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Abstract
Purpose  Repairing, refurbishing and remanufacturing are three strategies of the Circular Economy (CE), aiming at closing 
product cycles and maintaining materials and resources in the product cycle as long as possible. This paper analyses the 
environmental impacts of these three circular end-of-use scenarios (repairing, refurbishing and part remanufacturing) when 
performed on a common, “non-circular” smartphone. The underlying data used for this paper partly have been result of the 
Horizon 2020 project sustainablySMART, where circular product concepts have been developed and analysed in detail.
Methods  To analyse the environmental impacts of different circular end-of-use scenarios of smartphones, a Life Cycle 
Assessment (LCA) is performed. For considering the impact of a smartphone’s first life (e.g. materials, production), an 
economic allocation is used.
Since the goal of the study was to better understand the environmental impacts of processing routes that enable multiple life 
cycles of a product, allocation according to the economic value is applied instead of applying system expansion. As system 
expansion provides just an aggregated view of the first and second product life cycles and no decision support at the end of the 
first life regarding the relevant CE strategy can be given. The economic allocation is based on the ratio between the residual 
market value and the original price from the scenario’s input stream of smartphones of the respective end-of-use scenario.
To reach comparability of the results, a second-use-time-parameter is defined for each scenario. This parameter takes into 
account that the second use time reaches only a certain share from the average smart phone use time.
Results  This study shows that through all three circular strategies, a reduction in the investigated impact categories—Global 
Warming Potential (GWP) and Abiotic Depletion Potential (ADP)—can be achieved.
Conclusions  The analysed end-of-use scenarios repairing and refurbishing show the highest potential for smartphones in 
terms of Circular Economy, as most of the environmental impacts can be allocated to the device production, and the impact 
of additional steps to perform CE-strategies (e.g. collection of discarded phones, refurbishing) is rather low.

Keywords  Life cycle assessment · Smart mobile devices · Circular Economy · Repair · Reuse · Remanufacture · Recycling · 
SustainablySMART​

1  Introduction

Circular Economy (CE) is a concept aiming at maintaining 
the value of products, materials and resources in the 
economy for as long as possible, and generating minimum 
waste through establishing product cycles (European 
Commission 2015). As such, the CE proposes certain 

strategies to prolong the lifetime of products after end-
of-use: reuse, repair, refurbishing, remanufacturing and 
recycling. 

Repairing is an effective way to reduce the environmen-
tal impact of smartphones, by restoring the functionality 
of the product as soon as it breaks down, and by extend-
ing the life of the product. The result of repairing old, but 
functional devices, is that fewer new devices are needed. 
Many shops offer smartphone repairs to smartphone users, 
and lately, a “do it yourself” trend is observable, as repair 
online tutorials, and providers of tools and spare parts such 
as IFIXIT are becoming popular.

Refurbishing in this context means that discarded 
smartphones go through a process of refinishing, to serve 
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their original functions. Refurbished devices are in trend, 
as they are an affordable option compared with newly 
produced smartphones (Mishra 2018). One popular refur-
bishing company, Refurbed, buys large quantities of used 
smartphones from companies or telecommunications pro-
viders, and runs them through a complete refurbishment 
process: testing, component replacement if needed, data 
erasure and cleaning. After this process, smartphones 
look and work as good as new and include a warranty 
(Refurbed GmbH 2019).

Remanufacturing valuable electronic components and 
using them to produce new smartphones is rarely applied 
today, even though some electronic components such as 
semiconductors show high potential for remanufactur-
ing due to their high value and environmental impact. 
The semiconductor technology has a very fast innovation 
cycle, resulting in a high variation of available semicon-
ductors. The difficulty is then to find appropriate phones 
for the use of remanufactured semiconductors. Consider-
ing the high circularity potential of the remanufacturing 
strategy and the research attention it has gained, the strat-
egy is taken into account in this analysis nevertheless.

Recycling is not considered in this study, as per defini-
tion the full value in the product, and its components are 
lost in the recycling process. However, the material value 
is kept, and therefore, recycling presents a considerable end 
of life option.

2 � Goal and scope

The goal of this paper is to guide decisions concerning CE-
strategies of smartphones after its first life, i.e., when is it 
advisable to consider multiple product life cycles, and which 
CE-strategy should be selected from an environmental per-
spective? What are the environmental impacts of the pro-
cesses to realize multiple life cycles? How do these impacts 
differ? As such, the paper includes relevant information 
particularly for manufacturers or operators, who process 
discarded smartphone.

The paper assesses each of the selected CE-strategy 
in a separate end-of-use scenario. In each modelled sce-
nario, the functionality of the smartphone is maintained: 
through successful repairing, refurbishment, or through 
a new production, but with remanufactured components 
(e.g. semiconductors). Although a multi-stage reuse pro-
cess would be more realistic, e.g. after a damage, the 
phone is repaired, then it is reused, after that the device 
is given as a donor, where some parts are reused as spare 
parts, would be more realistic, the paper assesses the 

three CE-strategies separately for reasons of simplicity 
and comparability.

In all scenarios, the strategies apply to common (non-
circular) smartphones. Additional hardware design (e.g. 
built-in additional connectors for modularity of devices) 
to ease the realization of Circular Economy strategies are 
therefore not included.

