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a b s t r a c t
In the past few decades, e-waste has emerged as one of the fastest growing and increasingly complex
waste ﬂows world-wide. Within e-waste, the life cycle of the mobile phone product system is particularly
important because of: (1) the increasing quantities of mobile phones in this waste ﬂow; and (2) the
sustainability challenges associated with the emerging economies of reuse, refurbishment, and export of
used mobile phones. This study examined the possibilities of closing the material ﬂow loop in the global
mobile phone product system (GMPPS) while addressing the broad sustainability challenges linked to
recovery of materials. This was done using an adapted system dynamics modeling approach to investigate
the dominant paths and drivers for closing the metal ﬂow loop through the concept of eco-cycle. Two
indicators were chosen to deﬁne the closed loop system: loop leakage and loop efﬁciency. Sensitivity
analysis of selected parameters was used to identify potential drivers for closing the metal ﬂow loop. The
modeling work indicated leverage for management strategies aimed at closing the loop in: (i) collection
systems for used phones, (ii) mobile phone use time, and (ii) informal recycling in developing countries.
By analyzing the dominant parameters, an eco-cycle scenario that could promote a closed loop system by
decreasing pressures on virgin materials was formulated. Improved policy support and product service
systems could synchronize growth between upstream producers and end-of-life organizations and help
achieve circular production and consumption in the GMPPS.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Waste electrical and electronic equipment (WEEE, also well
known as e-waste) is one of the fastest growing waste ﬂows worldwide (Kuehr, 2012). On a global scale, e-waste increased from 20
million tons in 1998 to 41 million tons in 2010 and was estimated
to reach 50 million tons by 2014/2015 (Kuehr, 2012). The European Commission has estimated that the average European citizen
generates 17–20 kg e-waste per year, and that mobile phones are
a potential candidate for generating e-waste (Basel-Convention,
2008). Indeed, mobile phone subscribers have increased exponentially during the past 20 years (Basel-Convention, 2008; ITU, 2013),
resulting in more e-waste at the end-of-life (EoL) (PanambunanFerse and Breiter, 2013). In industrialized countries (IC), less than
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20% of used phones are properly managed at EoL (PanambunanFerse and Breiter, 2013; Umair et al., 2013).
With rapid technological improvements and innovations, users
frequently replace their phones, decreasing the life span (BaselConvention, 2008; Kuehr, 2012; Tischner, 2012; Herat and
Agamuthu, 2012). Because of the potentially remaining active life
in used phones and the possibility to upgrade mobile phones at
a lower price, interest in using second-hand (or/and refurbished)
phones has emerged in both IC and developing countries (DC).
In addition, due to increasing interest in e-wastes for reuse and
informal recycling in DC, IC export e-wastes to DC (Umair et al.,
2013). In DC, these wastes mostly end up in landﬁlls after informal recycling consisting of manual dismantling with bare hands
and open burning (Panambunan-Ferse and Breiter, 2013; Umair
et al., 2013). Due to a very low overall recovery rate in this informal
recycling (Bollinger et al., 2012; Herat and Agamuthu, 2012; Umair
et al., 2013), the global mobile phone product system (GMPPS) loses
a substantial amount of valuable resources that could be recovered
(Basel-Convention, 2008; Geyer and Blass, 2010; Tischner, 2012;
Wang et al., 2013).
In a life cycle perspective, the EoL management of mobile
phones is a global, rather than a local or regional, problem and
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involves a multitude of actors such as consumers, manufacturers,
retailers, collectors, refurbishers, recyclers. In addition, emerging
socio-technical/economic activities among these actors (e.g., reuse,
export of e-waste, informal recycling) make the EoL complex. For
example, export of used phones to DC increases their life span,
but valuable metals (used in phones) are lost through informal
recycling in DC, whereas IC have better and more efﬁcient technologies for recycling. Apart from reuse or export, consumers either
hibernate phones by storing them unused in drawers, or throw
away/dump their phones, due to lack of proper collection systems.
This study investigated the factors and activities that are the drivers
for closing the material ﬂow loop in the GMPPS. To investigate the
drivers in such a complex global system and to produce insights
into closing the material ﬂow loops efﬁciently, a broader systems
approach with dynamic analysis is warranted to understand the
system (Sterman, 2000).
System dynamics (SD) approach, which is grounded on feedback control theory and non-linear dynamics (Sterman, 2000), can
be used to explain the behavior of complex systems to better understand GMPPS. Studying various interconnections in the GMPPS
using this approach could help explore the complexity of alternative EoL systems and assist in decision making and in development
of effective interventions in complex systems. Apart from the SD
approach, agent-based modeling (ABM) can be used to explore
complexity (Sterman, 2000; Bollinger et al., 2012; Achachlouei,
2015). Bollinger et al. (2012) compared SD and ABM approaches
for modeling metal ﬂows in a mobile phone product system and
concluded that the SD approach is beneﬁcial for aggregated analysis, whereas ABM has advantages for individual action analysis. The
present study deals with the global system and aggregated ﬂows
and parameters, and therefore SD modeling was selected as the
analytical approach to create a deeper understanding of the GMPPS
in a life cycle perspective and to explore an eco-cycle scenario (see
Section 2).
In similar research, Spengler and Schröter (2003), Georgiadis
and Besiou (2008, 2010) studied electrical and electronic products
using SD to investigate closed-loop material ﬂows. However, their
studies mainly focused on supply chain management and the inﬂuence of consumer behavior, while effects of other factors, e.g., using
a product for a longer time, on a closed-loop system received little
scrutiny. Asif et al. (2015) used SD models to analyze the potential
application of product multiple life cycles (Asif, 2011; Asif et al.,
2012) in a closed-loop supply chain based on the dynamics of material scarcity. The present study extended the investigation on causal
loop diagram (CLD) studies, often used during the initial stages of
SD modeling (Sterman, 2000). Nguyen et al. (2015) used CLD to
understand smartphone usage in Singapore by exploring the leverage points and resistance to change. Our research group also has
previously used CLD to analyze unintended environmental consequences when designing electronic products, using an example of
closing the material ﬂow loop in the mobile phone product system (Laurenti et al., 2015a,b,c). The present study also extended
the analysis in other types of dynamic modeling studies performed
on e-wastes and on mobile phones. Most of the studies conducted
dynamic analysis on small-scale systems (Williams et al., 2013), for
example e-waste management in a city or a country level, without
considering a life cycle perspective (Andarani and Goto, 2013). To
our knowledge, a broader systems approach, i.e., with a life cycle
perspective and dynamic analysis, has previously only been applied
to the mobile phone product system by Bollinger et al. (2012).
In a broader systems approach, Bollinger et al. (2012) performed
a dynamic substance ﬂow analysis of global ﬂows of metals in
mobile phones in a cradle-to-cradle perspective. The study was
based on the research question “. . .[w]hat [modeling] conditions foster the development of a closed-loop ﬂow network for metals in mobile
phones?”. The focus was on comparing SD and ABM approaches,

