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A B S T R A C T

The rapid growth of electronic waste highlights the need for strategies that extend product lifespans and lessen 
environmental pressures. This study develops an integrated Emergy - LCA framework, combining Emergy Syn
thesis (EmA) and Life Cycle Assessment, to evaluate smartphone repair sustainability within a circular economy 
context. By linking donor-side and receiver-side perspectives, the approach captures both the environmental 
investment embodied in products and the impacts throughout their life cycle. Using a representative smartphone 
model, the analysis focuses on display replacement and examines how extending lifespan affects environmental 
performance. Results show that repair preserves about 80.86% of the embodied environmental investment, with 
an emergy efficiency (ηrep) of 0.24. LCA findings consistently show reductions in impacts across categories such 
as climate change, resource depletion, and water use. Importantly, the findings reveal that sustainability benefits 
strongly depend on the duration of post-repair use, with non-linear improvements as lifespan increases. The 
study advances current research by applying an integrated EmA-LCA approach to repair processes and demon
strating that repair effectiveness depends not only on the intervention but also on continued product use. These 
results reinforce repair as a key strategy for improving resource efficiency and support policies and design 
practices that promote longer product lifespans.

1. Introduction

The rapid obsolescence of electronic devices has significantly 
contributed to the increasing volume of electronic waste (e-waste), 
which poses a growing challenge to global sustainability. According to 
the Forti et al. (2020), the world generated 53.6 million tons of elec
tronic waste in 2019, with forecasts predicting this figure to rise to 74.7 
million tons by 2030. More recent estimates indicate that global e-waste 
generation reached 62 million tones in 2022 and is projected to increase 
to approximately 82 million tones by 2030 (Baldé et al., 2024), 
reflecting an accelerating growth trend. This alarming trend underscores 
the urgent need for effective waste management and recycling strate
gies. In contrast to the linear model of "take-make-dispose," the Circular 
Economy (CE) advocates for strategies that aim to retain the value of 
products, such as reuse, remanufacturing, refurbishment, and, notably, 
repair (Ellen MacArthur Foundation, 2015). Among these strategies, 
repair stands out due to its capacity to extend the lifespan of electronic 
products, thereby delaying their entry into the disposal phase and alle
viating pressure on natural resources and waste management systems 

(Wieser and Tröger, 2017).
However, evaluating the actual environmental benefits of repairs 

necessitates robust methodological tools. The Emergy Synthesis (EmA), 
developed by H.T. Odum (1988), allows for a comprehensive analysis of 
the embedded energy flows along the production chain from a system
atic perspective (Giannetti et al., 2018; Agostinho et al., 2018). 
Conversely, Life Cycle Assessment (LCA), grounded in ISO standards 
14040 and 14044, provides an approach centered on inventorying in
puts and outputs and categorizing environmental impacts. Although 
both methodologies share the goal of measuring environmental impacts, 
they are underpinned by distinct theoretical frameworks, scales of 
analysis, and units of measurement. While LCA is oriented towards po
tential specific and localized effects, EmA offers an integrated and hi
erarchical view that emphasizes the quality of energy and the 
environmental costs inherent in production processes.

These methodological distinctions present both challenges and op
portunities when utilized in a complementary manner (Zuo et al., 2020). 
This article aims to discuss the limits and complementarities between 
EmA and LCA in measuring the sustainability of repairs in electronic 
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products, thereby contributing to the Circular Economy (CE). To achieve 
this, we will focus on smartphone repairs as a case study, exploring the 
foundational principles of both methodologies, their structural differ
ences, and the potential for complementary use. Additionally, the 
discourse will address the implications of repair practices on extending 
the useful life of products.

This research seeks to answer the question: What are the limitations 
and complementarities of the EmA and LCA methodologies in assessing 
the sustainability of electronic repairs and aiding the Circular Economy? 
Through the examination of EmA and LCA, the authors aim to provide 
valuable insights for policymakers, researchers, and practitioners in the 
field of sustainability and electronics repair.

This study advances current research on integrated EmA and LCA 
approaches in three keyways. First, it broadens the application of these 
methods to include repair processes, a crucial but less studied aspect of 
circular strategies, which have mainly been examined in the context of 
production or recycling systems. Second, it offers a structured inter
pretation that connects the donor-side perspective of emergy analysis 
with the receiver-side view of life cycle assessment, enabling a more 
comprehensive understanding of environmental investment and the 
distribution of impacts. Third, it introduces repair-focused performance 
indicators, such as emergy efficiency, alongside LCA impact categories, 
creating a unified framework for evaluating the sustainability of 
extending product lifespan. By addressing these points, the study helps 
bridge the gap between biophysical accounting and impact-based 
assessment in circular economy research.

2. Literature review

The prevailing linear model of “extract–produce–consume–dispose” 
is under increasing strain due to escalating material consumption and 
waste generation, particularly in the electrical and electronic equipment 
(EEE) sector. Within this context, smartphones have become emblematic 
of both the challenges and opportunities associated with transitioning 
toward more resource-efficient systems. In 2019, global e-waste reached 
53.6 million tons, with projections of 74.7 million tons by 2030 (C.P. 
Baldé et al., 2017; Forti et al., 2020). Although mobile phones account 
for less than 15% of total WEEE mass, their short lifespans and rapid 
turnover rates make them a critical area of concern (Forti et al., 2020). 
Their production relies on scarce and critical metals such as cobalt, 
lithium, gold, and neodymium, whose extraction is both 
energy-intensive and environmentally disruptive (Gaines, 2018; 
Schreiber et al., 2021). As a result, these devices embody substantial 
environmental investments, the premature loss of which accelerates 
resource depletion and ecosystem pressure.

Consumer behavior plays a decisive role in this dynamic. Evidence 
suggests that device replacement is often driven not by functional failure 
but by perceived obsolescence. Wieser and Tröger (2017) identify 
functional, technological, and psychological forms of obsolescence, 
while nearly 70% of devices are discarded while still operational 
(Bakker et al., 2014). Barriers to repair and reuse include high relative 
costs, limited warranty coverage, data security concerns, lack of skilled 
services, and restrictive product design (Mugge et al., 2017; van Weel
den et al., 2016; Barros et al., 2023). Cultural factors, such as stigma 
associated with second-hand electronics, further discourage reuse 
(Johnstone and Tan, 2015).

