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Abstract Two-thirds of the global population own mobile phones or smartphones. Yet their
short service life—often limited to just a few years—leads to frequent replacements, excessive
raw material consumption, and rising electronic waste. This study evaluates the environmental
benefits of a highly modular and repairable smartphone, based on real-world usage. Compared
to conventional smartphones with an average lifespan of 2.5 years, this device achieves a lifespan
of five years, enabled by user engagement and a modular design that facilitates easy repairs. This
finding 1s substantiated by customer surveys. Verified through manufacturer data, our life cycle
assessment reveals a 40% reduction in climate emissions, energy use, material consumption, wa-
ter usage, and land occupation. A high-resolution hotspot analysis reveals significant reductions
in environmental impacts along the supply chain, particularly in mining and energy-intensive
processes. The advanced usage model-—aligns with the European Commission’s “Right to Re-
pair” and supply chain legislations—provides a scalable best-practice example to enhance
smartphone sustainability and alleviate global supply chain pressures.

Keywords smartphone; modularity; right to repair; environmental footprints; supply chain

1. Introduction

Mobile phones and smartphones have become ubiquitous in the 21st century, with most peo-
ple worldwide owning one. By 2011, the number of mobile devices surpassed the global popula-
tion, highlighting their pervasive nature [1,2]. Annually, approximately two billion smartphones
are produced (as of 2014, meanwhile more [3]), necessitating continuous extraction of primary
resources, particularly rare and precious metals like antimony, beryllium, palladium, and plati-
num [4]. The extraction process poses numerous environmental challenges, including emissions
of pollutants, water contamination, and land degradation [5]. Additionally, the production of
smartphone components involves the use of toxic chemicals [6], exacerbating environmental
damage. The social and economic impacts of smartphone production are also significant, with
regions like the DR Congo witnessing health hazards and human rights abuses associated with
unregulated artisanal mining [7]. Below a certain threshold of usage duration environmental
costs during the production phase outweigh those during use [8]. Consequently, electronic waste
has become the fastest-growing waste stream globally [9], with only a fraction being collected
and processed for material recovery [10]. The rest accumulates in landfills [10], such as Agbog-
bloshie in Ghana, posing health risks to nearby residents due to rudimentary e-waste recycling
practices [11].

Modular smartphones aim to mitigate these challenges by enhancing reparability and signif-
icantly extending their operational lifespan [12]. Prolonged use can reduce the demand for new
appliances and the amount of waste resulting from the disposal of old ones. Both reduce the
environmental impacts associated with the production of primary raw materials and the disposal
of electronic waste, as for example life cycle assessment (LCA) studies can reveal [13]. The Eu-
ropean Commission has also recently addressed this issue by launching the “Right to Repair”
initiative, a legislative effort aimed at empowering consumers to demand repairs beyond legal
guarantees. On 22 March 2023, a regulation has been proposed mandating manufacturers to
design products that are easier to repair and to provide spare parts for a minimum period post-
purchase [14], and it has been approved by the European Parliament and Council on 23 April
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2024. This legislation aligns with broader circular economy goals, aiming to minimize environ-
mental impacts by various measures. This also includes the stringent new European and national
supply chain legislation, introduced by the European Union (EU) and Germany to promote cor-
porate responsibility and sustainability. The European Union’s Corporate Sustainability Report-
ing Directive (CSRD), which entered into force in January 2023, mandates large companies to
disclose information on their social and environmental impact, including human rights and sus-
tainability practices throughout their supply chains. It aims to enhance transparency and ensure
that companies are accountable for the entire lifecycle of their products, from raw material ex-
traction to end-of-life disposal. In mid-March 2024, the European supply chain law, the Corpo-
rate Sustainability Due Diligence Directive (CSDDD), was passed by a qualified majority of EU
member states, which goes beyond reporting obligations and imposes due diligence obligations
on companies. The European law is closely based on the German Supply Chain Due Diligence
Act, effective from January 2023, in important respects, requiring companies to implement due
diligence processes to identify and address and ultimately reduce human rights and environmen-
tal risks within their supply chains.

However, there are not yet many suppliers of high-reparability smartphones by design. Also,
market shares are very low compared to conventional smartphones. Accordingly, the potential
of modular smartphones to save natural resources and emissions has also been poorly analyzed
as our literature review has revealed. High-reparability modular smartphones are currently still
a niche product and, with a few exceptions such as those on the Fairphone, most studies to date
have focused on conventional smartphones. Likewise, life cycle assessments usually present classic
environmental impacts, especially greenhouse gas emissions, while newer indicators, such as in-
put-oriented footprint indicators, are not yet so widespread [15—17]. Also, many studies concen-
trate on end-of-life (EoL)) strategies to minimize environmental impacts after use, such as refur-
bishment [18,19] and “repurposing” [20], rather than on intrinsic design concepts that allow
resource savings during use, also referred to as “anti-obsolescence measures” [21-23]. In addi-
tion, LCA results in the investigated studies are given cumulatively without a highly detailed
breakdown of the individual steps along the supply chain that contribute to the overall result and
the associated locations allowing for identification of the impact of individual process steps. Our
literature review indicates that there are no existing studies on the supply chain benefits of mod-
ular smartphones, particularly regarding extended lifespans and their impact on natural resource
use and emissions. However, this is essential for identifying hotspots that make the greatest con-
tributions to the overall environmental impact, a knowledge which can help manufacturers to
derive the most effective measures for reducing environmental impacts considering their supply
chains. This is also important in the context of supply chain legislation.

Another important consideration is that repairability alone is not sufficient to extend
smartphone lifespans—user behavior plays a critical role [24]: many smartphones are replaced
while still functional, often in pursuit of devices with higher technical standards, but also for eco-
nomic reasons, for example, see [25]. To address the topic comprehensively, we present a high-
reparability modular smartphone (HRMS), which is designed, developed, and distributed by a
German niche smartphone manufacturer. Thirteen replaceable modules allow for disassembly
and repair through the user without specialized knowledge or tools, prolonging the lifetime of
the device: users typically utilize it for five years, doubling the average standard lifetime of
smartphones [26]. To the best of our knowledge, it is one of the most modular smartphone de-
signs worldwide. Combined with altered user habits and an innovative circular economy business
and marketing strategy, this results in what we call the “HRMS usage model” from here on. It
has achieved a doubling of the lifespan of conventional smartphones highlighting its potential to
reduce supply chain environmental impacts and serves as a best-practice example for the indus-
try.