while testing and implementing the modeling outcomes in the real
world were beyond the scope of the study. However, the model
has potential applications in a real-world situation. Adopting the
SD model of Bollinger et al. (2012), the aim of the present study
was to investigate possibilities to close the metal ﬂow loop in the
GMPPS. Speciﬁc objectives of the study were to:
• Identify potential drivers for closing the metal ﬂow loops efﬁciently by better understanding the dynamics of the GMPPS.
• Propose a future eco-cycle scenario based on the potential drivers
and the eco-cycle concept, and provide suggestions for implementing this eco-cycle scenario in the real-world situation of the
GMPPS.
The intention was not to predict the future, but to understand, explore, and learn about the complexity and dynamics of
the GMPPS.
2. Methods
2.1. The eco-cycle concept
The eco-cycle concept (Ravetz, 2000; Eco-Cycle, 2014) represents the industrial metabolism (Fischer-Kowalski and Haberl,
1998) in a socio-technical system (Geels, 2012) where substances
or resources continuously circulate within the socio-economic system with low or no leakage of the resources. The term eco-cycle is
used in this study to represent nearly closed-loop material ﬂows or
very low leakage in the mobile phone product system. The conceptual eco-cycle model focuses on the technical nutrients, e.g., metals,
that are circulated in the socio-technical system with little or no
re-entry into the lithosphere (Graedel and Allenby, 2003; Preston,
2012).
The necessary links between actors to close the material ﬂow
loop in the GMPPS are illustrated in Fig. 1. Physically, the product
system entails the extraction of necessary raw materials, production and assembly of parts by manufacturers and suppliers, a
maintenance and distribution network, utilization by consumers,
material collection and recycling, waste treatment, and transports.
In a societal context, the system includes the behavior of markets
and user practices, costs, price and demand elasticity, purposes,
function and objectives, consumer preferences, awareness, economic development, and aspects of a social and a softer character.
The eco-cycle concept in mobile phone product systems thus
includes both physical resource management and social aspects. In
this study, the eco-cycle concept illustrated in Fig. 1 only provided
the mental model to visualize the eco-cycle scenario qualitatively.
The quantitative eco-cycle was formulated by experimenting with
the SD model. The default SD model was parameterized based on a
business as usual (BAU) scenario.
2.1.1. Eco-cycle indicators
Based on circularity indicators produced by the Ellen MacArthur
Foundation (2015) and Bollinger (2010), two indicators were
employed for examining the GMPPS. These were loop leakage and
loop efﬁciency, which quantify the degree to which metals are efﬁciently preserved in the system. The loop leakage indicator, based
on the linear ﬂow index by Ellen MacArthur Foundation (2015),
determines the resource fraction leaving the product system, i.e., it
indicates to what extent the loop is closed and metals are preserved
in the system. The loop efﬁciency indicator, based on the cradle-tocradle indicator (C2CI) developed by Bollinger (2010), determines
how efﬁciently the resources are utilized in the system. In this case,
efﬁciency indicates the efﬁcient uses of resources without hibernating resources. Eq. (1) illustrates quantiﬁcation of loop leakage
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Fig. 1. Flows of materials through a (partially) closed mobile phone product system. The thickness of the ﬂow arrows illustrates the amount of materials, e.g., mass of metals
or number of phones, in industrial symbioses within the product system.

(lm ) and loop efﬁciency (em ) in the SD model, adapted and modiﬁed from the equation for the cradle-to-cradle indicator (C2CI) of
Bollinger (2010).

t

md +

t

mdr

t=0
t
m
t t=0 m t
m +
mdr + mh (t)
t=0 d
em (t) = 1 −
t t=0

lm (t) =

t=0

t=0

(1)

mm

where lm (t) determines the loop leakage for metal m 
at time t; em (t)
t
m is the
is the value of loop efﬁciency for metal m at time t;
t=0 d
cumulative
mass
of
metal
m
disposed
of
through
phones
disposal
t
m is the cumulative mass of metal m disposed of
at time t;
t=0 dr