Extending product lifetimes through repair and reuse is widely 
recognized as an effective strategy for reducing environmental burdens. 
For instance, extending smartphone use by one year can reduce carbon 
emissions by up to 31% (Prakash et al., 2016), while similar benefits 
have been observed for other electronic products (van Nes and Cramer, 
2006; Bovea et al., 2020). Enabling factors include modular design, 
design-for-disassembly, and reversible connections, which facilitate 
maintenance and component replacement (Rufer and Baccini, 2020). 
However, rapid innovation cycles, increasing repair costs, and limited 
access to spare parts continue to constrain widespread adoption 

(Rittershaus et al., 2025). Recycling, although well established, faces 
structural limitations, as recovery rates for many critical materials 
remain low and economically unviable (Binnemans et al., 2013).

While socioeconomic studies provide valuable insights into these 
barriers, they often overlook the underlying biophysical dimensions of 
electronic consumption. In this regard, emergy synthesis (EmA) and LCA 
offer complementary perspectives for environmental assessment. EmA 
captures the total environmental effort embodied in products and ser
vices, including indirect and often invisible contributions such as 
ecosystem services. In contrast, LCA translates life cycle inventory data 
into specific environmental impact categories, enabling the identifica
tion of hotspots across the product system. Together, these approaches 
provide a more comprehensive understanding: EmA highlights depen
dence on environmental resource bases, while LCA identifies stages 
associated with higher emissions and impacts (Rugani and Benetto, 
2012; Zuo et al., 2020).

Repair exemplifies the importance of integrating these perspectives. 
From a socioeconomic standpoint, adoption remains constrained by 
cost, convenience, and trust (Rittershaus et al., 2025). From a bio
physical perspective, however, repair preserves much of the environ
mental investment embodied in devices, while lifetime extension 
reduces annualized impacts across multiple categories. This combined 
view reveals repair not merely as a behavioral choice but as a systemic 
strategy for conserving environmental resources and reducing overall 
pressures. Without such integration, analyses risk either over
emphasizing behavioral aspects or proposing technically sound yet so
cially impractical solutions (Ulgiati et al., 2011).

Policy initiatives increasingly reflect this integrated perspective. 
Measures such as the EU Right to Repair directive and Ecodesign regu
lations aim to enhance durability and reparability (European Commis
sion, 2020). Reparability indices, including the French Reparability 
Index and similar tools, seek to inform consumer choices, although 
limitations remain, particularly regarding software obsolescence 
(Proske et al., 2016). Advances in reverse logistics, including AI-based 
optimization, offer additional opportunities for improving collection 
efficiency and supporting local employment (Sar and Ghadimi, 2023). 
Nevertheless, rebound effects continue to challenge the realization of 
absolute resource reductions (Ottelin et al., 2020).

The literature highlights the need for integrated approaches that 
combine design strategies, policy interventions, and consumer engage
ment. Repair emerges as a key pathway for reducing environmental 
impacts while preserving the substantial resource investments 
embedded in electronic products. The combined application of EmA and 
LCA provides a robust analytical framework to support more effective 
and systemic sustainability strategies.

3. Methods

This article is characterized as theoretical-analytical research with 
application to an electronic product of mixed nature. A complementary 
approach is adopted between EmA and LCA, applied to the context of 
electronic product repairs, focusing on smartphones, to highlight limi
tations, complementarities, and methodological implications in sus
tainability evaluation.

For analysis purposes, both in EmA and LCA, the following consid
erations were made. 

• The functional unit is defined as providing smartphone functionality 
over a specific period, allowing consistent comparison of environ
mental impacts across scenarios with different lifespans. This 
service-based definition is especially important for assessing repair 
strategies, as it enables normalization of results based on the dura
tion of use. In this context, the smartphone itself serves as the 
reference flow, representing the material and energy inputs needed 
to deliver the specified service. This approach ensures comparability 
among manufacturing, distribution, and repair stages while aligning 
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with LCA principles outlined in ISO 14040 (2006) and applications in 
studies such as Pamminger et al. (2021). For EmA, this definition also 
aligns with methodological principles that relate resource invest
ment to system function and performance (Ulgiati et al., 2011; 
Agostinho et al., 2018). Using a representative smartphone as a 
reference flow follows established practices in environmental as
sessments of electronic devices (Cenci et al., 2019; Romare et al., 
2021), ensuring results are expressed relative to the service delivered 
over time.

• An average lifespan of three years is assumed as a premise for new 
smartphones, as indicated in Samsung Electronics' sustainability 
report (2022), which establishes this period as the average usage 
cycle of such devices. For repair scenarios, an additional year of 
extended lifespan is considered. The baseline lifespan of three years 
was selected based on empirical evidence from industry reports and 
prior studies, which identify this duration as a representative average 
use phase for smartphones. Extended lifespan scenarios (4–6 years) 
were defined to reflect realistic outcomes of repair and continued 
device use, consistent with findings in the literature on product 
lifetime extension. These scenarios were also designed to systemat
ically assess the effect of incremental lifespan extension on envi
ronmental performance. By evaluating multiple extension levels, the 
analysis captures non-linear relationships between use duration and 
environmental benefits, enabling a more nuanced interpretation of 
repair effectiveness. The influence of these assumptions is further 
examined through sensitivity analysis.

• Repair modeling focuses on display replacement due to its high 
practical relevance and frequency based on statistical data. This 
choice is supported by analyses from technical literature, after
market service studies, and field research conducted in specialized 
centers, where display replacement was identified as the most 
common repair.

• While glass is commonly associated with protecting the display, it is 
also used in other device components such as camera lenses, sensor 
covers, and, in some models, the back surface (Apple, 2022; Corning, 
2023). These configurations were included in the material inventory 
to improve analysis accuracy. However, repair calculations focused 
exclusively on display replacement, as other glass applications have 
a marginal role in the repair process.