We present a life cycle assessment of the HRMS usage model introducing a novel functional
unit that enables a meaningful comparison of information and communication technology in
general. With an integrated hotspot analysis, we apply an innovative and differentiated evalua-
tion method for LCA results, which allows for a spatial and activity-based representation of
hotspots of various environmental impacts. In comparing the HRMS usage model with a con-
ventional smartphone use model, we determine its contribution to enhanced sustainability and
specifically observe where and how environmental hotspots along the supply chain are relieved
based on real-world usage information.
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2. Methods
2.1. Phases of the Life Cycle Assessment

An LCA follows four steps outlined in DIN ISO EN 14040 [27]. In the goal and scope deter-
mination (phase 1), the object of study is identified as the smartphone SHIFT6m manufactured
by the company SHIFT GmbH. Two use cases are considered: M2X2.5 assumes a 2.5-year life-
time, serving as a reference model for a standard smartphone or mobile phone [26]. M5 assumes
a 5-year lifetime through replacement of defective modules and based on 2018 to 2022 repair
statistics provided by SHIFT GmbH (Supplementary Table S1). When developing the HRMS
usage model M5, we relied on a customer survey conducted by SHIFT GmbH, acknowledging
that its customer community represents non-conforming actors with high intrinsic motivation to
extend smartphone usage. The causes and related aspects of this behavior were not further ana-
lyzed but are considered a foundational assumption for our environmental assessment. Hence,
our results represent an innovative, yet uncommon smartphone usage model. Key pillars of this
model include intrinsically motivated long-term users, a modular design that enhances repaira-
bility and supports user motivation, and an innovative business and marketing strategy by the
manufacturer. The environmental savings of this real-world HRMS usage model can serve as a
best-practice example. To ensure comparability, both models are assessed over a 5-year period
which is taken as lifetime in the HRMS usage model within this study. Surveys in 2022 have
shown that users are still using their SHIFT6m, which has been sold from 2018 on, and intend
to continue using it for up to five years. We rely on the information provided by the users for this
study and refer to it as real-world data. Random inquiries in the Shiftphone community in the
meantime have indeed confirmed that SHIFT6m users use their smartphones for at least five
years. However, it is not possible for us to verify in this way whether users do not use their
smartphones contrary to their statements.

The functional unit for this study is defined as one year of smartphone usage, encompassing
both production and operational phases (A1-A5, Bl, B3, B4, and B6), as per DIN EN
15804:2022-03 [28]. Life cycle phases C and D are not considered, as the relatively new
SHIFT6m is still predominantly in use and the company has not yet implemented any end-of-
life strategies. Old devices that are returned to the company have so far been collected and stored
so that no waste streams leave the company, and recycling is not yet carried out. SHIFT GmbH
aims to fully recover old devices in order to avoid uncontrolled waste streams, especially of de-
vices that are still in working order and has installed a device deposit of 22 euros, which customers
receive when they return their old devices. As not all devices have been returned yet, the usage
time could be even longer than five years if devices have not been thrown away. However, the
close contact with the customer community through several online forums and their feedback
gives no reason to believe this. The fact that there are still many open questions regarding usage
behavior at the EoL and that the life cycle of the SHIFT'6m may not yet have ended is another
reason to not consider the EoL phase.

Inventory analysis (phase 2) is conducted using the ecoinvent 3.8 database with openLCA
1.11.0 software (https://www.openlca.org). Processes for replaceable modules are modeled
based on SHIFT GmbH’s supply chain analysis, incorporating real transport routes. Product
systems are developed to connect models with LCA datasets, accounting for eight mineral re-
sources with modified upstream value chains [29]. Impact assessment (phase 3) evaluates models
using selected midpoint footprint indicators, analyzing their contributions to environmental im-
pact categories and preparing results for spatially explicit hotspot analysis. Evaluation (phase 4)
compares models and analyses supply chains spatially, while uncertainties are assessed using
Monte Carlo Simulations.

2.2. Life Cycle Inventory Analysis

Both models primarily rely on input from the SHIFT6m, modeled based on regionalized
supply chain analysis by SHIFT GmbH down to Tier 3. Information on manufacturer’s types
and locations is integrated into the model. Exchanged camera lenses and audio ports are omitted
due to missing LCI datasets (Supplementary Figure S5). Inventory data is sourced primarily from
ecoinvent 3.8, supplemented by literature, component weighing, and assumptions (Supplemen-
tary Figure S5). SHIFT6m model parts are used to depict exchange modules for M5, accompa-
nied by their transport processes assuming direct supplier purchase. This contrasts with SHIFT
GmbH’s reality, where replacement modules may originate from returned customer equipment,
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potentially deemed burden-free under the LCA cut-off approach. This practice’s dynamic nature
warrants further research. Electricity consumption per year during the usage phase is calculated
based on SHIFT6m battery charging capacity and an estimated average of 114 charging cycles.

2.3. Regionalization of Supply Chains of Selected Mineral Commodities

Up to Tier 3 of upstream processing, the SHIFT6m supply chain is known (Supplementary
Figure S5, per SHIFT GmbH), but not the raw material origins. By updating Schomberg et al.
(2022) [29] dataset to ecoinvent 3.8, we regionalize supply chains for mineral commodities like
aluminum, copper, coal, cement, iron and steel, lithium, and phosphorus down to the mine site
level. To manage global mine sites effectively, individual sites are clustered based on geology and
regional water stress, resulting in five sites per country added to ecoinvent 3.8 and linked to ex-
isting datasets. This linkage, considering country-level and mine site production figures, models
country and global markets for listed commodities, covering 80% of world production. Details
of this procedure are outlined by Schomberg et al. (2022) [29]. Supply chains modeled using
these datasets reflect the most probable origin of mineral commodities in the global supply system
unless more specific information becomes available.