t

by phone recyclers at time t;
m is the cumulative mass of
t=0 m
metal m used in phones by manufacturers at time t and mh (t) is the
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2.2. System dynamics model
The SD model was adopted from the equation-based model of
Bollinger et al. (2012) to conduct metal ﬂow analysis of the GMPPS
in a life cycle perspective in order to explore an eco-cycle scenario.
Fig. 2a describes the conceptual system dynamics model of the
GMPPS. The arrows in the ﬁgure between subsystems represent
information ﬂows. The mobile phone ﬂows subsystem is portrayed
using system dynamics diagramming notations (Sterman, 2000),
where a rectangular box represents stocks, a pipe arrow pointing
to a stock represents inﬂows, a pipe arrow out of a stock represents
outﬂows, valves on the pipes control the ﬂows, clouds represent
sources/sinks and each linked arrow represents a causal relation.
The overarching model of the system is divided into two main
domains with similar stocks and ﬂows, IC and DC. These two
domains are connected through the export and import of used
phones (Fig. 2a). The export and import of used phones between IC
and DC depend on economic proﬁts for further business, e.g., refurbishing, retail, recycling (see Appendix). The performance domain

in the model (Fig. 2a) then collects all information related to stocks
and ﬂows in IC and DC to estimate the global metal balance and
eco-cycle indicators (Eq. (1)).
Since the IC and DC domains have similar stocks and ﬂows,
a common detailed illustration of the stocks, ﬂows, and subsystems of each domain is presented in Fig. 2b. In the diagram,
the mobile phone ﬂows subsystem is shown with detailed stocks,
ﬂows, and causally linked parameters, whereas other subsystems
(consumer, metal ﬂows, economy, and investments) are represented
as conceptual information ﬂows to the mobile phone ﬂows subsystem. The consumer subsystem processes the information on
consumer growth and consumer choice between purchasing an old
and new phone. The metal ﬂows subsystem provides information
about metal requirements for phone manufacturing and recovery
of metals. The economy subsystem processes the information on all
types of costs, price-demand elasticity, and expected proﬁts. The
investments subsystems provide the information for investing or
shrinking the business to speciﬁc sectors, e.g., manufacturing. These
subsystems are documented in the Appendix with detailed stocks,
ﬂows, state variables and equations.
The processes in Fig. 2 were parameterized with real-world data
input (see Table 1). The resulting default SD model represents a
BAU scenario or base case. Based on an optimization outcome and
sensitivity analysis (see Figs. 5 and 6), the eco-cycle scenario was
then evaluated by varying the values of different input parameters.
2.3. Model modiﬁcation, quantiﬁcation, and implementation
Here, we implemented the system dynamic model shown
in Fig. 2 in the educational version of AnyLogic 6.8.1 software
(AnyLogic, 2014). We quantiﬁed the SD model based on the work
of Bollinger et al. (2012) and Bollinger (2010). Detailed parameterization and description of the equations in the model are provided
in the Appendix.
The investment sectors in the adopted model implemented in
AnyLogic did not show results in agreement with the real-world
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Fig. 2. (a) Conceptual system dynamics model of the global mobile phone product system (GMPPS) and (b) further illustration of each domain (industrialized countries (IC)
and developing (DC)) with ﬁve subsystems.

Table 1
Default parameter values for the system dynamics (SD) model of the global mobile phone product system (GMPPS). IC = industrialized countries, DC = developing countries.
Parameter

Value

Reference

IC/DC Retail cost of phone
IC/DC Phone use time
IC/DC Phone hibernation time
IC collection cost per phone
DC refurbishing cost per phone
IC cost of metal recovery per phone
DC cost of metal recovery per phone
Gold recovery rate IC recyclers
Gold recovery rate DC recyclers
Mass of gold per phone
Mass of silver per phone
Mass of copper per phone
Mass of palladium per phone
Price of gold per gram
Price of silver per gram
Price of copper per gram
Price of palladium per gram
Export cost per phone
Accessibility of IC/DC collection pathways
IC/DC consumer motivation and awareness
Manufacturing costs
Incentive costs

7% of manufacturing cost
1.5 years
1 year
2.25 USD
4.9 USD
0.27 USD
0.14 USD
0.95
0.25
0.03 g
0.51 g
15 g
0.045 g
52.19 USD
0.91 USD
0.0068 USD
25.59 USD
0.0079
0.5
0.5
65.4 USD
20 USD

Bollinger et al. (2012)
Bollinger et al. (2012), Neira (2006)
Bollinger et al. (2012), Neira (2006)
Geyer and Blass (2010)
Bollinger et al. (2012)
Geyer and Blass (2010)
Bollinger et al. (2012)
Bollinger et al. (2012)
Bollinger et al. (2012)
Navazo et al. (2014), Geyer and Blass (2010)
Geyer and Blass (2010)
Geyer and Blass (2010)
Geyer and Blass (2010)
Perthmint (2013)
Perthmint (2013)
Bollinger et al. (2012)
Perthmint (2013)
Bollinger et al. (2012)
Bollinger (2010)
Bollinger (2010)
Bollinger et al. (2012)
Bollinger et al. (2012)
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trend. Therefore, we modiﬁed the investment sectors only. According to Bollinger (2010), investors will invest if the expected proﬁt
is positive. However, it is not clear in their demonstration how
investors would grow or fulﬁll the upstream demand, e.g., retailer
or consumer demand for phones, and downstream demand,
e.g., collector, refurbisher or recycler demand for phones. In our
modeling approach, investors will invest based on the predicted
expected proﬁt due to the investment. If the business is proﬁtable,
the investors grow their business; otherwise, they shrink it, i.e.,
degrow. We also set a controlled growth rate for investors. The
controlled growth determines the instantaneous growth rate
based on the demand and maximum handling capacity of the
investors. For instance, when the demand is high, the controlled
growth encourages the investors to grow at a higher rate. See the
Appendix for information on the controlled growth.
In our model, we assumed that upstream investors grow with
consumer demand (i.e., investment in manufacturing and retail,
see Fig. 2b) without any control. In other words, the manufacturers and new phone retailers will always fulﬁll the demand, without
considering the instantaneous growth rate. However, the EoL organizations invest in their business with controlled growth deﬁned
by a multiplying factor which is the ratio of demand and to the
maximum capacity of the organization. EoL organizations invest to
grow or degrow their capacity based on the demand, current stock,
the maximum handling capacity of the organization, and expected
proﬁt from the investment. Since the policy and regulations for
managing e-waste are stricter in IC than in DC (Kuehr, 2012; Navazo
et al., 2014), we assumed in our model that IC collection always fulﬁlls at least 20% of collection demand. In other words, the collectors
have to collect 20% of the demand for both proﬁt and loss.