• A distance of 20 km (round trip, twice) was adopted as a reference 
scenario for the EmA and LCA analyses, representing an average and 
conservative condition, which is a common practice in LCA studies 
when there is significant variation in consumer behavior patterns 
(ISO 14044, 2006). While shorter or non-motorized trips are 
possible, especially in central areas, users in peripheral zones often 
travel longer distances to access specialized repair services (Romare 
et al., 2021). The adoption of a fixed scenario ensures comparability 
between the studied systems, avoiding underestimation of the envi
ronmental impacts associated with transportation.

This study adopts display replacement as a representative repair 
scenario due to its high frequency and practical relevance in smartphone 
maintenance. However, repair is not limited to this intervention. Other 
repair types, particularly battery replacement, are often critical in 
extending device lifespan, while more complex interventions such as 
motherboard repair may involve different materials, energy, and tech
nical requirements.

The assumed lifespan extension of one year represents a conservative 
and standardized scenario to allow comparison across EmA and LCA 
results. In practice, lifespan extension may vary greatly depending on 
the type of repair performed. Battery replacements, for example, may 
enable longer additional use phases, while more complex repairs might 
be less economically or technically feasible.

Though different repair types can affect the level of environmental 
benefits, the main trend from this study stays the same: repairing to 
extend product life lowers yearly environmental impacts and keeps a 

large part of the environmental investment embedded in the product. 
Future studies should look at various repair scenarios to get better es
timates and more accurate results.

3.1. EmA

The concept of emergy was introduced by Howard T. Odum (1996) 
as an evolution of the embodied energy idea, adding a broader 
perspective based on environmental thermodynamics. Odum defines 
emergy as “the available energy of one kind previously used, directly or 
indirectly, to generate a service or product”. In other words, it is the total 
amount of energy (usually solar) invested throughout the chain of pro
cesses to produce a good, service, or structure.

Emergy represents the energy supplied by the biosphere to produce 
goods and services, corresponding to the value of natural resources 
embedded in production processes. The unit of measurement for emergy 
is the solar equivalent joule (sej), allowing comparison between 
different energy and material flows on a common basis. EmA is, there
fore, a tool for systemic environmental accounting that considers the 
energetic and material contributions, both renewable and non- 
renewable, utilized in a system. One of its main indicators is trans
formity (Unit Emergy Value – UEV), which expresses the amount of 
emergy required to generate one unit of useful energy (sej/unit).

The application of EmA follows the methodological steps defined by 
Odum (1996). 

1. Construction of the systemic diagram, which organizes and quan
tifies the resource and energy flows within a system, enabling eval
uation of its sustainability and efficiency based on thermodynamics 
and systemic ecology principles.

2. Preparation of the flow inventory, which is a quantitative stage based 
on the systemic diagram, organizing the actual flows of resources, 
labor, and energy crossing the system boundaries. These flows are 
converted into emergy units (sej) using appropriate UEVs and pre
sented as individual elements that highlight their relative contribu
tion to the overall emergy performance. Tabe S1 in Supplementary 
materials show the sources of the UEVs used in the emergy table.

3. Calculation of emergy performance indicators.
4. Interpretation of results to guide recommendations.

The emergy indicators developed in this study, based on Odum's 
principles (1996), are employed to identify critical points of natural 
resource consumption by analyzing the life cycle stages of the smart
phone with the highest energy demand. Additionally, it assesses whether 
the energy effort and resources invested in the repair are justified, 
demonstrating effectiveness in reducing resource consumption 
compared to manufacturing a new device.

The global repair Efficiency is calculated as the ratio of emergy 
invested to emergy saved, indicating how many units of emergy are 
invested for each unit of emergy conserved (Eq. (1)). This value repre
sents the process's efficiency, suggesting that the energy effort is 
worthwhile when the indicator is less than 1 (Eq. (1)): 

ηrep global =Emergy invested
/

Emergy saved (1) 

where: Emergy invested is the emergy required to execute the repair, 
including inputs, electricity, transportation, and technical services 
involved in the process; and the Emergy saved is the emergy that would 
no longer be dissipated or demanded if a new smartphone were manu
factured, considering the conservation generated by the preservation of 
remaining components and the extension of the device's lifespan.

For calculating ηrep global, the remaining (saved) emergy was 
defined as the sum of the emergy from the preserved physical materials 
in the device after repair, excluding energy flows, human labor, and 
transportation associated with original manufacturing and distribution. 
This approach aims to isolate the contribution of reused materials, 
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allowing a direct comparison between resource conservation and the 
emergy cost of the repair.

An annual efficiency after repair is calculated by the ratio of emergy 
invested by the extension of the useful life, which quantifies the total 
emergy invested in the device, divided by its useful life, representing the 
annual investment required for the operation of the system. Lower 
values indicate greater energy efficiency throughout use (Eq. (2)). 

Annual Emergy Invested=U / Useful Life (2) 

where: U represents the total emergy invested, distinguishing between 
the device with repair (U2) and without repair (U1), the Useful Life 
refers to the estimated operational duration with (U2) or without (U1) 
repair.

The annual efficiency of the repair is defined by the difference be
tween the annual emergy invested (U1 - U2), relative to the extension of 
useful life, divided by the emergy of a device that is discarded (U1) (Eq. 
(3)). 

ηrep annual =(U1 − U2)
/

U1 (3) 

3.2. LCA

LCA was applied following the ISO 14040 and 14044 framework, in 
alignment with the functional unit defined as the provision of smart
phone functionality over a specified period of use. This enables consis
tent comparison between baseline and repair scenarios with different 
lifespans. The assessment focuses on the environmental implications of 
repair and lifespan extension. The system boundaries include raw ma
terial extraction, component manufacturing, device assembly, distribu
tion, and the repair process, as well as transport associated with repair 
activities. End-of-life processes are excluded, as the analysis centers on 
the use phase and the comparison between replacement and repair 
strategies.

Two main scenarios are considered: (i) a baseline scenario with a 
three-year lifespan without repair, and (ii) repair scenarios in which the 
device lifespan is extended through display replacement. To ensure 
comparability, environmental impacts are normalized over the duration 
of use.

The life cycle inventory (LCI) is based primarily on secondary data 
from the Ecoinvent 3.8 cut-off database, complemented by literature 
sources for material composition and device characteristics. The in
ventory includes material inputs, energy consumption, and transport 
processes across life cycle stages. A specific modeling choice concerns 
display production, which is represented separately from smartphone 
assembly in the database. To capture this process, the input “liquid 
crystal display production, unmounted, mobile device” was used, 
covering the production of liquid crystal layers, glass substrates, and 
associated electronic components.

