (W) 2.001 2711 2790 9.603
Data center energy consumption (W) 0.001 0.042 N/A 2414

2019). For validation, we consulted industry expert to validate the energy consumption values.

« Texting: type and send a 16-Chinese character text message via WeChat
* Web browsing: use built-in browser to open m.sohu.com

* Video chat: chatting via video via WeChat

* VR:use Orange VR to open a video (length = 65 s, size = 58 MB)

We make few major assumptions through using this set of energy consumption data. First, we define network as both mobile and fixed network

data services therefore include power consumption calculation of both infrastructure. Second, power consumption at the smartphone device level
is estimated using the power consumption measurements of CPU and 4G network connection. Third, the device-level energy consumption was

measured for particular smartphone devices (Samsung Galaxy 7 and Huawei Honor 5X) and tested under different use scenarios.

Note that the majority of the impact happens at the network infrastructure level. To estimate the relevant carbon impact of example functional-

ities, we use publicly available data on smartphone user behavior and the average US grid emissions factor provided by the US EPA to compute the
carbon footprint. We estimated the average user interaction with the functionality using US average data in 2017 in Supporting Information Table

S4 as proxies (Text Request, 2017). Minutes of use estimations are rounded. We use 3 years as the average product lifetime.
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Carrying out this computation using the information from Table 3 and S| Table S4, we first write the technology matrix as following (see S part Il
for more details of the matrix):

Production and energy Texting  Web browsing Video chat VR Disposal
1000000O0O0OO0OO0 -1 -1 -1 -1 0
01000000OO0O0OO0 -1 -1 -1 -1 0
0010000O0OO0OO0OO0 -1 -1 -1 -1 )
00010000O0OO0OO0 0 o -1 -1 0
0000100O0O0OO0CO0 0 [ -1 -1 [
000O0OO01TO0O0OO0OO0OO0 -1 -1 -1 -1 0
0000O0O0O10O0OO0OO0 -1 -1 -1 -1 0

As= 000O0OO0OOO0O1TO0O0O0 -1 -1 -1 -1 0
000O0OO0OOO0OO1TO0O0 -1 -1 -1 -1 0
000O0OO0OOOOT1O0 -035 -0.73 -0.80 -1.05 0
000O0OO0OOOOOT1 -219 -3.01 -306 -1316 O
000O0OOOOO OO0 0 6570 0 0 [ 0
000O0OO0OOOOOO 0 65700 0 ) 0
0000O0OO0OOOOO 0 0 65700 [ 0
000O0OO0OOOOOO 0 0 0 65700 0
0000O0O0OOOOO 1 1 1 1 -1

Next, we formulate the environmental intervention matrix and the functionality matrix as
By =(22.5 19 27 13 19 05 01 481 02 0453 0453 0 O O O 0.1) (27)

where each entry of B4 represents the pollution in the form of carbon emissions generated from the corresponding module production process or
electricity generation during certain operation time. We refer to the carbon emissions of Fairphone 2 for the key module’s emissions (Proske et al.,
2016). For the electricity consumption at device and infrastructure level, we use 2016 eGrid output 0.453 kgCO,e/kWh as the proxy emissions
factor based on US average (US EPA, 2015)

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
[ 0 0 o 0
0 0 0 0
Fa=|fi f2 fo faf=| o o o I (28)
[ ° ° 0 0
0 0 0 0
12897 0 0 0
0 2330 0 0
0 0 6083 O
0 0 0 23360
0 0 0 0

where f4 to f4 represent the estimated minutes each function is used during the products’ lifetime based on literature and surveys. Recall that each
of these columns represents the four functionalities: texting, web browsing, video chat, and VR in that order, with relative usage assumption given
in Supporting Information Table S4 but normalized to a total of 65,700 min, that is, 3 h per day for 3 years, of use.
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Similar to the Swiss Army knife case study, we can calculate the carbon footprint of the selected functionalities of the smartphone based on
partitioning allocation approach. We follow the algorithm provided in the Methods section and calculate the functionality-based impact (in kgCO,e)
as

Gy =B4A'Fy (29)

=(6.67 1227 350 15.09) (30)

To get a sense of the maximum range of the impacts, let us assume a user uses each functionality for 6 h every day for 3 years. We then modify
the entries of each column in F4 as 394,200, referred here as F4max. We can compute the impacts as

Gamax = BaA; Famax (31)

= (20376 20703 22655 254.68) 32)

Note that in these cases, the range of impacts for different functionalities is quite large. This makes intuitive sense because the difference in
energy consumption in the selected use cases vary significantly (as shown in Table 3) . We should also note that the values from this case study rely
on testing or evaluation results of specific units or brands. The main point of the case study is to illustrate an evaluation process. Assessments of
different types of ICT products by different manufacturers could be conducted on a case by case basis.