2.4. Assumptions and limitations
Based on statistics for the most recycled metals in EoL phones
and e-wastes (Basel-Convention, 2008; Tischner, 2012; Navazo
et al., 2014), we assumed that gold (Au), copper (Cu), silver (Ag),
and palladium (Pd) were the metals of highest interest in the GMPPS
context. These metals were assumed to be of pure quality and with
constant price over time. In our model, gold is the main driver for
recycling, because of its high economic value (Basel-Convention,
2008; Tischner, 2012). According to Navazo et al. (2014), the economic value of materials in EoL phones comes to 80% from Au,
10% from Pd and 7% from Ag. Thus, our modeling of the EoL metal
ﬂows in the mobile phone product system was based on the behavior of the gold ﬂow and gold recycling rate. The recycle rate and
ﬂow behavior of copper, silver and palladium in the mobile phone
product system might not be similar to gold. The composition
of materials in the phones and the production technology were
assumed not to change over time in the model.

2.5. Model inputs
Table 1 shows the default parameter values used in the model.
In the following text, default parameter settings refer to the base
case which also represents the BAU scenario.
In the model, the rate of phone subscriptions as a function of
consumer growth (cf. Fig. 2) is taken from Fig. 3b. Initial stock
values for the model are presented in Table 2. According to ITU
(2013), mobile phone subscriptions in 1994 amounted to 60 million in IC and 8 million in DC. Global mobile phone subscriptions
in 1994 were approximately 1% of global phone subscriptions in
2012 (ITU, 2013). Thus, the initial point in the model was set to
1994. The initial stock values shown in Table 2 were used for all
experiments in this study. The study period for all experiments was

69

Table 2
Initial stock value for the system dynamics (SD) model of the global mobile phone
product system (GMPPS).
Stocks

Values

Reference

IC consumer
IC new phone consumer
IC refurbished phone consumer
DC consumer
DC new phone consumer
DC refurbished phone consumer

6,000,000
42,000,000
18,000,000
8,000,000
5,600,000
2,400,000

ITU (2013), UN (2013)
Assumed (70% of total)
Assumed (30% of total)
ITU (2013), UN (2013)
Assumed (70% of total)
Assumed (30% of total)

All other stocks are set to 0.

1994–2050. Numerical methods and tolerances used in the model
are documented in the Appendix.
2.6. Experiments
2.6.1. Drivers and eco-cycle scenario
We conducted a sensitivity analysis to identify the most sensitive parameters and assess the uncertainty and robustness of the
model. The sensitivity of parameters to a certain output can indicate a dominant path and associated drivers (Sterman, 2000). In our
study, a sensitivity analysis was conducted to identify the potential
drivers for which the loop leakage of the system was at a minimum
and the loop efﬁciency was at a maximum. This sensitivity analysis was performed by increasing (or decreasing) one parameter
value from the base case (Table 1) by up to 100% while keeping
other parameters at their default values. The values of loop leakage and loop efﬁciency were estimated as averages for the period
1994–2050. The sensitivity analysis was conducted considering all
the input parameters shown in Table 1. However, some parameters were omitted from the analysis based on their behavior to
the loop indicators. In many processes in the model, a number of
parameters showed closely resembling contribution to the process
and the loop indicators. In those cases, we only took one parameter as a proxy for the others. For example, consumer motivation
and awareness, accessibility of collection pathways, and incentive
costs contribute positively to the fraction of phones collected, but
we only considered accessibility of collection pathways in the analysis. The potential drivers were ranked based on their contribution
to minimizing loop leakage and maximizing loop efﬁciency. The
drivers were then analyzed with the system dynamics model to
understand the system for the eco-cycle indicators.
Next, we devised an eco-cycle scenario focusing on maximizing
loop efﬁciency and minimizing loop leakage using the OptQuest
optimizer (AnyLogic, 2014; OptTek Systems, 2015) and manual
tuning. First, we used the OptQuest optimizer to optimize both
high- and low-sensitivity parameters (Figs. 5 and 6). We initially set
possible maximum and minimum values for all sensitive parameters to optimize the system by maximizing loop efﬁciency and
minimizing loop leakage. Then we narrowed down the maximum
and minimum values for the parameters toward the optimized values. Finally, we carried out manual tuning to achieve the optimized
values for the eco-cycle scenario, focusing on maximizing loop efﬁciency and minimizing loop leakage.
2.6.2. Model testing
First, we tested the model with causal loop and structure
assessment tests (Sterman, 2000; Rahmandad and Sterman, 2012).
The structure assessment tests included both direct structure and
structure-oriented behavior tests. The direct structure test included
relations and assumptions and relevant variables, and examined
the static structure of the model. The structure-oriented behavior test examined the behavior of the model with some selected
parameters and their extreme values and also in a sensitivity analysis (Figs. 5 and 6) with constant-step parameter change to check
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Fig. 3. Change in number of (a) mobile phone subscribers and (b) mobile phone subscribers per 100 inhabitants over time, 2000–2012.
Data source: ITU (2013).