The life cycle impact assessment (LCIA) was conducted using the 
ReCiPe Midpoint (2016) method (ReCiPe, 2016; Huijbregts et al., 2017), 
covering categories such as climate change, resource depletion, human 
toxicity, particulate matter formation, acidification, and water use. 
Characterization factors from this method were applied to the inventory 
flows to convert them into category-specific environmental impacts. 
Detailed information on characterization factors, inventory flows, and 
calculation procedures is provided in the Supplementary Materials 
(Table S1–S14), ensuring transparency and reproducibility of the 
results.

Key assumptions include a baseline lifespan of three years and life
span extension through repair, a standardized transport distance for 
repair activities, and the use of an average smartphone model to ensure 
representativeness. These assumptions support comparability across 
scenarios and are further examined through sensitivity analysis (see 
Supplementary Materials).

3.3. Selection of the smartphone model

EmA and LCA analyses in this study were conducted using a generic 
smartphone model, defined by the average weight (140.36 g) of various 
devices presented in Table 1, based on data from Cenci et al. (2024). This 
methodological choice was driven by the need to ensure analytical 
representativeness while managing the inherent variability across 
commercial smartphone models. The selected dataset includes multiple 
devices from globally recognized brands, launched between 2015 and 
2019 — a period that captures significant technological transitions in 
smartphone design, material usage, and energy efficiency.

Using an average-weight smartphone presents several methodolog
ical advantages, particularly when the goal is to illustrate the comple
mentarity between EmA and LCA in assessing circular strategies such as 
repair:

Using an average smartphone model derived from multiple devices 
ensures representativeness across brands and models, avoiding bias to
ward a single product while capturing systemic behaviors of the 
smartphone sector. By including models launched over a five-year span, 
the analysis accounts for technological evolution, such as larger batte
ries and shifts in design, which influence both emission profiles (tracked 
by LCA) and embedded emergy (tracked by EmA). Smartphones, as 
complex systems, feature diverse high-value materials and structural 
components, with device weight serving as a proxy for material 
complexity and associated energy and environmental costs. Heavier 
phones may reflect larger batteries and metallic components that in
crease emergy, while lighter phones could introduce fragile designs with 
unique environmental impacts. Using an average model smooths out 
anomalies and enables consistent application of EmA and LCA, facili
tating comparisons and supporting generalization of results. This 
approach highlights how repair strategies contribute to circular econ
omy goals by extending device lifespan and preserving environmental 
investment, providing robust insights into broader categories of devices 
and consumer behavior patterns.

In summary, the adoption of an average-weight smartphone model is 
justified by its ability to balance diversity and comparability, enabling a 
more meaningful and generalizable analysis. This choice strengthens the 
relevance of the findings. It highlights how the complementary per
spectives of EmA and LCA can jointly inform decisions about sustainable 
product strategies, particularly in the dynamic and resource-intensive 
sector of consumer electronics.

The smartphone models used to build the average device are based 
on data from models released between 2015 and 2019. While this might 
not fully reflect the latest technological advances, this method ensures 
consistency and transparency in material composition data, which re
mains limited for newer devices due to proprietary restrictions. Impor
tantly, the core architecture of smartphones—such as displays, batteries, 

Table 1 
Smartphone models for inventory (Cenci et al., 2024).

Brand Model Year Mass (g)

Samsung SM-G3812B 2015 133.49
ASUS ZE620KL 2019 166.42
Samsung SM-A300M/DS 2015 117.2
Positivo Quantum K2053 2017 124.17
Alcatel Idol 3 2015 106.8
Positivo Quantum J5805 2017 126.87
Samsung SM J120M/DS 2017 129.04
Samsung SM-J500M/DS 2016 149.41
Samsung SM-G930F 2016 151.62
ASUS ZE551 2015 169.46
Samsung SM-J320M/DS 2016 144.77
ASUS ZB452KG 2016 130.28
Samsung SM-J105M/DS 2016 145.05
Motorola XT1802 2017 166.51
LG X230 ds 2017 144.3
Average ​ ​ 140.36
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and printed circuit boards—has stayed relatively consistent over time, 
along with the reliance on critical materials like lithium, cobalt, and rare 
earth elements.

Recent design trends, such as larger batteries, higher-resolution 
displays, and increased component integration, may even boost the 
environmental impact of production. As a result, while absolute impact 
values might vary for newer models, the overall findings of this study
—particularly the environmental benefits of repair and extending 
product lifespan—are likely to stay valid. Future research should include 
updated datasets as they become accessible to better refine these 
estimates.

4. Results

The diagram provides an integrated view of the smartphone life 
cycle, combining LCA and EmA to depict the flow of natural and socio- 
economic resources through production, use, and end-of-life stages, with 
an emphasis on repair as a circular economy strategy (Fig. 1). It is 
structured into three interconnected subsystems: natural systems, which 
supply primary emergy inputs like solar energy, geothermal heat, and 
Earth cycles; the economic and social system, which contributes 

materials, energy, and labor as emergy flows supporting economic ac
tivities; and the smartphone life cycle, detailing the product chain from 
raw material extraction to disposal, highlighting repair (in green) as a 
key intervention for resource sustainability. After the end of their useful 
life, devices can be sent for recycling, responsible disposal, reuse, or 
landfill disposal. Feedback loops — such as remanufacturing and repairs 
— play a decisive role in manufacturing, enhancing material efficiency.

From the perspective of EmA, these flows are strategic for mitigating 
system entropy, promoting resource reuse, and preventing premature 
degradation. This helps enhance the resilience and sustainability of the 
system over time. The diagram also highlights the interdependence 
between production processes, consumers, and the repair sector, offer
ing a systemic view of impacts and opportunities within the framework 
of the circular economy.