3 � Method

Life Cycle Assessment (LCA) according to ISO 14040-
44 is used to assess the environmental performance of the 
described end-of-use scenarios. Such an LCA includes 
different steps which are described in detail the follow-
ing: definition of goal and scope including declared unit 
(Sect. 3.2), the system boundary (Sect. 3.3), the inventory 
analysis including the processes needed (Sect. 3.4), the 
different allocation methods used (Sect. 3.5), the results of 
the impact assessment (Sect. 4) and the final interpretation 
and discussion of results (Sect. 5).

Within an LCA often considered full life cycle of a 
product includes the extraction of raw materials, manu-
facturing, distribution, use phase and end-of-life phase. If 
the LCA considers a circular approach, the product (here: 
smartphone) runs through additional use phases, with 
further processes to prolong the lifetime, are needed. The 
conducted LCA includes therefore additional use phases 
to assess the additional environmental impact, and as 
such, the LCA shows a higher complexity especially in 
terms of allocation.

This study follows an attributional approach as in 
this paper the environmental impact of a product sys-
tem namely a smartphone, no other product system is 
considered and the calculation is built up on and highly 
dependent on LCAs from literature which are also using 
the attributional approach.

The paper aims at providing information to manufac-
turers or refurbishers, who are able to control the produc-
tion process of smartphones, and as such, the use phase 
and the final end-of-life phase (e.g. disposal of phones: 
landfill, material recovery and thermal recovery) are not 
within the scope of this paper. This is also because smart-
phones are not energy intensive products during their use 
phase; the major environmental impact of smartphones 
(about 75% of the Global Warming Potential (GWP); see 
Fig. 9) derives from the used materials and resources, as 
well as the production (Proske et al. 2016a). The environ-
mental impact of discarded smartphones in the end-of-
life phase is relatively low, as the positive and negative 
impacts are roughly balanced out (ibid.).
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3.1 � LCA tool and database

The Life Cycle Assessment has been performed using the 
software SimaPro v8 (PRé 2020), and background data from 
the database Ecoinvent v3.5 have been used for the materi-
als, processes, electricity and transport (Ecoinvent 2020). 
Specific data used for the processes over the life cycle of the 
product were measured, calculated or assumed as described 
in Sect. 3.

3.2 � Declared unit

The declared unit is defined as “one working smartphone for 
a use time of 2.5 years”. The average use time of 2.5 years 
is chosen according to (Wieser and Tröger 2017), (Proske 
et al. 2016b). Depending on the applied CE-strategy (repair, 
refurbishing, remanufacturing), the product’s second use 
time is likely to be less than 2.5 years. Therefore, a second-
use-time-parameter is defined, which scales the actual 
second use time onto the average use time. In the context 
of this study, “working smartphone” refers to the technical 
and functional features of a smartphone implemented by the 
original manufacturer in the original product.

3.3 � System boundaries

3.3.1 � Geographical location

All modelled scenarios refer to the European region. The 
collection of discarded smartphones, recycling, refurbishing 
and remanufacturing are assumed to take place in Europe. 
The reference smartphone and the spare parts are produced 
in Asia, and shipped to Europe.

3.3.2 � CE‑Strategies

The conducted LCA considered the processes of the three 
CE-strategies as well as distributions, including the col-
lection of discarded phones, and transports to the sites of 
repairing, refurbishing or remanufacturing. In the following, 

the three CE-strategies and the considered processes are 
described in detail.

3.3.3 � Repair

In this strategy, broken smartphones are repaired (Fig. 1) by 
their users or by professional repair shops. The most com-
mon reasons of defects have been analysed based on dif-
ferent surveys and studies, from which an average defect 
variation was derived, as shown in Table 1 (Wieser and 
Tröger 2017; Statista 2016; Proske et al. 2016a; premium 
concepts GmbH 2013).

The average defect variation includes the probability of 
damage type for a broken smartphone (e.g., 37% of the dam-
aged phones have a broken display). The chosen defect vari-
ation in this study focuses on the most common defects: bro-
ken display, weak or defect battery and mechanical defects 
(mainly related to the housing). Water damages are not 
included. The repair scenario is modelled as follows: Spare 
parts are produced in Asia and shipped to Europe. Broken 
parts (according to the defect variation) to be replaced are 
discarded through a specific waste scenario. A certain per-
centage of failed repair attempts is also considered.

3.3.4 � Refurbishing

The second strategy considered is smartphone refurbishing: 
used smartphones are reconditioned and sold to new users. 
In the chosen scenario, used phones are first collected and 
then transported to the recycling site, where they get sort by 

Fig. 1   Product system with elementary flows and product flows, scenario 1, smartphone repair

Table 1   Assumed defect variation for broken smartphones for smart-
phone repairing and refurbishing scenario 

Defect Probability

Broken display 37%
Weak or broken battery 34%
Mechanical defects 6.5%
Other defects 22.5
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“refurbishable” phones (Fig. 2), and by non-usable phones, 
which go through further recycling processes. The selected 
phones are transported to the refurbishing company, and the 
average defect variation for replacing broken parts is applied 
(Table 1). The considered refurbishing process steps are 
checking the phones condition, charging, testing, replacing 
components if needed, testing, data erasure and resetting to 
factory state. Finally, the refurbished phones are distributed 
to new users for their second life.