the behavior. Extreme conditions were tested to inspect the equations for extreme values and the plausible response when subjected
to extreme values of the parameters. This test examined the model
behavior no matter how extreme the policy would be to impose.
For example, we checked 100% collection of phones, no phone
hibernation time, no recycling costs, and so on. The model showed
agreement with the results in the causal loop tests and structure
assessment tests.
We then tested the model with model-independent real world
data, i.e., ﬁeld data, on consumer growth and EoL scenario. Fig. 4
shows the modeled number of mobile phone subscriptions (solid
lines) for IC, DC, and globally as a function of time from 1994
to 2012. In the simulations, the initial (1994) number of subscriptions was set to 6,000,000 and 8,000,000 for IC and DC,
respectively (ITU, 2013) and the input to the model was the global
population (taken from UN (2013)). Markers in Fig. 4 show modelindependent observations of number of subscriptions from the
literature shown in Fig. 3a. The result showed that the model was
able to replicate the observed historical behavior of mobile phone
subscriptions. The average deviation during 2000–2012 between
modeled and observed number of global subscriptions was around
3% and the average deviation during 2006–2012 was less than 1%

(see Appendix). We considered this level of agreement satisfactory
for the purposes of this study.
Table 3 shows the EoL scenarios for the IC using model results
(BAU case) and data for real world situations (i.e., ﬁeld data). These
ﬁeld data were collected from different publications and represented the range between minimum and maximum values found
in the literature (see Table 3). The quality of these ﬁeld data was
sometimes not transparent as regards e.g., estimation methods.
Furthermore, due to unavailability of data for some countries, the
data represent the statistical average of only a few IC.
The model results for hibernation, disposal, export, and reuse
fell within the range of ﬁeld data but the values obtained for collection and recycling were higher than the ﬁeld values. There was
signiﬁcant uncertainty in the ﬁeld values for IC as regards recycling
(2–16%) and disposal (53–90%). Since the disposal value given by
the model was close to the lower boundary of the ﬁeld data range
(53% in Table 3), this resulted in higher model values for collection
and recycling. Considering the quality and unavailability of the data
discussed above, we considered model performance satisfactory for
the purposes of the study.
3. Results and discussion
3.1. Potential drivers

Fig. 4. Global industrialized country (IC) and developing country (DC) phone subscriptions over time, 1994–2012. Symbols show estimates from the literature (ITU,
2013), while solid lines show model output from this study.

Potential drivers were identiﬁed by the sensitivity of the parameters to loop leakage and loop efﬁciency. Loop leakage represents
to the extent to which metals leave the global mobile phone product system, while loop efﬁciency determines how efﬁciently the
resources are utilized in the system (Eq. (1)). Figs. 5 and 6 show the
response in global loop leakage (Figs. 5a and 6a) and loop efﬁciency
(Figs. 5b and 6b) to individual changes in selected parameters of the
model. The base case represents the business as usual (BAU) parameter setting in the model, using best estimates of parameter values.
With changes in the selected parameter values, the DC parameters
showed larger contribution to the loop leakage and the loop efﬁciency than the IC parameters (Figs. 5 and 6). Based on the larger
contribution to minimize the loop leakage, we devised the following parameter ranking upon a 100% increase in the parameter values: (i) accessibility of collection pathways (i.e., collection system)
for both IC and DC; (ii) mobile phone use time (i.e. life span) for both
IC and DC; (iii) gold recovery in DC; and (iv) mobile phone hibernation for both IC and DC. The analysis also suggested the same parameter ranking for loop efﬁciency (Figs. 5b and 6b), which was based
on the contribution to maximize the loop efﬁciency by changing
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Table 3
Industrialized countries (IC) end of life (EoL) scenarios for model testing.
End-of-life processa

Model average
(2005–2013)b

Fieldc (2005–2013)

Field reference

Hibernation
Disposald

63%
55%

41–65%
53–90%

Collecting
Recyclingd

45%
18%

23–30%
2–16%

Export
Reuse

27%
6%e

21–34%
0–10%

Cairns (2005), Meskers and Hagelüken (2009), Navazo et al. (2014)
Silveira and Chang (2010), Wilhelm et al. (2011), Herat and
Agamuthu (2012), Peng and Su (2014)
Navazo et al. (2014)
Silveira and Chang (2010), Wilhelm et al. (2011), Herat and
Agamuthu (2012)
Takeback-Coalition (2013)
Wilhelm et al. (2011)

a

Schematic ﬂow diagram of IC end-of-life scenarios.
Range of years determined based on the range of published values in the literature. Hibernation percentage estimated based on total phones in consumption. Other EoL
process percentages estimated based on used phones ready for collection.
c
Estimates made in different years 2005–2013 and by different methods in different studies. The range of ﬁeld values represents minimum and maximum published
values for a speciﬁc process, e.g., collection.
d
Exported used phone disposal or recycling (dashed arrow in the schematic ﬂow diagram) is not included in the table for estimation of disposal and recycling.
e
Reuse = Reuse in IC + IC exported phone reuse in DC. Reuse includes not only reuse without any modiﬁcation and reuse with modiﬁcation by repairing, refurbishing, and
remanufacturing.
b