2.4. Life Cycle Impact Assessment

For impact assessment, resource footprints for energy, land, material, and water are selected,
accompanied by the climate footprint [30] (Table 1). Compared to other LCA studies and the
scope of available LCA indicators and impact categories, the number of five environmental foot-
prints may seem small. However, it has been shown that these footprints taken together can
already explain 80% of the variance across a very large number of LCA indicators and impact
categories [31]. This makes them a suitable set for describing and evaluating as many environ-
mental impacts as possible while at the same time not overloading the number of indicators for
communication with politics, companies and society as also demonstrated previously [29].

Footprints are weighted values determined with specified criteria [32] and assessed using se-
lected LCIA methods to quantify inputs along the smartphone supply chain. The climate foot-
print [30] is determined based on the updated IPCC 2013 LCA implementation using the latest
IPCC data from 2021 [33]. We utilize the climate change impact category Global Warming
Potential over a 100-year horizon (GWPiq) [34] to quantify carbon dioxide equivalents and
other greenhouse gas emissions per unit. The energy footprint relies on Cumulative Energy Re-
quirements Analysis [35,36] from Hischier et al. (2010) [34], focusing on fossil cumulative energy
demand including coal, oil, gas, etc., assessed in M]J equivalents per unit via multiplication with
relevant characterization factors. The land footprint is described by the total area of land occu-
pied through the supply chain of the smartphone in m?xa. Here, no assessment is performed in
the absence of a suitable method recommended by the Life Cycle Initiative [29]. The material
footprint [37] comprises Raw Material Input (RMI) and Total Material Requirement (TMR)
sub-indicators, considering both abiotic and biotic materials. The RMI is calculated using the
ratio of extracted raw material to the corresponding material in the extracted raw material meas-
ured in kg raw material per kg material. The TMR uses extracted primary material (used and
unused extraction) measured in kg primary material per kg material [38]. The water footprint
[39] includes Quantitative Water Scarcity Footprint (WSFqua) and Qualitative Water Scarcity
Footprint (WSFqua) sub-indicators, assessing quantitative water consumption and virtual water
volume respectively, using the AWARE LCIA (life cycle impact assessment) method to evaluate
water stress at the country level. Results of indicator sub-categories are aggregated, with negative
values from rounding errors in the ecoinvent 3.8 database removed from WSFquan.

2.5. Hotspot Analysis of LCIA Results

With an LCIA, the overall footprint results are shown and also the individual contributions
of activities in the upstream supply. The following is a systematic analysis of the LCIA data to
make the essential information comparable:

1) The smartphone’s supply chain comprises approximately 14,000 activities, with only
those contributing over 1% of the total footprint included for further analysis. This ac-
counts for at least 44%, averaging 80 % (excluding outliers) of total footprint results (Sup-
plementary Figure S4). The term “total environmental burden” refers to the investigated
proportion, not necessarily 100%.
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2) To ensure comparability among activities with varied units, results are normalized per
footprint. Individual activity results are normalized against the median of all activities
from both use cases. Normalized values are calculated as the quotient of individual activity
results and the median.

3) Normalized values indicate how many times larger or smaller an activity result is com-
pared to the median. Values below 1 suggest activities with lower impacts than the median
and are not considered hotspots. A color scale classifies hotspots by severity, adapting the
scale to reflect a smartphone’s less distinct hotspots compared to case studies in Schom-
berg et al. (2022) [29].

4) Summation of individual normalized activity results is conducted for each location, con-
sidering instances where locations occur multiple times due to varying activities or multi-
ple exposures.

5) Regionalization quality depends on input data quality, ranging from point to global co-
ordinates denoting unknown locations. International supply chain analysis may contain
inaccuracies; hence a quality index classifies locations: 1 for point coordinates, 2 for coun-
tries or sub-countries, and 3 for regions spanning multiple countries. Quality 4 designates
unknown sites labeled as global or rest-of-world, excluded from spatial hotspot analysis
(Supplementary Figure S6).

6) Grouping activities into categories allows for assessing their significance to overall envi-
ronmental burden independently of spatial information. Activity hotspots are identified,
displayed, and evaluated similarly to spatial hotspots.

More details as well as an analysis of the impact and spatial coverage of the hotspot analysis
are given in Supplementary Section S2.

2.6. Data Quality Evaluation, Assumptions and Limitations

Apart from SHIFT GmbH’s supply chain analysis up to Tier 3, specific manufacturer data
on components and manufacturing processes are unavailable. The LCA model structure is based
on component weighing to accurately reflect the composition of the smartphone under consid-
eration. Adapted ecoinvent 3.8 data, mostly non-specific to smartphone components, and a few
smartphone-specific datasets populate the model. Literature data or estimates fill gaps, with cam-
era lenses and audio ports excluded due to insufficient LCI data. Using nonspecific data alongside
estimates introduces data uncertainty, assessed via an LCA data quality matrix (Supplementary
Tables S5 and S6), evaluating reliability, completeness, and temporal, geographical, and techno-
logical correlations. We thoroughly reviewed all data directly associated with the smartphone
product system, including component production and transport processes, to ensure suitability.
Where necessary, the data was supplemented with the latest available information, including
manufacturer-provided data. The same approach was applied to our regionalized mining supply
chain. For any other supply chain processes, we relied on ecoinvent data and their internal qual-
ity assessments, which were not independently verified by us. This approach is deemed appro-
priate, given the complexity of evaluating all processes contained in ecoinvent that contribute to
our product system. Most data exhibit medium to high quality, though temporal correlation often
lacking. However, except for our own data, this represents the quality information stored in the
ecoinvent data that we have not independently verified. The model is based on ecoinvent 3.8,
which was the most up-to-date database at the time of the study. While a newer version of the
database is now available, the updates related to electronic and smartphone components are not
substantial enough to necessitate adjustments to our model. Comprehensive model validation,
such as element composition analyses, exceeds this study’s scope and warrants further research.