3.3.5 � Remanufacturing

Remanufacturing is a strategy aiming at extracting valuable 
components from discarded smartphones, and using them for 
the production of new phones. Due to the high costs of semi-
conductor components, the further use of integrated circuits, 
microphones, cameras, etc., are of relevance for the remanu-
facturing strategy (Pamminger et al. 2019). For the Apple 
iPhone 6, the integrated circuits are the most expensive 

components. In terms of the environmental performance, 
the central processing unit (CPU), Random-access memory 
(RAM) and flash memory account for 35% of the GWP of 
the smartphone production phase (Proske et al. 2016a). As 
mentioned before, remanufacturing of electronic compo-
nents such as semiconductors is rarely practiced. However, 
as this strategy was examined within the sustainablySMART 
(Ciszewski et al. 2018), a remanufacturing scenario was also 
modelled and included in the paper.

Figure 3 shows the remanufacturing process: smartphones 
are collected and transported to the recycler. At the recycling 
site, the phones are sorted, semi automatically dismantled 
and de-polluted (removal of battery), and the printed circuit 
boards (PCB) are extracted. The PCBs are then transported 
to the remanufacturer. At the remanufacturing site, the rel-
evant parts (semiconductors) are de-soldered, cleaned and 
remanufactured (Ciszewski et al. 2018). After de-soldering, 
the PCBs with the remaining parts are transported back to 
recycler. The remanufactured parts are used for the produc-
tion of new smartphones.

Fig. 2   Product system with elementary flows and product flows, scenario 2, smartphone refurbishment

Fig. 3   Product system with elementary flows and product flows, scenario 3, extracting and remanufacturing of semiconductor components for 
the production of new smartphones
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3.4 � Life cycle inventory

3.4.1 � Reference smartphone

A reference smartphone is used in this study for modelling 
the three end-of-use-scenarios as well as for the linear sce-
nario (same power demand, same functionality, etc.). The 
reference smartphone represents a common smartphone, 
with no specific design to ease circular strategies, e.g. the 
use of additional gold for module connectors, etc. For mod-
elling the reference smartphone, inventory data from previ-
ously conducted and published smartphone LCAs (Proske 
et al. 2016a; Ercan and Kimfalk n. d.; Güvendik 2014) was 
used. The results were compared and adopted to be in the 
midrange of the LCA results from literature.

3.4.2 � Processes

As described, the three end-of-use scenarios partly follow the 
same distribution, and therefore show similar process steps 
(Fig. 4). These steps were considered in the research project 
sustainablySMART. Each process step has been developed 
and some demonstrators were built. Specific data, like the 
measurements of an automated disassembly machinery, etc., 
could be generated from this demonstrators. The individual 
process steps and their underlying data are described in detail:

 
(a) Smartphone collecting

For the refurbishing as well as for the remanufacturing sce-
nario, the quality of the input stream of collected phones 
(the ratio of phones in good condition, and phones in poor 
condition) is assumed to be 1:4. A transport scenario with a 
total of 1125-km road and 375-km rail (Proske et al. 2016a) 

to a recycling site within Europe, where the smartphone 
sorting and possible dismantling takes place, is chosen.

(b) Smartphone sorting

According to the input stream, phones of poor quality 
(unusable or badly damaged phones, etc.) are sorted out. 
In the modelled scenario, this process step takes place 
at the recycler. About 1.4 Wh energy per phone of good 
quality is measured on a prototype of an automated sort-
ing machinery, developed by REFIND Technologies. 
For lighting, heating, ventilation and air conditioning 
(HAVAC) at the recycling site, 5.2 Wh per phone was 
calculated based on the space requirement of the machin-
ery equipment; the process duration and average energy 
need for a industrial site.

(c) Smartphone dismantling

For the phone dismantling and the PCB extraction, an 
energy consumption of 17 Wh per phone was measured 
on a real demonstrator (phone opening, battery and PCB 
extraction). About 63 Wh per phone for lighting and 
HVAC was calculated based on the space requirement 
of the machinery equipment; the process duration and 
average energy need for a industrial site.

(d) PCB transport to remanufacturing/smartphone trans-
port to refurbishing

For the chosen scenario, the extracted PCBs are transported 
800 km within Europe per lorry, to the remanufacturing or 
the refurbishing site.

(e) Part de-soldering and remanufacturing

Fig. 4   End-of-use scenarios repair, refurbishing and remanufacturing and their process steps
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A thermal stress-minimized de-soldering process, T3E3 
technology, as elaborated by Semicon and ITR (Janusz 
et al. 2016), is used as reference. The energy consumption 
covering the process steps (PCB drying, flux application, 
component de-soldering, residual solder removal, flux 
application, placing new solder balls, soldering the solder 
balls, cleaning, component drying and component laser 
marking) was measured to be in the range of 200 Wh per 
component (Fig. 5), and the material input (solder, flux) 
was analysed. About 800 Wh are assumed for lighting and 
HVAC, based on PCB manufacturer data (Kupka 2018).
Based on a published study (Janusz et al. 2016), the T3E3 
remanufacturing process and its environmental impacts 
were investigated on five different semiconductor compo-
nents from digital voice recorders on experimental level: a 
digital signal processor (DSP), a microcontroller (Fig. 5), a 
small flash memory, RAM memory and a Rockchip CPU. 
As the reference smartphone’s components (especially the 
memories) are bigger than the analysed semiconductors, the 
environmental impact for chip remanufacturing was scaled 
up according to the following ratio, using the Global Warm-
ing Potential as indicator: “GWP of materials and produc-
tion of new components/GWP of the chip remanufacturing 
(materials, remanufacturing processes).” The impacts due to 
transport (smartphone collecting and PCB transport to the 
remanufacturing site) are independent from the component 
size and were not scaled up.