all selected parameters 100% from the base case. An increase in the
above ranked parameters from the base case, which was based on a
best estimate of the current situation (2013), led to a decrease in the
loop leakage (Figs. 5a and 6a) and an increase in the loop efﬁciency
except for the IC and DC phone hibernation time (Figs. 5b and 6b).
We also analyzed the drivers through the SD model to gain
insights into eco-cycle indicators. This revealed that the accessibility of collection pathways and mobile phone use time made the
largest contributions to closing the loop efﬁciently (Fig. 5). Based on
the causal relationship in the model, longer life of phones reduces
the demand for new phones. As a result, manufacturers require
less metal for new phone production. In addition, longer use time
of a phone delays EoL management and increases the collection
rate because of the lower number of phones ready for collection.
Consequently, consumer disposal rate of phones outside collection
systems decreases. In the model, collection of phones was estimated by: (i) accessibility of collection pathways; (ii) consumer
motivation and awareness; and (iii) incentives for consumers (see
Fig. 2b and equations in Appendix). Since accessibility of collection pathways (Fig. 5) made a larger contribution to the closed loop
system, a higher collection rate can be achieved by incentives to
consumers or by educating them to increase awareness.
According to the SD model, more efﬁcient collection of phones
enhances the positive feedback loop toward an efﬁcient closed
loop system through the refurbish, reuse, and recycle paths (cf.
the loop in mobile phone ﬂows subsystem in Fig. 2b). In addition, a higher collection rate makes the business proﬁtable, which
attracts more investors to invest. Therefore, an efﬁcient collection
system enhances the EoL organizations (e.g., collection, recycle)
to grow and initiate synchronized growth with upstream parts of
the product system. Synchronized growth is further discussed in
conjunction with results of the eco-cycle scenario.
Experiments with the model on a higher degree of collection
showed higher exports (c.f. Fig. 2b) of used phones from IC to DC.
The recovery rate of informal recycling in DC was very low compared with the rate in IC (cf. Table 1). Consequently, the informal
recycling sectors created system leakage, showing higher leverage
in the sensitivity analysis (cf. gold recovery rate DC recyclers in
Fig. 5). This suggests a need to improve the recycling efﬁciency,
especially in informal sectors in DC.
The last dominant driver according to the model, hibernation
of phones, resulted in decreased loop leakage with an increase

in hibernation time (cf. DC phone hibernation time in Fig. 5a).
However, longer hibernation of phones also decreased loop efﬁciency (cf. IC and DC phone hibernation in Fig. 6b). Thus, the model
indicates that short duration of phone storage (without any use)
increases loop efﬁciency.
A negligible contribution to loop leakage and loop efﬁciency in
both IC and DC (Figs. 5 and 6) was observed with an increase in the
following parameters: manufacturing cost, export cost, utility of a
refurbished phone, i.e., functionality compared with a new phone,
and price of metals.
Surprisingly, an increase in manufacturing costs from the base
case made a very small contribution to eco-cycle indicators (cf.,
manufacturing costs in Fig. 5a and b). However, a decrease from
the base case made a moderate contribution to eco-cycle indicators. Very low manufacturing costs of phones (Fig. 5) increased
loop leakage and decreased loop efﬁciency. According to the model,
consumers buy new phones by comparing the price and utility of
a new phone and a secondhand phone. Among cheaper phones,
consumers generally prefer buying new phones over secondhand
phones, and this decreases the reuse of phones. Eventually, the
phones are discarded, and the life span of phones becomes shorter.
Thus, cheaper phones (i.e., lower manufacturing costs) resulted in
large loop leakage and low loop efﬁciency (cf., manufacturing costs
in Fig. 5a and b).
On the other hand, for phones with higher manufacturing costs,
e.g., high end smartphones, an increase from the base case made
a negligible contribution to loop leakage and loop efﬁciency (cf.
Fig. 5). According to the model, a possible explanation is less proﬁt
for recyclers to buy those phones to recycle. As a result, the phones
are not attracted to the collection systems at their EoL. The costly
phones thus act like a default phone in the model. Moreover, the
model does not have any direct price feedback on reuse and life
span of a phone.
Among other drivers in the model, cost of metal recovery (Fig. 6)
surprisingly made a negligible contribution to loop leakage and
loop efﬁciency. According to the model, the formal recycling is not
proﬁtable in the BAU scenario (base case). In addition, with a change
(increase/decrease) in the cost of metal recovery, formal recycling
is not still proﬁtable, because the recovery cost is a very small part
of the total upstream costs associated with the collection of EoL
phones by the formal facility. As a result, most EoL phones end up
at an informal facility, and the change in the cost does not affect
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Fig. 5. Average values during the period 1994–2050 for highly sensitive parameters for (a) global loop leakage and (b) loop efﬁciency as a function of change in parameters
from base case.

EoL phone ﬂows, or loop leakage and loop efﬁciency. Another reason could be that EoL phones are not accessible to the collection
system, e.g., consumers are not aware of the need to recycle their
EoL phones, which does not have any link to the recovery cost in
the model. Eventually, the consumers either hibernate phones or
throw them away as usual. Other parameters that made a negligible contribution to loop leakage and loop efﬁciency in both IC and
DC (Figs. 5 and 6) were: export cost, utility of a refurbished phone,
and price of metals.
While the model assumed that all new phones have the same
material composition and functionality, the results of the sensitivity analysis indicate that the model can interpret differences
in behavior for smartphones (i.e., high manufacturing costs) and
cheaper phones. Similarly, the model can explain other assumptions, such as increasing metal prices and changing recovery
technology.
In order to improve the model, it is recommended to investigate feedback loops to increase life span of mobile phones since

the model does not have any direct feedback on life span. It is also
important to explore the inﬂuence of the environmental concerns
of consumers to improve collection systems as well as to increase
life span of phones. Future studies could also focus on investigating whether resource scarcity or criticality of materials (EU, 2010)
could close the material ﬂow loop since (i) the rising demand of
raw materials is surpassing supply; and (ii) some minerals are only
produced in a few countries.
3.2. Eco-cycle scenario
Parameter settings suggested for the eco-cycle scenario based
on results from the optimization and the sensitivity analysis are
shown in Table 4 and EoL scenarios in IC and DC for BAU and ecocycle parameter settings at steady state over time 1994–2050 are
shown in Table 5. The BAU scenario in Table 5 shows the steady
state values for default or base case parameter settings and the
eco-cycle scenario shows the steady state values for the eco-cycle
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Fig. 6. Average values during the period 1994–2050 for less sensitive parameters for (a) global loop leakage and (b) loop efﬁciency as a function of change in parameters
from base case.

parameter settings. In the eco-cycle scenario, a step change from
BAU to eco-cycle parameter settings was introduced at the year
2014. The BAU scenarios for both IC and DC, shown in Table 5, comprised 55% disposal and hibernation of phones, which was mainly

responsible for increasing system leakage and decreasing the efﬁciency (Eq. (1)). Disposal and hibernation of phones are both linked
to collection systems for phones, where the BAU scenario for both
country domains comprised around 45%. The eco-cycle scenarios

Table 4
Suggested parameter settings for the eco-cycle scenario based on results from model
optimization and sensitivity analysis. Values within brackets represent the business
as usual (BAU) or base case.