3. Results

A life cycle assessment of the HRMS usage model is conducted covering production and
usage phases (A1—45, B1, B3, B4, B6 according to DIN EN 15804:2022-03 [28]). The EoL phase
is omitted, mainly due to limited data availability (see Section 2 for details), and the resulting
implications for the results are discussed accordingly. The focus of this study is on the comparison
of a non-modular and a modular smartphone usage model, which could benefit equally from an
increase in the secondary input rate of gold, leaving the relative savings of the modular usage
model untouched. The climate, energy, land, material, and water footprints are calculated using
selected LCIA indicators (Table 1). The focus of this study is not on the absolute footprint results

https://www.hos.pub


https://www.hos.pub/

Highlights of Sustainability 2025

43

but on the comparison of a non-modular and a modular smartphone usage model and the rela-
tive environmental impact of the two models.

Table 1. LCIA methods and terminology throughout this study. FP: Footprint; * if named differently.

. . . Unit This
Footprint  LCIA Method Indicators Impact Categories (This Study) Study*
climate IPEC 2013 [54].’ Global Warming Potential .

FP updated according to (GWP) GWPi00a Kg CO2-eqv.
IPCC 2021 [33]
non-renewable energy
resources, fossil A1) gz (D)
energy Cumulative Energy . non-renewable energy .
FP Demand (CED) [34] CED, fossil resources, nuclear MJ eqv. (kWh)
non-renewable energy M]J eqv. (KWh)
resources, primary forest
land . ) . . )
FP Land occupation [40] Land occupation Land occupation m

Raw Material Input (RMI) AW material input k raw
material Product Material P (RMI) 2 material
FP Footprint (PMF) [38] Total Material Requirement ~ Total material k primary

TMR requirement (TMR g material

( q

evapotranspiration m?

Quantitative Water Scarcity ~ product-incorporated 3 quantitative
water Water Scarcity Footprint ~ Footprint (WSFquan) water water FP
FP (WSF) [39] water transfers m?

Qualitative Water Scarcity 3 qualitative

Footprint (WSFqual) water I'P

To quantify the effect of the smartphone’s usage model, two use cases are distinguished: Use
case M2X2.5 assumes a typical smartphone lifetime of 2.5 years and serves as reference model
for a standard smartphone, whereas use case M5 assumes a lifetime of five years through replace-
ment of defective modules and is specific to the HRMS usage model of this study (Supplementary
Figure S1). We rely on a customer survey conducted by the niche manufacturer, acknowledging
that its customer community represents non-conforming actors with high intrinsic motivation to
extend smartphone usage. The causes and related aspects of this behavior were not further ana-
lyzed but are considered a foundational assumption for our environmental assessment. Hence,
our results represent an innovative, yet uncommon smartphone usage model. Key pillars of this
model include intrinsically motivated long-term users, a modular design that enhances repaira-
bility and supports user motivation, and an innovative business and marketing strategy by the
manufacturer. The environmental savings of this real-world HRMS usage model can serve as a
best-practice example. To ensure comparability, M2X2.5 is also referenced to five years by the
input of two smartphones and per functional unit. As an application-oriented functional unit, a
smartphone use for one year considering the production and the use phase is chosen. The man-
ufacturer, in collaboration with research partners, has developed an innovative circular econ-
omy-oriented EoL strategy, which is still under development and lacks usable data. To avoid
generating misleading results through a standard database approach, we have not included this
phase in our analysis. The climate, energy, land, material, and water footprint are calculated for
the production phase of one HRMS and per functional unit (representing the HRMS usage
model). Some of these footprints consist of several sub-indicators covering different categories of
environmental impact (Table 1). Spatial and activity hotspots are determined by normalizing
footprint results of selected individual activities along the LCA supply chain, which contribute at
least 1% to a total footprint result, with the median of all results. For spatial hotspots, the nor-
malized results from all footprints are summarized per location if known, for activity hotspots,
they are summarized per activity category.

3.1. Footprints of the Production Phase of a Highly Modular Smartphone

The production phase of the HRMS is responsible for 20 kg emissions of COq equivalents
(eq.), consumes 72 kWh equivalents of energy, 1 m? a land, 38 kg raw material, 78 kg primary

https://www.hos.pub


https://www.hos.pub/

Highlights of Sustainability 2025

44

material as well as 7 m3 water, and requires 20,000 m® of water to virtually dilute water pollution
below specific thresholds (Figure 1, Supplementary Data S1). It is difficult to compare the results
with other smartphones because comparable studies have used other indicators for evaluation
and other LCA databases. However, differences are hardly to be expected here, as the HRMS
does not use special production methods or alternative materials.

A comparison with other studies, e.g., 36 kg COq eq. for the Fairphone 3 [41], 35 kg for the
Fairphone 4 [42], 21 kg (48 kg for 2.25 smartphone units, here referenced to one unit) [16], 48
kg for the Sony Z5 [15], 30 and 39 kg for an Orange and Huawei smartphone [43], shows that
the climate footprint of the HRMS is in most cases smaller. Such differences may for example
result from a different goal and scope definition of the LCA or the use of a different database,
confirmed by the finding of high ranges, for example, 16—70 kg CO3 eq. [43], when comparing
different smartphone LCAs. However, this could also indicate a systematic underestimation of
the climate footprint due to an unknown cause here. We are unable to further resolve this issue
by comparing the other footprint results to other studies, as we employ a unique methodological
framework that, to the best of our knowledge, has not yet been used by other authors for evalu-
ating smartphones. For our further analysis and discussion, this would imply that a potential
distortion of the results must be taken into account.