(f) PCB transport back to recycler

After part de-soldering, the exploited PCBs are returned 
to the recycler for standard recycling, by means of the 
same transport as described in the previous section d, 
PCB transport to remanufacturing/Smartphone transport 
to refurbishing. The recycling of PCB is not in the scope 
of this study.

(g) Spare parts transport

Depending on the defect variation in the repair or refur-
bishing scenario, different spare parts need to be acquired. 
The production of those spare parts is assumed to take 
place in Asia, and a transport scenario with 7200-km air 
freight and 800-km lorry (Ercan 2013) for the repair sce-
nario are chosen. For the refurbishing scenario (transport 
from the production site of spare parts to the refurbishing 
site) 7200-km air freight and 200-km lorry for the are 
chosen.

(h) Smartphone refurbishing: testing, repairing, resetting, 
cleaning

About 70% of the phones in use are replaced by custom-
ers when still in perfectly functioning condition (Wieser 
and Tröger 2017), meaning that only 30% of the discarded 
phones are defect according to the smartphone defect vari-
ation (Table 1), and need components to be replaced. This 
equals to 11% of the total smartphone input stream need a 
display replacement and 10% a new battery. Compared with 
the modelled repair scenario, in which only necessary parts 
are replaced to restore full functionality, customers expect 
that a purchased, refurbished phone looks and works like a 
newly manufactured one. Therefore, functional, but worn-out 
components need to be replaced. Therefore, it is assumed 
that the e.g. housing of each second smartphone is replaced. 
Based on Skerlos et al. (2003), about 350 Wh for the refur-
bishing process steps smartphone are needed. Although the 
study did cover refurbishing steps for feature phones, the data 
is assumed to comply with current smartphone refurbishing 
processes, as the processes are the same (use of compressed 
air, battery charging test cycles, functionality tests cycles and 
energy overhead like lighting and HAVAC).

(i) Smartphone repair

As opposed to the refurbishing scenario, the repair sce-
nario only covers the replacement of broken parts. In this 
study, the three major defects of smartphones are consid-
ered: broken display, weak or defect battery and mechani-
cal defects (Table 1). According to Wieser and Tröger 
(2017), 70% of the attempted repairs fail (user survey) 
because the problem cannot be identified or because the 
phones are beyond repair. Since only services of profes-
sional repair shops are considered, a repair success rate 
of 30% is very low. Therefore and as small repair shops 
also claim 90% success rates, a repair success rate of 75% 
was chosen and a sensitivity analysis with reduced rates 
of 50% and 33% was conducted to analyse the impact of 
this estimation (see chapter 5.2).Fig. 5   Energy required for a microcontroller remanufacturing pro-

cess, T3E3 technology
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(j) Remanufactured parts transport

Extracted semiconductor parts are transported to Asia, 
where the smartphone production takes place.

(k) Smartphone production and assembly

The production step is modelled in the same way as for 
the reference smartphone, with the difference of using 
remanufactured parts instead of new ones. Therefore, this 
step is modelled without the materials and production for 
those new parts.

(l) Smartphone distribution

After smartphone production and assembly (k) or after smart-
phone refurbishing (h), the phones have to be distributed to 
the customer. It was assumed that the refurbishing takes place 
in Europe (800-km road), and the production of a smartphone 
with remanufactured parts in Asia (7200-km air freight and 
800-km road).

(m) Replaced parts disposal

Parts replaced during repair or refurbishing are allocated to 
different disposal scenarios. For the repair scenario, 81% 
of the parts are disposed on landfills and 19% are recycled. 
For the refurbishing scenario, it was assumed that 17% 
are disposed to landfills, and 83% are recycled (Ercan and 
Kimfalk n. d.).