4.1. EmA

Table 2 provides a comprehensive analysis of the materials utilized 
in smartphone production, examining their mass, emergy values, and 
overall emergy calculations. With a total emergy requirement of 
9.82E+13 sej per repaired smartphone, the key contributors, leading to 

Fig. 1. Diagram for the integrated view of the smartphone life cycle, combining Life Cycle Assessment (LCA, flows in red) and Emergy Synthesis (EmA – flows in 
blue), with the repair cycle marked in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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a UEV of 7.01E+11 sej/g for a repaired device, highlighting the sub
stantial energy investments throughout the lifecycle of smartphones.

The inventory reveals the distribution of smartphone materials 
among the casing, screen, printed circuit boards (PCBs), and battery, 
detailing their mass and associated energy. Although aluminum, copper, 
iron, and plastic are present in larger quantities (Bookhagen et al., 2020; 
Cenci et al., 2024), they contribute less to the emergy load due to their 
low UEVs. In contrast, praseodymium and neodymium, despite their 
minimal mass, account for 91.92% of the total emergy, highlighting the 
significant impact of rare earth elements (Schreiber et al., 2021). Glass is 
predominant in the screen but contributes only 0.09% of the total 
emergy. Cobalt and lithium in the battery are critical due to their sub
stantial mass and emergy contributions, emphasizing their strategic 
importance and environmental implications (Gaines, 2018; Peters et al., 

2017). Nickel also plays a role, representing 1.02% of the total emergy, 
relevant to the device's electrochemical composition. Furthermore, 
noble metals such as gold, silver, and palladium – and also metals like 
gallium, antimony, and tin (Sun et al., 2020; Mousavinezhad et al., 
2024; Bawankar et al., 2023) - despite their low mass, exhibit high 
emergy due to their significant UEV values.

The inventory for the repair phase examines the replacement of a 
smartphone display, including materials, energy consumption, labor, 
and the user's urban commuting. The repair process utilizes materials 
from the "screen" category, incorporating glass and plastic for the 
reconstruction of the front structure. Technical glass, which accounts for 
industrial and specific screen materials, constitutes 99.53% of the total 
repair emergy, reflecting the high energy costs of producing substrates, 
optical layers, and integrated circuits in the display (Corcelli et al., 

Table 2 
Emergy for a Smartphone (Manufacturing and Repair) detailing the components: casing, screen, printed circuit boards (PCBs), and battery. References for UEVs are 
available in the Supplementary materials.

# Materials Mass Unit Casing Screen PCBs Battery UEV sej/unit Emergy %

1 Aluminium 22.250 g 8.01 7.12 0.67 6.45 5.40E+09 1.20E+11 0.12
2 Antimony 0.067 g 0.02 0.02 0.00 0.02 4.20E+12 2.83E+11 0.29
3 Barium 0.216 g 0.08 0.07 0.01 0.06 1.30E+11 2.81E+10 0.03
4 Chromium 3.000 g 1.08 0.96 0.09 0.87 1.50E+11 4.50E+11 0.46
5 Cobalt 2.183 g 0.79 0.70 0.07 0.63 1.30E+11 2.84E+11 0.29
6 Copper 14.047 g 5.06 4.50 0.42 4.07 9.80E+10 1.38E+12 1.40
7 Dysprosium 0.002 g 0.0005 0.0005 0.00005 0.0004 1.30E+12 1.97E+09 <0.01
8 Gallium 0.007 g 0.0026 0.0023 0.0002 0.0021 6.95E+13 5.03E+11 0.51
9 Gold 0.009 g 0.0033 0.0029 0.0002 0.0026 4.70E+09 4.35E+07 <0.01
10 Iron 17.322 g 6.2359 5.5430 0.5196 5.0234 1.20E+10 2.08E+11 0.21
11 Lead 0.000 g 0.0001 0.0001 0.00001 0.0001 4.80E+11 2.24E+08 <0.01
12 Lithium 5.008 g 1.8030 1.6027 0.1502 1.4524 9.18E+10 4.60E+11 0.47
13 Magnesium 0.0003 g 0.0001 0.0001 0.00001 0.0001 1.87E+09 6.40E+05 <0.01
14 Manganese 0.003 g 0.0009 0.0008 0.00008 0.0007 1.09E+10 2.80E+07 <0.01
15 Molybdenum 0.001 g 0.0005 0.0004 0.00004 0.0004 7.00E+11 1.00E+09 <0.01
16 Nickel 5.024 g 1.8085 1.6076 0.1507 1.4568 2.00E+11 1.00E+12 1.02
17 Neodymium 0.120 g 0.0432 0.0384 0.0036 0.0348 1.79E+14 2.15E+13 21.87
18 Niobium 0.001 g 0.0002 0.0002 0.00002 0.0002 4.20E+11 3.28E+08 <0.01
19 Palladium 0.046 g 0.0165 0.0146 0.0013 0.0133 1.20E+11 5.50E+09 0.01
20 Praseodymium 0.067 g 0.0240 0.0213 0.0020 0.0193 1.03E+15 6.88E+13 70.05
21 Silver 0.010 g 0.0037 0.0033 0.0003 0.0030 4.50E+11 4.70E+09 <0.01
22 Strontium 0.010 g 0.0037 0.0033 0.0003 0.0030 2.00E+12 2.08E+10 0.02
23 Tin 1.500 g 0.5400 0.4800 0.0450 0.4350 1.70E+12 2.55E+12 2.60
24 Tungsten 0.031 g 0.0112 0.0100 0.0009 0.0090 1.10E+12 3.44E+10 0.04
25 Vanadium 0.018 g 0.0064 0.0057 0.0005 0.0051 7.61E+12 1.36E+11 0.14
26 Zinc 1.400 g 0.5040 0.4480 0.0420 0.4060 7.20E+10 1.01E+11 0.10
27 Zirconium 0.001 g 0.0005 0.0004 0.00004 0.0004 3.18E+10 4.54E+07 <0.01
28 aGlass 32.086 g 11.55 10.27 0.96 9.31 2.75E+09 8.82E+10 0.09
29 Plastic 35.928 g 12.93 11.50 1.08 10.42 7.44E+09 2.67E+11 0.27
​ Total mass 140.36 g 50.530 44.915 4.211 40.704 ​ ​ ​