This is also one of the reasons why our study focuses on a relative evaluation and a more
comparable functional unit of smartphone use per year from here on: the analysis and results of
the production phase of the HRMS form the basis for the comparison of the use cases. To avoid
comparisons with other smartphone LCAs, which are not directly feasible due to differing scopes,
our two use cases—conventional versus HRMS usage model—are based on the same dataset.
The calculated savings of the HRMS usage model should be understood as relative savings.

per production of
one modular
smartphone

cimate P Y 201 [kg COEqv]

energy FP @ 72 * 3 [khW-Eqv.]

land FP ;& 0.9 £ 0.1 [m?*aland occupation]

% 38 £ 4 (kg raw material]
% 78 + 8 [kg primary materiall

O 7 4 [m3water]
water FP 4

D{\\‘, 19,546 [m3 virtual dilution water]

NN

—~—

material FP 1

Figure 1. Footprints of the production phase of one highly modular smartphone, where “production phase”
refers to A1-AS according to DIN EN 15804:2022-03 [28]. Symbols from top to bottom refer to the climate,
energy, land, material (raw material and primary material), and water footprint (quantitative and
qualitative, referring to water use volume and pollution volume, respectively, both measured in m3).

3.2. Footprints of the Use Cases

The footprints of the standard usage model M2X2.5 are in the range of 35% to 42 % larger
than those of the HRMS usage model M5 (Table 2, Supplementary Data S2 and S3) per func-
tional unit. The functional unit here is the smartphone use for one year, considering production
and use phases. In comparison with the standard usage model, the modular case shows the largest
savings in the material footprint (RMI 42 and TMR 43%), of which metallic raw materials have
a share of at least 60%. The smallest savings are possible in the land footprint (36%). The special
role of the material footprint in savings potential can be explained by a closer look at the inputs
of the two use cases: for M3, to extend the lifetime to five years, one HRMS and various replace-
ment modules are needed, e.g., 0.06 displays per functional unit (Supplementary Table S1), while
for M2x2.5 two HRMS are needed. The inventory analysis shows that the display and the main-
board contain comparatively the most gold of all modules directly or in the supply chain. M5
saves gold compared to M2X2.5 by consuming only 0.27 displays per functional unit (0.4 in
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M2x2.5) and 0.2 mainboards per functional unit (0.4 in M2x2.5). This saving has an above-
average effect on the material footprint, as the characterization factor of gold in the material
footprint is exceptionally high. The analysis of the activity hotspots provides more detailed infor-
mation on this.

Table 2. Footprint results of the reference use case M2X2.5 and the HRMS usage model M5 per smartphone
use for one year. FP: footprint, RMI: raw material input, TMR: total material requirement, quant.: quantitative,
qual.: qualitative, sd: standard deviation.

unit, per smartphone

Footprint use for one year M2.5 sd M5 sd savings [%]
climate FP kg CO2-Eqv. 8.6 +0.3 5 +1 37
energy FP kWh-Eqv. 33 +6 214 £0.1 38
land FP m?%*a land occupation 0.40 +0.04 0.26 £0.04 36
material FP (RMI) kg raw material 16 +1 9.8 +0.2 42
material FP (RMI, metal) kg raw material 9 +1 5.1 +0.3 44
material FP (TMR) kg primary material 32 +2 19.0  £0.5 43
material FP (TMR, metal) kg primary material 24 +2 14 +1 44
water IP (quant.) m?3 water 3 +2 2 +1 40
water FP (qual.) m3 virtual dilution water 8119  £5185 4914 3616 42

3.3. Identification of Activity Hotspots

Activity hotspots of the standard usage model M2X2.5 are mining, mainly gold mining, en-
ergy supply as well as waste treatment. The HRMS usage model M5 relieves the mining hotspots
by saving a total of more than 5 kg of raw material (RMI) and more than 14 kg of primary
material (TMR) per functional unit.

Activity hotspots are determined within the framework of a hotspot analysis, which examines
the LCA results in more detail according to the type of activities along the supply chain. To this
end, the results of the single footprints must first be made comparable: for each footprint, the
median value of all activities of the two use cases M2X2.5 and M5 is determined and used to
normalize each single activity result through division (Supplementary Data S4). A normalized
value represents the ratio of the raw value to the median. Normalized single footprints are com-
bined into the dimensionless index environmental burden by summing up results of the same
activity category, namely mining (of gold, other metals and minerals), energy supply (through
hard coal mining, petroleum and gas production, wood chips from forestry, electricity and heat
production as well as diesel use), waste treatment, display production, transport, on-site activities
(referring to the location of the SHIFT GmbH) and other activities. The environmental burden
per activity category is considered as hotspot if it exceeds a threshold value of 5, which means
that the environmental burden is five times as large as a median footprint result.

Activity hotspots of the standard usage model M2X2.5 are mining with a share of 31%, of
which 22% 1s gold mining alone, energy supply, mainly based on hard coal, petroleum and gas
and electricity and heat, with 38% as well as waste treatment with a share of 18 % of the total
environmental burden (Figure 2, Supplementary Table S2). The category “other” is also a
hotspot according to its numerical value, but only because it combines different activities which
are not relevant when considered individually.

It is important to note that the low climate footprint of the HRMS usage model compared to
other studies could indicate a systematic underestimation caused by an unknown factor. For in-
stance, if upstream processes in the supply chain are underestimated, this may result in an over-
estimation of mining hotspots in absolute terms. Additionally, the selection of the LCIA method
influences the assessment of metal-related impacts [44], which are critical in determining the
extent of these hotspots. This, however, does not affect the relative results.
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Figure 2. Composition of the environmental burden by activity categories of standard smartphone use case
(M2x%2.5). The environmental burden is a dimensionless index which is calculated based on normalized
single footprints which are combined by summing up results of the same activity categories. Colors divide
the hotspots according to severity into emerging (1-5), low (5-10), medium (10-15), high (15-20), very high
severity (20-50), and extreme severity (>50). The product terms used in some cases are representative of
the activity for the production of these products, e.g., gold stands for gold mining. Exception: diesel stands
for diesel use. Composition of M5 and differences see Supplementary Table S2 and Iigure S2.
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3.4. Reduction of Activity Hotspots through the HRMS Usage Model

The HRMS usage model M5 shows a smaller absolute environmental burden than M2X2.5
of 190 compared to 295. This reduction applies to all categories, 1.e., not only the total environ-
mental burden decrease, but also the environmental burden of all categories with the highest
absolute reduction of 28 in the category gold mining. The shares of the individual categories vary
between M2x2.5 and M5 and the biggest difference is that in M5 metal mining has a 24 % lower
relative share (differences in the generic category “other” not considered).