Table 5
End-of-use phones at steady state in industrialized countries (IC) and developed
countries (DC).
EoL mobile phonesa

Parameter

Eco-cycle

New mobile phone use time in both IC
and DC
New mobile phone hibernation
without any use in both IC and DC
Accessibility of collection pathways in
both IC and DC
Consumer awareness in both IC and DC
Gold recovery rate of DC recyclers

5 years (1.5 years)
0.25 years (1 year)
100% (50%)
75% (50%)
95% (25%)

Hibernation
Disposal
Collection
Export
Recycling
Reuse
a

Business as usual

Eco-cycle

IC

DC

IC

66 %
55 %
45 %
26 %
18 %
0%

66 %
55 %
45 %
0%
26 %
20 %

cf. the schematic ﬂow diagram in Table 3.

5%
0%
100 %
59 %
41 %
0%

DC
5%
0%
100 %
0%
68 %
32 %
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Fig. 7. Business as usual and eco-cycle scenarios of (a) gold use by phone manufacturers and gold recovery at end of life of phones, (b) loop leakage and (c) closed loop
efﬁciency of the global mobile phone product system as a function of time during 1994–2050.

for both IC and DC showed 100% collection of phones and, consequently, the disposal and hibernation of phones was around 0% and
5%, respectively (Table 5). The scenario also showed that higher
numbers of collected phones in eco-cycle scenarios than in BAU
scenarios increases the number of recycled and refurbished/reused
phones. According to the model, exported IC used phones are either
recycled or refurbished/reused in DC (Table 5). Thus the suggested
eco-cycle scenario could improve the EoL management of mobile
phones.
We also investigated the extent to which the proposed eco-cycle
scenario could contribute to recovery of material at EoL and raw
material use for production of new phones. In addition, we investigated loop leakage and loop efﬁciency for the GMPPS. Fig. 7a shows
modeled gold use and recovery from 1994 to 2050. From 1998 to
2014, the model results show increasing gold use (broken line in
Fig. 7a) and a low rate of gold recovery (thick gray line). The oscillation in modeled gold use, particularly seen from year 2008 an
onward, is ascribed to price elasticity, meaning that when prices of
phones decrease, demand of phones increase, and vice versa. During the historical period 1994–2014, recovery of gold (thick gray
line in Fig. 7a) as given by the model was low.
For the period 2014 to 2050, we experimented with two alternative scenarios, BAU (broken and thick gray lines) and eco-cycle
(thin and thick black lines in Fig. 7a). In the eco-cycle scenario, the
period 1994–2013 shows business as usual parameter settings and
the period 2014–2050 shows eco-cycle parameter settings. This
experimentation was done by making a step change in parameter values for the eco-cycle scenario, where-after parameter values
were kept constant over time. Thus, the model do not consider the
time taken to go from BAU to eco-cycle conditions, by implementing policies and adapting new business and user behaviors in real
life. Therefore, the model output cannot be seen as a dynamic prediction of future, but can never the less be used to compare BAU
and eco-cycle consequences.
Model results in Fig. 7a showed a lower gold use in the eco-cycle
(thin line) than in the BAU (broken line). Also, the amplitude, due
to price elasticity, was lower in eco-cycle than in BAU. Moreover,
the modeled gold recovery was 3-4 times larger in the eco-cycle
(thick black line in Fig. 7a) than in the BAU (gray line) scenario.
Therefore, we conclude, that altogether, model results suggested
that eco-cycle could lessen the pressure on gold and probably other
raw materials, as compared to BAU.