3.5 � Allocation

Since the goal of the study was to better understand the 
environmental impacts of processing routes that enable 
multiple life cycles of a product, applying system expan-
sion, where the additional processes are included (preferred 
acc. to ISO 14040, as allocation is avoided), might not 
bring sufficient and detailed insights on specific benefits 
and burdens. System expansion provides an aggregated 
view of the first and second product life cycles, but the 
strength of this study does not lie in the aggregation and 
averaging, instead in demonstrating the merits of each 
CE-strategy at the product level. Therefore, allocation 
was needed and allocation based on the economic value 
was used for different processes. Nevertheless, the paper 
briefly discusses the results of a possible system expan-
sions approach (Sect. 5). To support decision-making when 
choosing suitable CE-strategies for discarded smartphones, 
this paper focuses on the additional processes required 
to extend a smartphone’s life and evaluates the relevant 
environmental aspects and impacts. A specific allocation 

approach is taken for the smartphone’s parts from the first 
life, which are e.g. reused in the second life. The corre-
sponding burdens are allocated to the modelled CE-sce-
narios. The ISO 14044 standard allows to use the change 
of the economic value as a base for allocation, among other 
options (change of physical properties or number of sub-
sequent life cycles). The economic value best describes 
the loss of quality of used or defect smartphones. A smart-
phone with a long-lasting design, which is easy to repair 
and with guaranteed (software) updates, will last longer. 
This quality differences are also depicted on the second 
hand market, which shows a higher demand for long-last-
ing devices, and thus higher selling prices for used (and 
repaired/refurbished) phones (new Fairphone II 399€ vs. 
refurbished Fairphone II 299€, Fairphone B. V. spring 
2019). However, also smartphones that are not known to 
be long-lasting or easy to repair also show a high customer 
demand, e.g. premium segment (higher general quality). 
Higher price ranges for used premium segment smart-
phones such as the Apple iPhones are clearly observable 
on sale platforms. It is plausible to assume that the quality 
of a product’s second life is reflected in the market price. 
For the allocation from the product’s first to second life, the 
study uses the ratio “residual market value, used or broken 
devices/original price.”

3.5.1 � Economic allocation for the smartphones

To identify the allocation ratio between the products’ first and 
second life, the ratio “residual market value, used or broken 
devices/original price” from the input stream of smartphones 
of the end-of-use scenario is calculated.

For smartphone refurbishing as well as for smartphone 
repair, the premium segment smartphones are of interest, 
as they have a high resale value (Wieser and Tröger 2017). 
Hence, selected smartphones introduced to the market from 
2014 to 2018 are considered in this study: Apple iPhone 6, 7, 8 
and XR and Samsung Galaxy S 6, 7, 8 and 9. For each model, 
the original price and prices for the devices in different condi-
tions (= residual market values) were researched (Table 2; for 
Apple iPhone 6), using the sales platform www.rebuy​.de.

Table 2   Residual market value (EUR) for Apple iPhone6 in different 
conditions,  Source: www.rebuy​.de, 2019

Apple iPhone 6

Original price € 699
Perfect condition € 185.28
Used (assumed for weak battery) € 59.04
Used and broken display € 0
Used (assumed for broken housing) € 59.04
Perfect condition, but unknown defect € 0
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The scenarios analysed in this study (Figs. 1, 2, and 3) 
are based on different input streams of smartphone qualities. 
For the repair scenario, 100% of input stream are broken 
phones according to defect variation (Table 1), and for the 
refurbishing scenario, 70% of the inputs are assumed to be 
in perfect conditions, whereas 30% need repair according to 
the defect variation (Table 1).

For both scenarios (repair, refurbishing) the residual mar-
ket values (for iPhone6, 7, 8 and XR and Samsung Galaxy 
S 6, 7, 8 and 9) considering the defect variation were calcu-
lated. In a second step, the allocation ratios (residual market 
value to original price) were calculated, for each model and 
brand (Table 3).

To calculate the average allocation ratio for “one average 
broken phone” for the repair scenario, the individual market 
share of the different models have to be considered (assum-
ing an equal probability of a defect—e.g. broken display—
for each phone model).

Generally, the distribution of smartphones in use var-
ies according to the age (Jkielty 2019). Both the newest 
and older smartphones models have a lower market share, 
while the majority of customers is using last year’s models. 
According to Jkielty’s web traffic data, the individual market 
share for Apple iPhone is iP6 29%, iP7 41%, iP8 16% and 
iPX 14% and for Samsung Galaxy S S6 18%, S7 43%, S8 
33% and S9 7% (2019). This leads to an allocation ratio for 
a broken iPhone of 11% and for a broken Samsung Galaxy 
phone of 9%. Considering the market share of Android and 
iOS devices (e.g. as published on www.stati​sta.com), the 
average repair allocation adds up to 10%.

For the refurbishing scenario, the average allocation 
ratio is calculated similarly by using the allocation ratios 
per model (Table 3) and the age distribution of the phones 
not in use any more. For the age distribution, phone replace-
ment cycle survey data is used. Based on the assumption 
that the phones are bought in the release year, 25% of the 

allocation ratio =
residualmarket value

original price

average allocation ratio =

∑

allocation ratio ∗ market share

smartphones are replaced within one year (Wieser and 
Tröger 2017). Considering this age distribution, the alloca-
tion ratio results in 33% for an iPhone not anymore in use 
and 22% for a Samsung Galaxy phone. Taking into account 
the market share of refurbished smartphones across the 
top 5 brands—40% Apple and 60% LG, Samsung, Sony 
and Huawei (Deloitte 2017)—the final average refurbish-
ing allocation ratio is 27% for “one phone for smartphone 
refurbishing.”

3.5.2 � Economic allocation for the semiconductor parts

For the remanufacturing scenario, the market price for 
used components will also be used to derive the alloca-
tion value. Currently, the market price of used smart-
phone PCBs (including the input stream for the com-
ponent remanufacturing) is mainly driven by material 
recycling (gold, copper, etc.). Since in the considered 
scenario only a few components are extracted from the 
PCB, the material recycling and its profit are not signifi-
cantly influenced, as gold and copper can still be recov-
ered from the PCB afterwards.