To calculate the functionality factor, we need to compute the product life cycle carbon emissions of 39.36 kgCO2e, which comprises (1) 35.98
kgCO2e manufacturing phase emission (Proske et al., 2016), (2) 3.28 kgCO2e use-phase emission, under the assumption of energy consumption
and power grid emission as above, and (3) 0.1 kgCO2e of assumed end-of-life emission. The functionality factor is thus

Fomartphone ~ 6.67 + 12.2;;3:2.50 +1509 | 0.95 33)

Using the relative time c ion of these four functi ities as reported in Sl Table S4,we have (t; t, t3 t;)~(0.20 0.36 0.09 0.36).
Therefore, the allocated functionality factor for these four functionalities is:

0.20 x 6.67 + 0.36 x 12.27 + 0.09 x 3.50 + 0.36 x 15.09
FFsmartphone, allocated & 39.36 ~0.29 (34)

Next, we consider a hypothetical comparative case to illustrate how functionality-LCA can enable more direct comparison of ICT device LCAs.
In the Fairphone 2 LCA, the CPU has a die size of 111.28 mm2, which was identified through x-rays and grinding of the chip. Consider an upgraded
version of this smartphone with more powerful processor, of which the die size is 1.1 times larger at 122.41 mm?. Based on Tables 3-8 of the
Fairphone 2 LCA study, the estimated increase due to processor upgrade is approximately 0.6 kgCO2e (Proske et al., 2016). We can update the
environmental intervention matrix accordingly as

Bgy =(23.1 19 27 13 1.9 0.5 0.1 4.81 0.2 0.453 0.453 0 ) ) 0 0.1) (35)

As a result of the processor upgrade, we assume the device-level energy increases by 5%; therefore, we modify matrix A4 by multiplying
the 12th to 15th columns of the 10th row with 1.05. If we assume user behavior is unchanged, we can calculate the new impact as Ggy =
(6.78 1248 3.55 15.31). In this case, the allocated functionality factor changes very little and remains 0.29 after rounding. However, if we
assume that the upgraded processor results in arelative increase in user’s engagement in the VR functionality by 20 min, the allocated functionality
factor improves to 0.30 since the user increases their usage of the function that requires the largest amount of carbon to produce. This signifies that
the upgrade suits the needs of users at the cost of higher carbon impact. However, on the flip side of the coin, for users who spend more time texting,
for example, spending twice as much time texting and the same amount of time for the other three functionalities, the allocated functionality factor
is only 0.26, which shows that the upgrade is wasteful.
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FIGURE 2 Comparison of current versus proposed assessment framework based on product life cycle milestones (blue outlines life cycle steps
relevant to consumers)

4 | DISCUSSION
4.1 | Role of functionality in ICT life cycle assessment

The functionality-based perspective offered in this paper merges functionality-based thinking in product design with existing LCA frameworks.
Specifically, functionality-based life cycle assessment (FLCA) could serve as an early assessment tool for designers to better incorporate user pref-
erences or behavior as part of the product development cycle and supply chain planning. For every product in the ideation stage, a user preference
by functional modules could enable designers and

matrix could be constructed and mapped with its corr functionality. Early
manufacturers to identify emission reduction opportunities in the early stages of product development. It also enables additional scenario analysis
and assessments of alternative design and manufacturing choices (Figure 2). As illustrated, the functionality analysis step will allow producers and
designers to clearly articulate the functionality they would like to address as part of the product development process. This step provides a key
piece of data needed to complete a FLCA. However, to enable FLCA to become more mainstream, there needs to be training and dialogues required
to familiarize product teams with this concept. In particular, cross-functional dialogues that involve designers and engineers who are familiar with
LCA could catalyze and potentially improve FLCA analysis.