In absolute numbers, the highest reductions of the dimensionless index environmental burden
originate from the activity categories gold mining (27.8, Supplementary Iigure S2 and Table S2
), waste treatment (21.1), hard coal mining (13.1) as well as electricity and heat production (10.9).
All mining activities taken together (except for energy carriers), the HRMS usage model M5 leads
to a reduction of the environmental burden from 91 to 38 by saving 2.9 kg, 0.7 kg, and 0.3 kg of
raw material (RMI) in the activity hotspots gold mining, other metal mining and mineral mining
compared to M2X2.5 per functional unit (Figure 3). In terms of primary material (TMR), the
savings are 8.9 kg, 1.4 kg, and 0.7 kg (Iigure 3). The environmental burden of the hotspot energy
supply 1s reduced from 114 to 74 through reduced use of hard coal, petroleum and gas, electricity
and heat, and wood chips. As regards the composition of the activity categories, compared to the
reference use case M2X2.5, an 11% higher share of non-metal mining and an 18% higher share
of diesel use are prominent in the HRMS usage model M5. This contrasts with a 12% and 24%
lower share of gold and other metal mining, a 23% lower share of on-site activities, and a 9%
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and 10% lower share in the use of energy wood, and electricity and heat production. Thus, there
is a shift in the activity categories with the HRMS usage model M5. Since M5 has a lower envi-
ronmental burden in absolute terms in all categories, this does not lead to a shift of burden. The
proportionate decrease in gold and hard coal production represents a real relief for the mining
and energy supply hotspots.
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Figure 3. Savings of the modular smartphone use case (M5) compared to the standard smartphone use
case (M2x%2.5) in the material footprint for mining per functional unit. The functional unit is one year of
smartphone use, covering production and usage phases. M5 assumes a 5-year lifetime through the
replacement of defective modules and M2x2.5 a 2.5-year lifetime, serving as a reference model for a
standard smartphone or mobile phone (system diagram see Supplementary Iigure S1). The savings
potential is the difference between the material footprint results of M2x2.5 and M5 per functional unit.

3.5. Relief of Spatial Hotspots by the Modular Use Case

Spatial hotspots in the M2X2.5 reference case are mainly linked to production, notably gold
and copper mining and associated tailings treatment, followed by energy supply along the chain.
M5 reduces and resolves numerous hotspots (Figure 4). Spatial hotspots are identified similarly
to activity hotspots, where values exceeding 5 denote significant environmental impacts. These
hotspots can range from point coordinates (manufacturer’s site in Germany and three coal mines
in China, Iigure 4) to regions spanning multiple countries, reflecting regionalization quality of
the LCIL

A hotspot is usually formed by the environmental impacts of several activities (Supplementary
Table S3), but most hotspots related to M2X2.5 stem from mining activities and associated tail-
ings treatment across Australia, Canada, China, Mexico as well as the United States (gold), Rus-
sia (copper) and South Africa (gold, hard coal).

Energy production, more precisely the provision of energy carriers such as hard coal from
Europe, China, and Chinese mines (circles located within China in Figure 4) and natural gas and
petroleum from Algeria, the Middle East, Russia, and the United States, is the second largest
contributor. Sweden also appears here due to the provision of energy wood.

Colombia appears as an emerging hotspot because of electricity production from reservoir
hydropower plants, which occupy relatively large areas of land with artificial lakes, and North
America because of uranium production. That mining and energy production plays the most
important role is also confirmed if hotspots are analyzed separately for each footprint (Supple-
mentary Figures S3 and S4): the energy and qualitative water footprint (associated with the treat-
ment of tailings from mining) are responsible for contributions with a value greater than 5, while
all others remain below 5. In M5, analyzed separately by footprints, almost all locations have a
value below 5. This is because M5 needs less input of primary resources and energy and relieves
all hotspots.
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An emerging hotspot in India, attributed to tap and decarbonized water production, indi-
rectly relates to smartphone manufacturing, particularly in wafer production. M5 mitigates
hotspots across several regions, indicating its lower environmental impact compared to M2X2.5.
Notably, hotspots predominantly reside in upstream supply chains, highlighting their relevance
over direct activities. However, spatial analysis overlooks certain activities like non-metal mining
and diesel production, constituting a significant portion of the environmental burden. Gold min-
ing, natural gas, petroleum production, and forestry are also underrepresented due to limited
spatial resolution. Enhancing spatial resolution could reveal additional hotspots, emphasizing the
need for better data coverage to comprehensively assess environmental impacts.

, Legend
M5 Point locations Countries, regions
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Figure 4. Spatial hotspots of M2x2.5 and M5 in comparison. Values represent the sum of normalized
activity values with the same location across all footprints. Normalized activity values are gained through
normalizing individual LCIA footprint results per activity and location against the median of all activities
from both use cases. Dimensionless normalized values are calculated as the quotient of individual activity
results and the median indicating how many times larger or smaller an activity result is compared to the
median. Values below 1 suggest activities with lower impacts than the median and are not considered
relevant. Maps for single footprints see Supplementary Iigures S3 and S4. Activities without location are
not considered. Circles represent point coordinates, i.e., the manufacturer’s site in Germany and three coal
mines in China.

3.6. Variance Analysis of the LCA

Monte Carlo Simulations of the footprints of the HRMS as well as of both use cases are
carried out with the software openLCA using 5000 iterations and a cut-off value (0.00053 for the
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HRMS model and 0.00005 for the use cases). Results show that most standard deviations are in
the range of 2% to 18% of the footprint results. However, standard deviations of the water foot-
print are noticeably higher and can reach 74% for the qualitative water footprint (Iigure 1, Table
2). This is because the water footprint is calculated as regionalized LCIA whereby there are sig-
nificantly more uncertainties to consider.