We also evaluated the BAU and eco-cycle scenarios in terms
of loop leakage (Fig. 7b) and loop efﬁciency (Fig. 7c) indicators
for closed loop performance of the product system. In the BAU
scenario, the model showed current loop leakage to be approximately 50% and closed loop efﬁciency approximately 35%. Over
time (cf. business as usual scenario in Figs. 7b and c), loop leakage
continuously increased and loop efﬁciency decreased and by 2050
were approximately 80% and 16%, respectively. On the other hand,
the suggested eco-cycle scenario showed decreasing loop leakage
down to approximately 20% by 2050 and increasing loop efﬁciency,
up to around 77% by 2050 (cf., eco-cycle scenario in Figs. 7b and c).
3.3. Suggestions for an eco-cycle system
3.3.1. Increasing life-span of a mobile phone
The model results indicated that a longer life-span of mobile
phones (i.e., phone use time) decreases loop leakage and increases
loop efﬁciency in the GMPPS. Improvement to a small part of a
phone currently makes the whole phone obsolete because of its
non-modular design (Brezet and Van Hemel, 1997, p. 155). Thus
solution such as the phoneblok concept (Phonebloks, 2013) could
increase the life-span of a mobile phone. Furthermore, resource
conservative manufacturing (ResCoM) (Rashid et al., 2013; Asif
et al., 2012) could increase the product life by allowing replacement
of obsolete/damaged/expired components.
On the other hand, socio-economic enterprises (for example charities, voluntary organizations, non-proﬁt companies, used
phone sellers) play a signiﬁcant role in reuse (Ongondo et al., 2013)
of a phone for extending its life. In this case, Ongondo et al. (2013)
suggest a resource platform by creating industrial byproduct symbiosis for fostering reuse, recycling, and EoL management.
3.3.2. Enhancing collection and end-of-life
Our modeling results suggested that improved collection systems for used mobiles is a key driver for the eco-cycle scenario
that could synchronize growth between upstream and downstream
activities. Organizations/sectors/technical systems at the EoL are
currently not growing in synchronization with new phone production in order to handle used phones. Hence, more investment at EoL
is required to synchronize growth of upstream and downstream
sectors, in order to achieve an efﬁcient, circular material ﬂow loop.
In the real world and in the model, an organizational growth engine
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depends on proﬁt, which triggers investment, creating a positive
feedback loop (Laurenti et al., 2015b) for the organization/business
growth. To close the material ﬂow loop and for the eco-cycle
scenario in the GMPPS, synchronized growth of production, consumption, and EoL management is essential.
To promote synchronized growth, it has been suggested that
upstream producers include external costs (e.g., social and environmental costs of production and EoL management) in producing
their products (Leonard and Conrad, 2011; Jackson, 2011; Laurenti,
2013; Liao and Chuang, 2013). In addition, extended producer
responsibility (EPR) could play an important role in internalizing
EoL costs and possibly promoting improved collection (Herat and
Agamuthu, 2012; Corsini et al., 2013; Laurenti et al., 2015b). At
the same time, an EPR could motivate producers to design phones
with better recycling characteristics (Corsini et al., 2013; Herat
and Agamuthu, 2012; Besiou et al., 2012), which could increase
recovery rate. Based on a concept of designing phones with better
recycling characteristics and securing a longer life-span, Laurenti
et al. (2015b) devised a product service system (PSS) that could
create a new circular growth (e.g., reusing, refurbishing, recycling)
at the EoL of mobile phones. Kuehr (2012) also argues that PSS
could close the loop avoiding loop leakage and illegal shipment of
e-waste. Overall, therefore, internalizing external costs, EPR, and
PSS could synchronize growth by improving collection systems.
Based on the discussion above, PSS could synchronize growth
of the EoL and the upstream production of mobile phones, which
is essential for creating a closed loop in the mobile phone product
system. In this context, Shokohyar et al. (2012), Shokohyar et al.
(2013) suggested some leasing strategies in PSS that could increase
loop efﬁciency and minimize waste generation during the product
life cycle, as well as minimizing loop leakage. A reverse supply chain
and various recycling steps (Kuehr, 2012) could be other solutions
for preventing system leakage and increasing loop efﬁciency. Introduction of reverse logistics with the opening secondary markets
for refurbished/second-hand phones (i.e., the resource platform
proposed by Ongondo et al. (2013)) could increase the reuse of
phones. In addition, the opening of secondary markets could reduce
the preference for purchasing new phones over functional secondhand phones, i.e., rationalize consumer choice between old and new
phones.
Waste policies or implementation of related legislation have
a signiﬁcant inﬂuence on e-waste management (Widmer et al.,
2005). However, introducing policy to reduce waste in one system
could shift the burden to the other systems. For example, implementation of strict e-waste guidelines could increase the cost of
formal recycling due to legal requirements on waste treatment and
disposal of hazardous material and this might increase the materials ﬂow to informal recycling facilities, where recovery of valuable
materials is less efﬁcient because of primitive technology. Therefore, policy makers should apply broader systems thinking before
implementing legislation. On national level, policy incentives to
improve collection systems could amplify the reverse logistics of
used phones, as discussed above. In addition, imposing an increased
tax on material and embedded energy, and a decreased tax on labor,
could help grow the repair and refurbishment sectors, which can
extend the life span of phones (Cooper, 2012). Furthermore, policy support at national or global level could allow the PSS to shape
sustainable production and consumption in the GMPPS. To sum up,
policy to promote PSS or/and reverse logistics could help close the
metal ﬂow loop in the GMPSS and support to promote a circular
economy.
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increasing pressure on non-renewable resources such as gold.
This study investigated the possibilities to close the material ﬂow
loop for the valuable metals used in mobile phones by identifying potential drivers in the GMPPS. Previous modeling studies on
mobile phone product systems have applied either qualitative and
static quantitative approaches or small-scale quantitative dynamic
approaches in such work, but in this study system dynamics (SD)
modeling taking a broader systems perspective was applied. In
implementing the SD model, an equation-based model was tested
with real-world data from the scientiﬁc literature and shown to
comply with analytical objectives.
The potential drivers toward an efﬁcient closed loop system
were identiﬁed in the following order to take decision on: (i)
improving collection systems, (ii) used phones longer mobile phone
use time; (iii) improved informal recycling in developing countries;
and (iv) shorter mobile phone hibernation time. An efﬁcient collection system would facilitate reuse, refurbishment, and recycling.
The longer mobile phone use time driver reduced the pressure on
the demand side for producing new phones and the pressure on
EoL management. Longer mobile phone storage time without any
use increased hibernation, which made the loop inefﬁcient and
increased the loop leakage. The informal recycling in developing
countries driver resulted in lower resource recovery and higher
systems leakage. Other drivers, such as manufacturing cost, export
cost, and utility of a refurbished phone made very small contributions to loop leakage or loop efﬁciency.
Based on potential drivers, an eco-cycle scenario was proposed
to lower pressures on resources by decreasing resource demands
for production and increasing resource recovery at EoL of mobile
phones. By 2050, the proposed scenario decreased loop leakage
to approx. 20% (BAU scenario: approx. 50% at 2014 and 80% at
2050) and improved loop efﬁciency to around 77% (BAU scenario:
approx. 35% at 2014 and 16% at 2050). Internalization of external
costs, extended producer responsibility, a resource platform concept, modular design of phones, and improved recycling efﬁciency
could guide the current system toward the proposed eco-cycle
scenario. Better policy support, development of product service
systems, and introduction of reverse logistics are other potentially
important measures in fostering a circular economy.
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