30 bElectricity 1.77 Kwh 0.64 0.57 0.05 0.51 2.98E+05 5.27E+05 <0.01
31 Labor 480 J NC NC NC NC 6.26E+06 3.00E+09 <0.01
32 c Diesel 0.006 liter NC NC NC NC 4.59E+03 2.75E+01 <0.01
Total Emergia 9.82Eþ13 sej

UEV Smartphone 7.00Eþ11 sej/g

1 d Screen ​ g ​ 44.915 ​ ​ ​ 1.87E+13 99.38
2 Electricity 2.4 Kwh ​ 2.40 ​ ​ 2.98E+05 7.15E+05 <0.01
3 Glass 32.086 g ​ 10.27 ​ ​ 2.75E+09 2.82E+10 0.15
4 Plastic 35.927 g ​ 11.50 ​ ​ 7.44E+09 8.56E+10 0.45
5 Labor 600 J ​ NC ​ ​ 6.26E+06 3.76E+09 0.02
6 Gasoline 1.6 liter ​ NC ​ ​ 4.16E+04 6.66E+04 <0.01

Emergy of repair 1.88Eþ13 sej
Repaired smartphone emergy 9.83Eþ13 sej
UEV of the repaired smartphone 7.01Eþ11 sej/g

***The human being spends around 1200 J of metabolism per day of light work and each worker has the capacity to produce 2.5 smartphones (1200/2.5 = 480).
a The UEV of the industrial glass (2.75E+09 sej/g) was used.
b Survey via LCA based on Ecoinvent 3.8 cut-off.
c To estimate the logistical impacts associated with the distribution of smartphones, a hypothetical scenario of a smartphone factory 360 km (round trip) between the 

production unit and the distribution centers was adopted. The truck has an average autonomy of 6 km/L 10,000 smartphones were used for a distribution trip ((360 
km/6)/10,000).

d The emergy of all the materials that form the technical glass (screen column) was added, whose sum gives 1.87E+13 sej.
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2017). The total emergy for the repair is 1.88E+13 sej, resulting in a 
total emergy of 9.83E+13 sej for the repaired smartphone, which pre
serves approximately 80.86% of the original emergy. This display 
replacement exemplifies a low-complexity, high-efficiency intervention 
that emphasizes repair as a crucial component of the circular economy, 
facilitating resource conservation and mitigating the environmental 
impacts of electronics (Schreiber et al., 2021).

The efficiency of the repair was calculated from the ratio between the 
emergy invested and the emergy saved, indicating the effort required for 
each unit of energy saved. The repair yield was 1.88E+13 sej, resulting 
in an ηrep efficiency (Eq. (1)) of approximately 0.24, which means that 
for each unit of energy saved, only 0.24 units of investment were 
required. This result reinforces the efficiency of the repair process, 
showing that the emergy saved considerably outweighs the additional 
emergy invested — repairing is an environmentally advantageous 
alternative, especially when the ηrep ratio is less than 1.

Table 3 presents the calculation of the annual post-repair efficiency, 
considering different scenarios of extending the useful life of the 
smartphone. The energy invested annually (U1 for the new device and 
U2 for the repaired one) expresses the energy effort required per year of 
use. The annual repair efficiency (annual ηrep, Eq. (3)) reveals how 
much emergy is saved per additional year of use. If the device is used for 
only one more year, the efficiency is 25%, reflecting a moderate reuse of 
the resources invested. However, by extending the lifespan for another 2 
or 3 years, the efficiency increases to 40% and 50%, respectively. These 
results demonstrate that extending the time of use is crucial to enhance 
the environmental benefits of repair, thereby reducing the demand for 
new resources and reinforcing the role of repair as an effective strategy 
for achieving circularity and systemic conservation.

The results shown in Table 3 offer insights that go beyond the typical 
environmental benefits of repair, such as lowering resource use and 
reducing greenhouse gas emissions linked to new production processes 
(Bocken et al., 2016; Ghisellini et al., 2016). A major discovery is the 
nonlinear boost in annual emergy efficiency as the lifespan extension 
grows. While adding one year gives a modest efficiency increase (25%), 
extending the lifespan by two and three more years results in signifi
cantly larger gains (40% and 50%, respectively). This shows that the 
environmental advantages of repair largely rely on how long the item is 
used, not just the repair itself.

This pattern indicates a threshold effect, where short-term use after 
repair might not fully compensate for the additional environmental in
vestment. In contrast, longer use periods greatly improve resource effi
ciency by spreading out the embodied emergy over time. This reinforces 
the idea that extending product lifespans is an important strategy for 
reducing material and energy use (Zink and Geyer, 2017), and that early 
disposal remains a key factor in environmental impact (Stahel, 2016).

From a systemic perspective, these results demonstrate that repair 
effectiveness is heavily influenced by user behavior and how long 
products are kept in use. While repair helps preserve embedded envi
ronmental value, its full benefits are only achieved when devices are 

used for extended periods. This adds nuance to existing research by 
showing that repair alone isn't enough; it must be combined with 
ongoing use to generate significant environmental benefits.

4.2. Life cycle assessment

Table 4 presents a summary of the LCA, highlighting the environ
mental indicators related to life cycles between 3 and 6 years. The data 
enable us to assess the impact of life extension on sustainability metrics, 
including emissions, resource consumption, and ecotoxicity, providing 
valuable insights for mitigation strategies.

The results presented in Table 4 and Fig. 2 demonstrate the influence 
of repair and extended smartphone lifespan on environmental impacts. 
A consistent trend is observed across most categories: impacts per year 
decrease as the useful life of the device is prolonged. The global warming 
potential (GWP) declines from 14.57 kg CO2-eq for a three-year lifespan 
to 8.64 kg CO2-eq when the device is used for six years. This reduction 
reflects the dilution of production-related emissions over a longer 
timeframe, underscoring the effectiveness of repair as a decarbonization 
strategy. Similar trends are identified for water use, acidification, and 
resource depletion, all of which show progressive decreases, indicating 
lower pressures on natural resources and reduced emissions of acidi
fying gases as the lifespan increases.