As illustrated by the case study, high-quality publicly available data on how product design maps to specific functionalities are rare in the ICT
product space. In the Swiss Army analysis, when data are complete and tractable, the analysis is higher quality and more informative. Therefore, we
encourage ICT product designers and producers to actively collaborate with the research community to build more comprehensive baseline data
for the functionality analysis.

Itis worth noting that the total
of emissions from use. In practice, the analysis could be separated into fixed versus variable to allow replication of calculations for multiple profiles

alculated is because it consisted of a fixed piece to which we add a different calculation

or use cases.

We offer some strategies to FLCA implementation as part of the product development cycle in the SI. FLCA is iterative in nature because design
changes could happen during the product development cycle. It is important to update the data to reflect such updates. FLCA can accommodate a
wide range of | tools. As ill d in the case studies, depending on the complexity of the analysis, a user can build simple computa-
tional models in commonly used software such as excel, MATLAB, or Python. In addition, it could be incorporated as part of the LCA software, where

the software allows the user to define their own functional module during the product design process. Then, the software could perform analysis

based on the pre-defined functional module and output environmental impacts of these functional modules accordingly.

We introduce the functionality factor (FF) to compare the impact of all possible functionalities as stand-alone objects versus one single device.
FF provides an internally consistent approach to consider the role of multifunctionality in product design. An alternative approach is to consider
product displacement, where the environmental footprint of each product functionality can be displaced with a product with only one or limited
functionality. However, we caution that the selection of displacement product could be biased. In the case of the Swiss Army knife, we can calculate
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the functionality factor as approximately 10. The functionality factor conc izes the envir | “savings” as a result of shared structural

support for multiple functionalities.

We expect the FF for smartphone is similarly high because of the shared computational and structural support for many functionalities. One
interesting observation about communication products is that in early days, products were designed in a more modular fashion. A notable example
is the Siemens S55 introduced in 2002, where the phone has a separate camera and cell phone module that could function independently (Schis-
chke et al., 2019). As phones become more integrated, their FF is likely to increase. However, while the integrated design created environmental
dent on how user interacts with the products. It is possible

“savings” from the functionality perspective, the actual envis | impact is d
for a product to have a high FF value but a small allocated FF value, indicating that there is a mismatch of the intended functionality designed by the
manufacturer and the utilized functionality by the user. As device manufacturers are considering for improvements for repairability, recyclability,
and upgradability, it is important to consider how to optimize these two factors from a design perspective. It could be that simpler products tailored
to individual use cases may have less impact overall.

Lastly, a functionality-based perspective enables ICT product designers and consumers to include the sustainability impacts of hardware versus
software into their consideration. For example, certain functionality such as storage can be achieved through on-device storage integrated circuits
such as flash memory or via software and application services in the cloud. Evaluation of these different functionality options could help optimize
the environmental footprint of ICT products.

4.2 | Limitations

Due to the costly and proprietary nature of electronics life cycle data, our case studies are limited in data quality, consistency, and completeness.
However, since the purpose of this piece is to illustrate a novel approach, we focus on the problem formulation and process of conducting such
assessment. It is our hope that this piece opens up possibilities for scholars and practitioners to adopt a functionality-based perspective in design
and LCA of ICT products and beyond.

Given the rapid development in the ICT space, studies that are completed few years back could be outdated. We also acknowledge that survey
methods have constraints in reliability and ability to understand people’s decision-making process in-depth (Rossi et al., 2013). We use industry-
average product lifetime data, which could be further specified in more detailed case studies based on rigorous product lifetime estimation approach
(Zhilyaev et al., 2021). In regard to metrics used, we mainly focused on the carbon footprint. Aside from carbon footprint, ICT product waste has a
substantial impact on the environment in metrics such as toxicity, water, and soil quality (Chen et al., 2018; Wu et al., 2015). In addition, even though
we tried to delineate the functionalities of ICT products, we acknowledge that due to the ct e of parts and of ICT prod-

ucts, it is challenging to completely isolate the impacts of each functionality. Simple addition or substitution of a function might not be sufficient
to address the co-dependence of the parts of ICT products. Although the perspective and allocation methods offered on ICT product multifunc-
tionality in this paper are simplistic, it helps to assess the topic of defining the functional unit(s) for multifunctionality products in consequential
LCA and the consit ion of system ion (Zamagni et al., 2012). Finally, we do not address the impacts of ICT technology on human behavior

here, although such impacts are critical for multi-functional LCA outcomes. While we provide scenarios on how ICT products such as smartphones
could change people’s behavior through its various functionalities, we think experiments with clear controls and boundaries are most suited for

further exploration.
The case studies are limited due to the choice of allocation. While we stated the challenges in using the displacement allocation approach, we
acknowledge that one way to understand the envir impact of additi functionality is through comparing the individual functionalities

with specific products that they could replace. For designers who have specific baseline devices in mind, the displacement allocation approach could
be more informative.