The market price for remanufactured components is 
between 1 and 10% of the average original price. This 
price includes theoretically the costs for the used com-
ponents (the input stream), the remanufacturing costs and 
the profit. The remanufacturing cost is about 0.70€ per 
component (Kopacek 2016), or about 2% of an average 
CPU (see also IHS). Expecting the profit will also be 
1–2%, the costs for used components and the remanu-
facturing allocation ratio are assumed to be 1% (per 
component).

3.6 � Definition second‑use‑time‑parameter

To allow the comparability of the results, and to scale 
the scenarios onto the chosen declared unit (one working 
smartphone for a use time of 2.5 years), second-use-time-
parameters for each scenario are defined:

This parameter takes into account that the average 
second use time is shorter than in the first use phase 
of 2.5 years, as assumed in the declared unit (Wieser 
and Tröger 2017; Proske et al. 2016b). Depending on the 
used strategy (repair, refurbishing, remanufacturing), the 
product’s second use time is shorter than the assumed 
average use time of 2.5 years for the first use phase, due 
to:

second use time parameter =
avg second use time

avg use time, linear scenario

Table 3   Ratio residual market value to original price, according the 
refurbishing- or repair scenario per model (%)

Apple iPhone iP6 iP7 iP8 iPXR

Refurbishing scenario 19% 31% 44% 46%
Repair scenario 3% 12% 16% 17%
Samsung Galaxy S S6 S7 S8 S9
Refurbishing scenario 16% 26% 23% 32%
Repair scenario 7% 10% 9% 13%
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–	 Limitation by technical life time, requirements of cur-
rent applications: The general smartphone’s technical 
life time of 4.7 years (Ely 2014) represents the limit of 
the total use time. Accordingly, a refurbished phone of 
3.5 years is expected to last a second life of maximum 
1.2 years.

–	 Expectations and willingness of the customers: If a 
customer buys a 1-year-old refurbished smartphone, 
one could expect that the phone will be used for addi-
tional 2.5 years. Assuming the refurbished phone is 
already 3 years old, the second use time is likely to be 
1.7 years.

To specify the parameter for refurbishment, the age of 
smartphones represented in the scenario’s input stream is 
derived according to the smartphone replacement cycle 
survey data (Wieser and Tröger 2017). The smartphone’s 
second use times are estimated considering factors as the 
technical life time (Table 4). The average smartphone’s age 
in the input stream for refurbishment is 1.8 years, and the 
average second use time is 1.93 years. The second-use-time-
parameter for refurbishing results in 0.77.

For the repair scenario, the calculations are following the 
same logic as in the refurbishing scenario. The second use 
time is assumed to be maximum 2.5 years, if the smartphone 
needs repair right after buying it. The second use time 
decreases with the age of repaired phones (Table 5); the 
average second use time is 1.56 years. The second-use-time-
parameter for repair results in 0.62.

Within the remanufacturing scenario, all parts of the 
smartphone are new, except the remanufactured CPU, 

RAM and the flash memory. It is assumed that the prod-
uct’s second use time can reach 2.5 years; therefore, the 
second-use-time-parameter for remanufacturing is 1.

4 � Results

4.1 � Environmental impact category

According to the PCR “Methodology for environmental Life 
Cycle Assessment (LCA) of Information and Communica-
tion Technology, ETSI ES 203 199,” the impact category 
for ICT goods, the Global Warming Potential, is taken into 
account. The GWP mainly highlights the energy consump-
tion during the life cycle phases (ETSI 2015). Additional 
processes such as the disassembly and the transports for 
take back are well displayed in the GWP, but the avoidance 
of resource depletion, which is a main goal of CE, cannot 
be displayed. Therefore, the second impact category Abi-
otic Depletion Potential (ADP) is calculated and analysed 
in detail. Concluding, the environmental impact categories 
Global Warming Potential (GWP), Method IPCC 2013 GWP 
100a and Abiotic Depletion Potential (ADP), Method EPD 
2013 are selected to assess the environmental performance 
in this study.

4.2 � Environmental performance

The result of the LCA (Fig. 6) shows the environmental 
impacts of the three end-of-use scenarios (repair, refur-
bishing and remanufacturing) compared with the linear 

Table 4   Second use time for refurbished smartphones, assumptions

Input stream, age (years) 0–1 1–2 2–3 3–4 Avrg

Distribution of age 25% 35% 25% 15%
Second use time (years) 2.5 2 1.7 1.2 1.93
Total use time (years) 3 3.5 4.2 4.7 3.73

Table 5   Second use time for repaired smartphones, assumptions

Input stream, age (years) 0–0.5 0.5–1 1–2 > 2 Avrg

Distribution of age 24% 37% 25% 12%
Second use time (years) 2.25 1.75 1.25 0.5 1.56
Total use time. (years) 2.5 2.5 2.75 3.5 2.63

Fig. 6   Environmental impacts of the individual scenarios, impact category GWP and ADP, considering a use time of 2.5 years
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smartphone scenario (34.6 kg CO2eq for materials, pro-
duction and distribution). The results of all scenarios are 
aligned to the declared unit (2.5 years) by means of the 
second-use-time-parameters, in order to achieve compara-
bility. The effort to keep phones and/or phone components 
in the loop and the allocation burden from the phone’s first 
life are highlighted.