4. Discussion
4.1. Contribution of an Alternative Smartphone Usage Model to Sustainability Goals

As the results of this study show, a high-reparability modular smartphone usage model can
reduce environmental impacts and supply chain risks under certain circumstances. A combina-
tion of usage behavior focusing on long-term usage, highly modular design, which is an important
key to high reparability and supports long-term usage [25,45], and complementary or supportive
business and marketing measures can be a suitable and effective approach to achieve the targets
set by the European Commission’s “Right to Repair” of saving resources and reducing emissions,
among others. Beyond that, the usage model contributes to different sustainability goals, such as
the UN Sustainable Development Goals, the Paris Agreement’s goals for reducing natural re-
source consumption [46] as well as national and European supply chain legislations by reducing
supply chain risks [43]. The method presented is a valuable tool for the reporting of environmen-
tal impacts and carrying out risk analyses in supply chain management as as demanded by the
European Union’s CSRD and corresponding national legislations.

However, despite the high relative savings and consequent contributions to sustainability
goals, the absolute quantities remain low because the production of the examined smartphone
model and the application of the specific usage behavior are limited. Yet there lies great potential
hidden here: in the period between 2018 and 2022, an average of 22 million smartphones were
sold in Germany per year. The climate and material footprint (RMI) of highly-modular
smartphone use scaled up to 22 million accounts for 0.02% of the total German climate and
material footprints, while savings can be achieved here comparatively easily purely through a
change in design in combination with adapted usage behavior. The potential total COq savings
are in the order of 150,000 medium-haul flights (at 500 kg COs-eqv. per flight according to the
German Federal Environment Agency), while resources (RMI) can be saved in the order of 220
multi-family houses (at 900 t RMI [47] per house) in total. The savings potential in relation to
the globally produced quantity of two billion smartphones in 2022 amounts to almost 13 million
medium-distance flights and the construction of approximately 20,000 multi-family houses. In-
creasing the reparability of short-lived small electrical devices to extend their lifetime can make
an important contribution to saving resources and emissions and reduce waste if widespread
adoption succeeds [48]. This is also relevant with regard to valuable metal resources, which are
comparatively assessed in the material footprint, but whose potentially limited availability in the
supply chain context was not recorded and would also have to be taken into account.

Realizing the economy-wide savings potential of the HRMS usage model requires scaling its
adoption, prompting the critical question of feasible strategies to achieve this. The model is based
on three key elements: intrinsic motivation of users to extend device usage, modular design from
the outset that supports the first aspect by enhancing repairability and interchangeability so that
technical defects do not hinder prolonged use, and an innovative business and marketing model
by the manufacturer, which specifically targets the aforementioned user group. Within the scope
of our study, we did not investigate why these users are motivated differently than conventional
users, nor to what extent the business and marketing model can further stimulate motivation.
The presented model is intended to serve as a best-practice example for an overall more sustain-
able smartphone use. Modular design is one aspect of the HRMS usage model that other
smartphone manufacturers could directly implement. However, it is important to note that mod-
ular design may contribute to environmental savings through increased repairability resulting in
prolonged service life, only if corresponding user behavior is also present as studies on other
alternative smartphone models have found [49]. Additionally, it must be considered that modu-
larity can have trade-offs such as increased costs or complexity [50] and may be associated with
higher “environmental activation energy” [51]. The development of an HRMS-oriented alter-
native usage model for other smartphone and ICT manufacturers, which would be necessary for
scaling savings and realizing their full potential in the context of sustainability transformation,
undoubtedly requires greater efforts, the details of which we cannot assess within the scope of
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this study. Further research is needed to both make HRMS usage models applicable beyond non-
conforming user groups, which generally also require social change as part of a sustainability
transformation [52], and to establish a more sustainable product portfolio even with non-niche
manufacturers. Our case study can serve as a guide and best practice in order to contribute to
supply chain benefits worldwide [47] aligning with the UN Sustainable Development Goals, the
Paris Agreement’s goals for reducing natural resource consumption [46], the “Right to Repair”
and national and European supply chain legislations.

4.2. Limitations of the Study and the Study Design

The basis of our comparison for calculating the savings of the HRMS usage model is a lifetime
of 2.5 years for the conventional smartphone and five years for the HRMS usage model. For the
first value, we relied on a study that reported 1.8 years for smartphone usage and 2.5 years for
mobile phone usage [26]. To avoid overestimating savings, we opted for the optimistic scenario.
The 5-year value is based on user surveys from the manufacturer of the HRMS presented in this
study. Both values are crucial for the relative savings, and we consider them directionally sound
within the scope of this study to demonstrate the savings potential of an alternative smartphone
usage model. When applying this best-practice example to other manufacturers and ICT sectors,
these values may need to be adjusted. This will be the subject of further research in this area.

One key limitation of this study is the exclusion of the EoL phase; incorporating gold recycling
at this stage could significantly alleviate the environmental burden associated with primary gold
mining. However, the niche manufacturer follows an innovative approach, which is currently
under development, aiming at establishing greater control and transparency in the recycling pro-
cess compared to the current state. Untl these structures are fully implemented, returned
smartphones are collected from the customers with the help of a deposit to prevent uncontrolled
waste streams that may, in the worst case, even escape recycling. After all, studies show that
approximately 352,474 metric tons of e-waste are shipped from European Union countries to
developing countries each year, with destinations including sites like Agbogbloshie in Ghana
[53]. It is to be expected that an innovative recycling strategy, as is currently being developed by
the manufacturer in collaboration with research partners and progressive recycling companies,
will contribute to an above-average recycling rate. Currently, the documented global collection
and recycling rate for e-waste 1s about 22.3%, with projections indicating a potential drop to 20%
by 2030 due to the widening gap between recycling efforts and the rapid growth of e-waste gen-
eration [54]. However, as long as no data and facts are available, we have decided to skip this
phase. The extent to which higher recycling rates reduce supply chain risks in relation to primary
gold mining is still unclear in this context, because even if the proportion of recycled gold in-
creases, the secondary input rate must also increase at the same time in order to bring about
relief. At least in the production of electronic components in China, while recycling initiatives
are expanding, the incorporation of recycled materials into electronic component manufacturing
has not yet seen a significant increase [55]. The focus of this study is on the comparison of a non-
modular and a modular usage model, which could benefit equally from an increase in the sec-
ondary input rate of gold, leaving the relative savings of the modular usage model untouched.