In the smartphone functionality-based LCA case study, we consider the carbon impact of user behavior out of the analysis scope. We acknowl-
edge that there is a lack of higher resolution user behavior data that map to specific user behaviors in the study. Filling this data gap could enable a
more comprehensive evaluation of the sustainability impacts of ICT products.

5 | CONCLUSION

This study develops and impls anLCA k that highlights the linkages among user behavior, product functionalities, and product envi-
ronmental footprints. As illustrated by the two case studies, a functionality-based LCA provides a systematic approach to view the environmen-
tal impacts of multifunctionality products. It builds on existing foundations of LCA to more comprehensively capture the life cycle environmental
impact of multifunctional products such as smartphones. Taking on a functionality-based perspective helps designers and consumers see a fuller
picture of products’ environmental impact at the device, infrastructure, supply chain, and behavioral level. This framework creates opportunities in

corporate sustainability and public policies toward sustainable production and consumption.
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From the perspective of corporate sustainability, a functionality-based approach spans silos into which emissions are sometimes counted in away
that is necessary to understand to reduce emissions effectively. Much of the space of ICT products has considered impacts after product launch.
This new framework helps analyze many different unexpected impacts depending on how functionalities replace one another or don’t. The design
relevance of this framework could enable private sector actors to be much more powerful participants in emission reductions, as encouraged by
international treaties such as the Paris Agreement. Existing assessment frameworks such as the integrated assessment models focus on the social-
economic interactions at the macro-scale. The functionality-based LCA framework fills in a gap in the assessment space where micro-scale, granular
design efforts could be modeled and simulated.

From the perspective of public policy, this approach creates a system view necessary for effective climate and sustainable-development policy.
of where emissions are coming from. However, they do not

Existing product LCA approaches for consumer products may enable
necessarily shed light on the interconnections between device production and consumption. Addressing these interconnections is key to informing
effective policy design and to il i ded c es or benefits from these policies. Specifically, a functionality-based approach effec-

tively encompasses the many factors inherent in emissions arising from any given ICT device. This approach compliments current material-focused
perspectives on product environmental footprint and extends the system boundary to consider infrastructure and user behavior. The results of the
functionality-based analysis could help climate policy makers identify and forecast the potential sources and impact of greenhouse gas emissions
along a broader scope of supply chains.

In addition, this study leads to some interesting open questions to be looked into in the future. Incorporating functionality as a core aspect in
consumer products’ LCAs opens up possibilities to deep-dive into user behavior and product design. In regards to user behavior, the most impor-
tant d is how to ically eval the behavior level impact of ICT devices, as they are typically considered out of scope
for device-level life cycle assessments. From a climate impact mitigation perspective, it is crucial to understand how ICT devices track and impact
individual’s behaviors in areas such as consumption, transportation, and communication. While there is a streamlined process to collect data during

product manufacturing and device-level energy ion, there is little methodological framework to rely on in order to meaningfully capture
digital behavior data as part of ICT product envir footprint In regards to product design, this study offers possibilities to
explore historical evidence of ICT product displacement. One exercise could be collecting the historical data of single-functionality products’ envi-
ronmental footprint and product lifetime and compare with multifunctionality products. One could imagine that while ICT product might have more

functionality over time, their service life time might decrease or fluctuate based on the technological complexity (Zhilyaev et al., 2021).

Using a functionality-based lens to investigate question related to product durability could provide empirical evidence of how different ICT prod-
uct designs have impacted the environment and what the trend looks like over time. Such questions fall within the consequential life cycle assess-
ment literature, where impacts of processes are evaluated based on the consequences of production and use (Zamagni et al., 2012). In digital tech-
nology related LCAs, consequences of different technology-enabled functionalities have not been a focus of study. For instance, one could further
explore the environmental impacts of the services of digital products beyond the physical materials (Wolfson et al., 2019). We hope a functionality-
based approach encourages more thinking toward the potential environmental burdens of the technology choices.
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