Taking into account the declared unit, the allocation 
approach and the second-use-time-parameter, the repair 
scenario shows the smallest environmental impact, 
whereas the remanufacturing scenario has the biggest 
impact. However, in comparison to the linear scenario, all 
three scenarios show a significant reduction of the GWP: 
− 25% for replacing a new smartphone by remanufactur-
ing, − 55% by refurbishing and − 71% by repair. For the 
impact category ADP, an even higher reduction can be 
achieved. It is significant that the ADP allocation bur-
den is more dominant than the GWP allocation burden. 
This is due to the resources that are already inside the 
smartphones and that are maintained through the different 
strategies. In contrast, the individual processes (Fig. 4) or 

transports tend to show higher GWP, and therefore, they 
are dominant.

The letters in the brackets in the description of Figs. 7, 
8, and 9 refer to the overview graphic (Fig. 4), to identify 
recurring processes.

The share of the GWP for the two scenarios repair and 
refurbishing is shown in Figs. 7 and 8. The main GWP con-
tributor for both scenarios with 56% and 78% is the alloca-
tion burden from the product’s first life. This shows how 
important a chosen allocation method is.

In the repair scenario the repair process (h) itself is the sec-
ond largest contributor with the materials and the production of 
the spare parts (32%), followed by the transport (10%). Also in 
the refurbishing scenario, all value-adding processes (testing, 
repairing, spare parts, data erasure) are second largest contribu-
tor with 14%, followed by transports (6.5%).

The distribution of the GWP in the remanufacturing sce-
nario is shown in Fig. 9. This scenario is dominated by the 
(new) smartphone production and assembly (76% of total kg 
CO2eq), followed by the remanufacturing CPU, RAM and 

Fig. 7   Relative impacts due to smartphone repair, impact category 
GWP, considering a use time of 2.5 years

Fig. 8   Relative impacts due to smartphone refurbishing, impact cat-
egory GWP, considering a use time of 2.5 years
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flash memory (15%). Smartphone distribution from Asia 
back to Europe accounts for 9% of the total GWP.

The component remanufacturing processes have been 
modelled and analysed in detail, and exemplarily high-
lighted for a remanufactured (smaller) Rockchip CPU in 
Fig. 10. Next to the process step “part de-soldering and 
remanufacturing” (50%), the impacts are 45% due to 
“smart phone collecting” (Fig. 10). For remanufacturing 
bigger components, part de-soldering and remanufactur-
ing become even more dominant, while the impact due 
to smartphone collecting stays the same (about 0.5 kg 
CO2eq).

5 � Discussion and Conclusions

5.1 � Environmental performance and influencing 
parameters

Generally, it can be stated that the more parts and compo-
nents can be reused; less resources will be needed for the 
production of new parts for the product’s second life. For 
remanufacturing, the GWP of the production of new parts 
accounts for about 76% compared with just 32% for repair 
of the scenarios total GWP. The difference here is that in 
the remanufacturing scenario, about three quarters of the 
phone and its components need to be produced, whereas in 
the repair scenario, only some new spare parts for replac-
ing broken ones are needed.

Transports show a lower impact compared with mate-
rials and production for new parts. For example, if the 
refurbishing site is near to the customer (e.g. in Europe, 
as assumed in the scenario), the GWP for transporting is 
about 6.5%. Otherwise, in the remanufacturing scenario, 
for which it was assumed that the phones need to be trans-
ported from the manufacturer in Asia back to Europe (9%), 
the transportation impact is higher (11%, including smart-
phone collecting and transports for component remanufac-
turing tasks). In the case of the repair scenario, the smart-
phone remains at the customer or in his immediate vicinity 
(repair shops etc. in a short distance of few km assumed), 
which means that there are only short transports for the 
complete smartphone but also transports for the spare part 
scenario, 10% of the scenarios total GWP.

The most relevant parameters influencing the environ-
mental impact are as follows:

•	 Materials and production of the smartphone and new 
parts (in the range of 80%): highly relevant for all three 
scenarios, influenced by design and production.

•	 Smartphone refurbishing or component remanufacturing 
steps (in the range of 10%): influenced by the electricity 
grid mix.

•	 Transports (in the range of 10%): influenced by type, 
distance, location of companies along the supply chain.

Fig. 9   Relative impacts of a smartphone with remanufactured compo-
nents, impact category GWP, considering a use time of 2.5 years

Fig. 10   Relative impacts due to remanufacturing (a rather small) 
Rockchip CPU, impact category GWP
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5.2 � Sensitivity analysis repair success factor

In the repair scenario, the factor of successful repairs is 
assumed to be 75% (see also process i. Smartphone repair). 
As this is an optimistic assumption, two further scenarios 
were analysed (“moderate”: factor 50%—every second repair 
attempt is successful and “pessimistic”: 33%—every third 
repair attempt is successful) (see Table 6). It can be stated that 
the repair success factor has a high influence on the scenarios 
result, because spare parts needed account for 32% of the total 
GWP. In the two other scenarios (moderate and pessimistic), 
this even gets higher up to 45% as additional spare parts are 
needed for unsuccessful repair attempts. Still, even the pes-
simistic scenario shows a considerable reduction of GWP of 
− 57% compared with the linear reference scenario. Neverthe-
less, further research is needed for a solid and credible repair 
success factor and to determine the influencing factors like 
private repair attempts, professional repair shops etc.).