Toxicity presents a distinct behavior. A temporary increase is 
observed at four years (6.74 kg 1,4-DCB-eq) before decreasing to 4.49 kg 
1,4-DCB-eq by year six. This suggests that while repair processes intro
duce some additional toxicity-related impacts—particularly through 
materials and energy required for display replacement—these effects are 
outweighed by the long-term avoidance of impacts associated with new 
device production. Particulate matter emissions exhibit mixed behavior: 
NOx decreases moderately with an extended lifespan, while NH3 re
mains constant across all scenarios, indicating a lower sensitivity to 
repair interventions.

Fig. 2 presents the normalized data for interpreting and comparing 
different types of impact on a common scale. The data were normalized 
by dividing the values by the maximum for each category and adjusting 
them to a scale of 0 to 1, allowing for the simultaneous visualization of 
varied indicators that would otherwise be difficult to compare directly. 
This facilitates the identification of dominant impacts and important 
relative variations, helping to direct sustainability policies. The 
normalized comparison reinforces these findings by placing impact 
categories on a common scale. Categories such as GWP, water use, and 
resource depletion show the steepest relative reductions, highlighting 
them as priority areas of environmental benefit when lifespan extension 
is pursued. Conversely, indicators such as NH3 emissions and human 
toxicity respond less strongly, suggesting the need for complementary 
strategies to address these specific impacts.

The results indicate that repair and lifespan extension substantially 
reduce the annualized environmental burden of smartphones, particu
larly in terms of climate change, water consumption, and resource 

Table 3 
Annualized repair emergy efficiency at different smartphone life extensions.

Useful 
Life

Annual Investment Emergy saved 
annually

Annual 
ηrep

U1 (sej/year) U2 (sej/year) U1-U2 (sej/year) U2/U1

New 
smartphone

Smart 
repaired

3 years 3.27E+13 ​ ​ ​
3 + 1 

years
​ 2.46E+13 8.15E+12 0.25

3 + 2 
years

​ 1.97E+13 1.31E+13 0.40

3 + 3 
years

​ 1.64E+13 1.63E+13 0.50

Table 4 
Summary of LCA Results with Indicators. The detailed information for each LCA 
indicator is thoroughly explained in the Supplementary Materials provided 
(Tables S1–S14).

Potential impact Useful life/years

Characterization 
factor

3 4 5 6

GWP kg CO2-eq 14.57 12.96 10.36 8.64
Toxicity kg 1.4-DCB-eq 6.12 6.74 5.39 4.49
Water use m3 0.34 0.26 0.21 0.18
Acidification kg SO2-eq 0.1 0.08 0.07 0.05
Resource 

depletion
kg Sb-eq 0.05 0.05 0.04 0.03

Particulate 
Matter

kg NOx 0.04 0.03 0.02 0.02
kg NH3 0.001 0.001 0.001 0.001
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depletion. Although some categories exhibit limited responsiveness or 
temporary increases, the overall pattern supports repair as a crucial 
strategy within the circular economy, enhancing resource efficiency and 
mitigating environmental impacts across multiple dimensions.

When considered alongside the EmA results, the complementarity of 
the two methods becomes evident. EmA demonstrated that repair pre
serves the environmental effort embodied in a smartphone, with an 
emergy efficiency (ηrep) well below 1, confirming that the energy saved 
far exceeds the additional effort required for repair. LCA reinforces this 
systemic insight by quantifying the avoided annual emissions and 
resource extractions, thereby grounding emergy conservation in 
tangible environmental categories. Together, the results highlight that 
repair not only conserves the biophysical investment already embedded 
in devices but also reduces the intensity of environmental burdens over 
time.

4.2.1. Sensitivity analysis
To evaluate the robustness of the results, a sensitivity analysis was 

conducted focusing on key assumptions adopted in the study. The 

parameters examined include the assumed product lifespan and its 
extension after repair, the transportation distance associated with repair 
activities, the selection of display replacement as the representative 
repair scenario, and the use of an average smartphone model. The results 
show that lifespan extension is the most influential parameter, signifi
cantly affecting both emergy efficiency and the annualized environ
mental impacts estimated by LCA (Table 5). Longer use phases lead to 
greater dilution of production-related impacts and greater conservation 
of embodied emergy. In contrast, variations in transportation distance 
and associated energy use have a relatively limited effect on the overall 
results.

Choosing display replacement as the main repair scenario reflects its 
high frequency in practice; however, other repair types may have 
different impact profiles depending on material and energy needs. 
Despite these differences, the overall conclusion remains clear: repair 
consistently results in lower environmental impacts compared to 
replacing the device.

Fig. 2. Standardized comparison of annual environmental impacts for different smartphone repair and smartphone repair life scenarios.

Table 5 
Sensitivity of EmA and LCA Results to Key Modeling Assumptions. The sensitivity analysis reflects variations in the duration of service delivered, consistent with the 
functional unit definition.

Parameter Base Case 
Assumption

Variation Tested Indicator Affected Sensitivity Result Interpretation

Smartphone lifespan 
(years)

3 years (baseline) +
1 year repair

+1 year/+2 years/ 
+3 years

ηrep (annual), GWP, 
resource depletion, water 
use

High sensitivity 
(±20–50%)

Strong influence: longer lifespan significantly 
improves emergy efficiency and reduces 
annualized impacts

Repair lifespan 
extension

+1 year +2 years/+3 years ηrep (annual), LCA 
indicators

High sensitivity Key driver of sustainability gains; benefits 
increase non-linearly with time extension

Transport distance 
(repair)

20 km (round trip ×
2)

10 km/50 km Emergy invested, GWP Low sensitivity 
(<5%)

Transport contributes marginally to total impacts 
compared to production and materials

Repair type (display 
replacement)

Display replacement 
only

Battery replacement 
(qualitative)

Emergy invested, toxicity, 
resource use

Moderate 
sensitivity 
(10–25%)

Different repair types affect results depending on 
material intensity; trends remain consistent

Electricity consumption 
(repair process)

Based on Ecoinvent 
3.8

±20% variation Emergy invested, GWP Low sensitivity 
(<5%)

Minor contribution relative to embodied impacts 
in materials

Smartphone mass 
(average model)

140.36 g ±10% variation Total emergy, resource 
depletion

Moderate 
sensitivity 
(5–15%)

Heavier devices increase total impacts but do not 
change overall conclusions

Material composition 
(critical metals)