The functional unit “smartphone use for one year” is presented in this study as an application-
oriented unit intended to make the production and use phase of different devices easily compa-
rable. It can also be suitable for other electrical devices; however, it needs to be supplemented by
an identification of the technological level: different smartphone models show very different per-
formance, e.g., with respect to the quality of the camera. Within this study, such a distinction is
not necessary, as the reference use case and modular use case are based on the same dataset and
have identical technical specifications. However, to put the magnitude of savings in the context
of technical maturity, which plays an important role for consumers when choosing a smartphone
model, a corresponding modification of the functional unit together with an extension of the
comparison to other smartphone models is necessary [50].

The quality of the input data is largely good, but there are also some gaps from which uncer-
tainties result. In particular, the spatial and temporal resolution of data from the ecoinvent data-
base 1s still too low overall, as more than half of the supply chain activities stored in the database
are not spatially resolved at all. Likewise, a validation of the model is still pending. This could for
example be done by determining the element contents of individual components and comparing
these with the inventory results to be able to precisely determine the content of critical metals.
Both together, the low quality of the spatial mapping and the lack of validation of the inventory,
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can lead to both an underestimation and an overestimation of the number and severity of
hotspots, although an underestimation is more likely, and we assume to present the minimum
environmental burden here.

Higher life-cycle costs arising from the sustainable design process were not considered in this
study. Schischke et al. (2019) [22] assume that the life-cycle-wide impacts are about 10% higher
than compared to a conventional, non-modular smartphone. Even if these results are not directly
comparable with those of this study due to different framework conditions of the LCA analysis,
the savings quantified here are already considerably higher at 40% per smartphone use per year.

4.3. Further and other Savings Opportunities

Smartphone repair, if enabled, alone can save large amounts of natural resources and emis-
sions, as the results of this study show. Nevertheless, further savings and savings in other areas
are also possible:

1) According to the repair statistics of the manufacturer and supported by other studies [25]
and a huge number of newspaper surveys and similar, the display breaks down most frequently,
which alone is associated with high resource and energy costs due to its high weight in relation
to the entire smartphone. Even if customers are already encouraged to use armored glass and
bumpers to protect the display, it is advisable to make further efforts to reduce the failure rate
per functional unit. Possibilities include raising customer awareness, increasing the modularity of
the display so that it can also be repaired, and evaluating and testing better display protection
techniques. Since a few components typically dominate the material resource requirements of
entire electrical and electronic devices, it may be worthwhile to extend such strategies to other
components [56]. However, the repair statistics of the HRMS show that after the display and the
battery, it 1s mainly less material-intensive, small components that are replaced.

2) Gold mining is responsible for the most and most severe hotspots. These could be relieved
if it were possible to integrate recycled gold into the supply chain of the production phase of the
HRMS or at least increase the share. This would require a more in-depth analysis of the supply
chain and cooperation with suppliers. As we have also noticed in the context of this study, this is
generally difficult, but for example, within the framework of research projects, appropriate in-
centives can be created among manufacturers to participate. A look at the growing extraction of
primary raw materials worldwide and the associated problems makes it clear that there is an
urgent need for action here to limit the consumption of natural resources that does not stop at
national borders [46]. Such measures can also be successful indirectly, for example, when the
manufacturer brings recycled gold from its old equipment back into the cycle as compensation
for the gold extracted to produce new HRMS. Such an initiative can also contribute to reducing
the environmental burden of other raw materials, but it is advisable to focus on the largest
hotspot, gold, first. Quantifying the potential of these measures is the subject of future work.
Previous research has demonstrated that neither extending product lifespans nor recycling—
whether individually or in combination—can currently provide a radical solution to mitigate in
particular metal scarcity and criticality [57]. This highlights the need for new approaches and
positions the issue as a significant and emerging research challenge.

3) The possibility of integrating still functioning components from old devices into new de-
vices has not been considered yet. In the case of the LCA cut-off approach, their environmental
impact would not be credited to the new device. Refurbed devices, where only defective compo-
nents need to be replaced to make them functional again beyond five years, can also lead to a
further reduction in the environmental burden. Such end-of-life measures are already being im-
plemented or planned as part of the circular economy strategy of SHIFT GmbH seeking to im-
plement value-retention processes, but the quantification of their effect is the subject of future
research. As repairing devices while using new components is not automatically the most re-
source-efficient way, other options for extending the lifetime and best possible utilization of the
existing components and devices should also be modeled and compared [56].

5. Conclusions

This study has quantified for the first time the supply chain benefits of a high-reparability
modular smartphone design based on real-world usage data, i.e., the use case of a German niche
manufacturer’s device. Within a comprehensive LCA hotspot analysis, a 40% reduction in re-
source use and emissions per year per smartphone is revealed. Hotspots along the supply chain
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can be notably mitigated, particularly in gold mining, a process associated with significant envi-
ronmental and social costs [58]. High-reparability modular smartphone designs support the Eu-
ropean Commission’s “Right to Repair” by saving resources and reducing emissions, while also
contributing to European and national sustainability programs and supply chain risk reduction.
Although the production volume of the studied smartphone model is limited, scaling modular
designs to broader use could result in significant savings, such as reducing COg emissions and
conserving valuable resources and subsequently relieving supply chain hotspots. Leading
smartphone manufacturers are encouraged to prioritize modular design as a means to enhance
reparability, thereby aligning with the European Commission’s “Right to Repair”, the Corporate
Sustainability Reporting Directive, and broader goals of circular economy as well as aligning
with the UN Sustainable Development Goals and the Paris Agreement.
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