5.3 � Sensitivity analysis lighting and HVAC

Some of the scenario’s process steps were investigated and meas-
ured under lab conditions within the sustainablySMART project. 
Consequently, no data on lighting or heating, ventilation and air 
conditioning (HVAC) of an industrial site was collected. Instead, 
assumptions were included. In order to determine their influ-
ence on the results, a sensitivity analysis was carried out. Each 
scenario was modelled again, but with a + 200% increase in the 
energy overhead for lighting and HVAC. The scenario’s total 
GWP increased by + 2% in the refurbishing scenario and + 17% 
in the remanufacturing scenario. The repair scenario remained 
nearly the same, and the energy overhead is not relevant. The 
analysis showed that lighting and HVAC does not necessarily 
make an important contribution for the repair and refurbishing 
scenario. For the remanufacturing scenario, the overhead energy 
could be relevant and more detailed data should be considered 
especially under a real production environment.

5.4 � System expansion modelling approach

For the impact of the product’s second life, the proposed 
allocation burden from the product’s first life is about 
56% for the repair scenario, and 78% for refurbishing 

scenario of their total GWP, but the burden is neglecta-
ble < 1% for the remanufacturing scenario. This result is 
strongly influenced by the chosen allocation method. The 
framework ISO 14044 suggests avoiding allocation and 
instead applying approaches such as system expansion, 
which means that the first and second product life are 
not assessed separately but together. The system expan-
sion approach examined is the following: All life cycle 
phases starting from the materials and production of a 
phone in its first life, including the use phases from the 
phone’s first and second life, up to the end-of-life after 
the second life are covered. The life cycle phase mate-
rials, production and distribution of the smartphone as 
well as the strategies after the first end-of-life phase are 
the same as in the allocation model. The duration of the 
use phases depends on the respective scenarios and order 
of use cycles and is the same as in the allocation model. 
For all use phases, an average energy consumption of 
4 kWh/a (Proske et al. 2016a; Ercan and Kimfalk n. d.; 
Güvendik 2014) was assumed. For the end-of-life phase 
of the smartphone’s second life, data based on literature 
(Proske et al. 2016a; Ercan and Kimfalk n. d.; Güvendik 
2014) was used.

The results for 2.5 years of smartphone use are the follow-
ing: repair scenario 41 kg CO2eq, remanufacturing scenario 
35.2 kg CO2eq and refurbishing scenario 30.3 kg CO2eq. 
These numbers show that the longer the smartphone’s use 
(duration of second use phase after repair scenario < refur-
bishing scenario), the lower the environmental impact (repair 
scenario > refurbishing scenario), unless the processes that 
enable a product’s second life have a high environmental 
impact (remanufacturing scenario > refurbishing scenario).

These results differ a lot from the ones derived from the 
applied allocation according economic value, where the 
repair scenario was the best option. The reason for this lays 
mainly within the system expansion where the environmen-
tal impacts from smartphones first and second life including 
their different use times are aggregated and then averaged 
based on the declared unit and not analysed separately. This 
means the result is not targeting/answering the goal of this 
study to guide decisions concerning CE-strategies of smart-
phones after its first life.

Although the different usage times of the use first and sec-
ond use are taken into account, the quality of a smartphone 
cannot be taken into account. This quality reduces by the 
age of a smartphone, as e.g. the cover is scratched and need 
to be refurbished, or it also reduces when the smartphone 
gets broken. With the economic allocation model, this is 
considered using the ratio “residual market value, used or 
broken devices/original price.” The consideration of the dif-
ferent quality together with the different usage times of the 
first and seconded use allow to decide which CE-strategy is 
most appropriate.

Table 6   Repair scenarios for sensitivity analysis

Repair scenario Reparability suc-
cess factor

Result, GWP 
(kg CO2eq)

Spare 
parts % 
GWP

Original 75% 10 32%
Moderate 50% 12.2 39%
Pessimistic 33% 15 45%
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To conclude according to the allocation model, if the deci-
sion is due and a smartphone is broken, the repair scenario 
should the first choice to enable an average usage time. In 
terms of the system expansion, a long smartphone usage is 
favourable as resources are used more efficiently. The refur-
bishing scenario has a much lower environmental impact than 
the repair scenario as the overall usage time (first and the sec-
ond usage) is much longer (1.1 years). One could derive here 
that if a smartphone is broken, it should be repaired as first 
choice. As the usage time of a repaired device is still compara-
bly short, the smartphone should go in a third use (cascading) 
where the phone is refurbished or remanufactured.

If a smartphone is used for about 2 years in the first use 
without repair needed, refurbishment and remanufacturing 
should be preferred, as the prolonging of the use time is than 
much longer than within the repair scenario.
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