Based on literature 
averages

±20% rare earth 
content

Emergy (UEV), resource 
depletion

High sensitivity 
(15–30%)

Rare earth elements strongly influence emergy 
results due to high UEV values
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5. Discussion

The results confirm the relevance of repair as a central strategy for 
advancing circular economy principles, particularly in the smartphone 
sector. From an emergy perspective, the repair process preserved 
approximately 80.86% of the original environmental investment 
embodied in a device, with an ηrep efficiency of 0.24, meaning that each 
unit of emergy invested in repair conserved more than four units 
otherwise dissipated through replacement. These findings resonate with 
studies emphasizing the hidden environmental costs of electronic pro
duction, particularly the energy-intensive extraction of critical and rare 
metals such as cobalt, lithium, and neodymium (Gaines, 2018; Schreiber 
et al., 2021). As highlighted by Pauliuk et al. (2021), material stocks 
strongly influence long-term resource demand, and repair emerges here 
as a mechanism for maintaining these stocks while mitigating systemic 
entropy.

Life Cycle Assessment (LCA) results complement this systemic view 
by quantifying reductions in annualized impacts as smartphone lifespan 
is extended. The global warming potential declined from 14.57 kg CO2- 
eq for a three-year lifespan to 8.64 kg CO2-eq at six years, with parallel 
decreases in water use, acidification, and resource depletion. These re
sults are consistent with Prakash et al. (2016), who showed that 
extending smartphone use by just one year can reduce its carbon foot
print by 31%, and with van Nes and Cramer (2006), who demonstrated 
substantial environmental savings from repair in small appliances. 
Although toxicity indicators exhibited a temporary increase after repair, 
largely attributable to the production and replacement of displays, 
long-term trends confirmed that repair reduces overall burdens. This 
nuanced finding aligns with Ottelin et al. (2020), who warns that 
rebound effects and compensatory consumption may complicate the 
relationship between circular behaviors and material footprints.

The integration of EmA and LCA underscores their complementarity 
in sustainability assessment. While EmA revealed the magnitude of 
environmental investments preserved, LCA contextualized these savings 
within operational categories of emissions, toxicity, and resource use. 
This mirrors the findings of Zuo et al. (2020), who emphasized the need 
to combine donor- and receiver-side perspectives. The emergy efficiency 
below unity confirmed the strategic advantage of repair, while LCA 
demonstrated that lifespan extension dilutes the impacts of initial pro
duction over time. Together, they capture both hidden systemic values 
and tangible environmental gains, advancing a multidimensional un
derstanding of repair as a sustainability practice.

The behavioral and socioeconomic dimensions discussed in the 
literature also provide important context for interpreting these results. 
Despite the clear environmental benefits, repair remains constrained by 
cost, convenience, and design-related barriers (Mugge et al., 2017; van 
Weelden et al., 2016; Barros et al., 2023). Consumer decisions are often 
shaped by perceived obsolescence (Wieser and Tröger, 2017) and social 
stigma surrounding second-hand products. The divergence between 
environmental advantages and consumer behavior reinforces the call for 
robust policy measures. The EU's Right to Repair directive and repar
ability indices (European Commission, 2020; Proske et al., 2016) 
represent steps toward reducing these barriers, but their effectiveness 
depends on addressing not only technical aspects but also cultural and 
psychological dimensions of repair adoption.

The results of this study thus align with and extend the literature by 
showing that repair is both an environmentally efficient strategy and a 
socially constrained practice. Repair preserves emergy and lowers 
annualized impacts, but its adoption requires enabling frameworks that 
integrate design-for-repair, accessible services, consumer engagement, 
and systemic policy support (Mirr, 2020; Cruz and Talens, 2024; Sab
baghi, 2025). By combining emergy and LCA, this study reinforces the 
need to bridge socioeconomic and biophysical perspectives in CE as
sessments, ensuring that repair is not only environmentally justified but 
also socially viable.

6. Conclusions

This research aimed to explore the strengths and weaknesses of EmA 
and Life LCA methods in evaluating the sustainability of electronic 
repair practices and their role in supporting the Circular Economy. Used 
in isolation, EmA and Life Cycle Assessment LCA present distinct limi
tations. EmA quantifies the total energy invested in a product in solar 
emergy joules (sej), offering a systemic view of the environmental costs 
of production and repair. However, this aggregation may limit the un
derstanding of key details, such as the primary causes of damage and 
factors affecting efficiency. LCA, in turn, provides category-specific in
dicators standardized by ISO, facilitating regulatory alignment and 
comparative analyses. Yet, its reliance on measurable flows and emis
sions neglects hidden environmental inputs-such as resource renewal 
rates and ecosystem services-resulting in incomplete representations of 
sustainability.

The complementarities between these methods become evident 
when applied to circular economy strategies. EmA, with its donor-side 
perspective, reveals the magnitude of environmental investment pre
served through repair. LCA, adopting a receiver-side perspective, dem
onstrates how lifespan extension dilutes annualized impacts across 
categories, lowering global warming potential, resource depletion, and 
water use. Together, they capture both the hidden systemic value and 
the tangible environmental gains of repair, providing a multidimen
sional understanding of sustainability performance.

Nevertheless, a critical gap persists. There is no widely accepted 
protocol for integrating EmA and LCA, and existing studies employ ad 
hoc approaches, which limit comparability and the potential for 
generalization. Moreover, applications remain scarce in circular econ
omy contexts such as repair, refurbishment, and reuse. Without meth
odological convergence-through hybrid models, compatible metrics, 
and interdisciplinary collaboration-the complementarity of EmA and 
LCA risks remaining a conceptual advantage rather than a practical tool.

From an applied perspective, the integration of EmA and LCA offers 
tangible benefits for policy and industry. For policymakers, combined 
indicators can strengthen product repairability standards, support eco- 
design regulations, and align circular economy strategies with both 
systemic and operational sustainability goals. For industry, integrating 
these methods provides evidence to prioritize repair-friendly designs, 
extend product lifespans, and reduce dependency on critical raw mate
rials. By bridging systemic environmental accounting with operational 
impact assessment, the joint application of EmA and LCA delivers one of 
the most robust sustainability evaluations available-transforming repair 
from a marginal practice into a central lever for achieving circular 
economy transitions.
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