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ABSTRACT

Ghana is a major e-waste treatment hotspot in the Global South, dominated by the informal sector (IFS). There, sustainable

development goals (SDGs) like good health and well-being, no poverty, or sustainable communities remain an area of concern.

Therefore, the present study aims at contributing to sustainable development in the Ghanaian IFS. To do so, for the first time, we

apply the system dynamics methodology to the Ghanaian e-waste context. The center and strength of the study is a causal loop

diagram (CLD) which was developed in a participatory process with stakeholders on-site. The CLD shows how none of the goals

stands alone but is embedded in a dynamic relationship with other goals and with the actors and proposed measures in the sys-

tem. The CLD can be used as a map when designing measures to understand potential consequences for actors and concurrent

goals and measures.

1 | Introduction

The rising production and consumption of electronic goods, as
well as their uncontrolled disposal, represent both a prevailing
trend and one of the most significant global challenges (Baldé
et al. 2024). According to the Global E-waste Monitor, the world
generated 62 million tons of electrical and electronic waste (e-
waste) in 2022—an average of 7.8kg per capita—which is pro-
jected to grow to 82 million tons by 2030 (Baldé et al. 2024). This
development can be attributed to increased economic growth,
urbanization, and consumption of electronic devices due to
the digitalization of everyday life (Hinchliffe et al. 2020; Jain
et al. 2023; Narkhede et al. 2024; Shahabuddin et al. 2023).
Within this global context, the countries of West Africa are
under particularly strong pressure as, apart from the locally

generated e-waste, considerable amounts of non-functional
devices are imported while being declared as “used” electri-
cal and electronic equipment (EEE) and thus circumventing
the legal framework set by the Basel Convention (Odeyingbo
et al. 2017; Schluep et al. 2012). It is estimated that only 0.7% of
the e-waste in Africa gets formally collected and recycled, al-
though e-waste is considered hazardous waste due to the toxic
substances such as heavy metals and flame retardants it con-
tains (Baldé et al. 2024). Thus, the vast majority (90%-95%) of
e-waste treated in countries of the Global South is handled by
the informal sector (Bimpong et al. 2024). In particular, Ghana
with the cities of Accra and Kumasi as major e-waste hubs faces
major implications for humans and the environment as the in-
formal sector is characterized by high health risks for workers
and neighborhoods, poor working conditions and emissions into

Abbreviations: CLD, causal loop diagram; EEE, electrical and electronic equipment; EFET, environmentally friendly e-waste treatment; EFTec, environmentally
friendly technologies; e-waste, electrical and electronic waste; EwT, e-waste treatment; F&R, formalization and regulations; FS, formal sector; IFS, informal sector;
PPE, personal protective equipment; ScD, scrap dealer; SD, system dynamics; SDG, sustainable development goal; WEEE, waste electrical and electronic equipment.
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soil (e.g., heavy metals), water (e.g., acids, nanoparticles), and
air (e.g., SO,, NO,) (Grant and Oteng-Ababio 2019; Kyere 2016;
World Health Organization 2021). Despite the severe health
effects and the economic insecurity of the business resulting
from the vulnerability to market fluctuations and disruptions,
the valuable materials recovered from e-waste recycling provide
the livelihoods of actors such as scrap dealers, collectors, dis-
mantlers, and recyclers (Hinchliffe et al. 2020; Schluep 2014). In
the context of sustainable development the situation in Ghana
is connected to a plethora of the UN sustainable development
goals (SDGs), for instance, SDG 1 (no poverty), 3 (good health
and well-being), 6 (clean water and sanitation), 8 (decent work
and economic growth), 12 (responsible consumption and pro-
duction), and 13 (climate action). Altering the situation in
Ghana, therefore, will have an impact on the achievement of
those goals. Measures that may influence the goals include for
instance the formalization of the IFS, the provision of a constant
income for workers (thus preventing a slipping off underneath
the poverty line), fostering safe e-waste treatment practices to
increase health and well-being, and reducing emissions from
treatments into soil, water, and air. This article includes those
and other aspects of the SDGs and investigates their interaction
in the Ghanaian e-waste treatment sector.

1.1 | Literature Review and Problem Statement

Since the rapid development of the EEE industry in the last
century, fueled by mass production, standardization and de-
creased prices, e-waste began to accumulate at a noticeable
level (Barapatre and Rastogi 2022). In parallel, the research field
around e-waste started to evolve reflecting growing environmen-
tal, health and economic concerns. Previous, primary research
studies often have a narrow focus on a particular sub-topic of the

TABLE1 | Selection of e-waste research areas and key topics.

e-waste ecosystem, as summarized in Table 1. One of the topics
that has received strong attention in research is the health and
occupational safety of e-waste workers. Systematic reviews from
China and Africa reveal that informal e-waste recycling exposes
workers and nearby communities to hazardous substances, re-
sulting in serious health risks (Grant et al. 2013; Orisakwe
et al. 2019). In China, epidemiological studies report DNA dam-
age, impaired lung and thyroid function, negative birth out-
comes, and cardiovascular diseases resulting from heavy metal
emissions (Awasthi et al. 2018; Grant et al. 2013). Behavioral
and neurodevelopmental effects were also observed. Research
in African contexts highlights similar threats. Exposure to tox-
icants such as heavy metals and dioxins in water, air, soil and
food has been associated with respiratory problems, hormonal
disruptions, miscarriages, and cancer (Orisakwe et al. 2019).
These findings underscore that both direct e-waste handlers and
the general population, including future generations, are at risk.

Given the severity and far-reaching nature of these risks and
the narrow focus of previous research, a holistic analysis of
the system is essential. However, only a few researchers take
this approach, considering the interdependencies between the
different goals, influencing factors, and stakeholders. Those
who adopt such a system dynamic's perspective focus their in-
vestigations on India (Dasgupta et al. 2017; Jayaprakash and
Pillai 2016), Brazil (Tedfilo and Bergiante 2024), China (Miao
et al. 2020; Xue et al. 2018), and Indonesia (Attazahri et al. 2021;
Hutami et al. 2020; Kemal and Ardi 2022). These studies con-
sistently highlight the interdependence of economic, regulatory,
and environmental factors. In India, for instance, simulations
show that the informal sector will increasingly dominate re-
cycling, though this raises health and environmental risks if
left unregulated (Dasgupta et al. 2017). In Brazil, Teofilo and
Bergiante (2024) model feedback loops illustrating how fast

Research areas

Key topics

Examples

Environment

Health and occupational safety

Pollution
Life Cycle Assessments (LCAs)

Effects of toxins on health

Awasthi et al. (2018), Ismail
and Hanafiah (2021)

Grant et al. (2013), Orisakwe et al. (2019)

Occupational hazards and measures

Recycling technologies and material
recovery

Policies

Economy

Mechanical and chemical recycling
Challenges of complex materials

WEEE Directive, Basel Convention
EPR schemes

Market trends in e-waste trade

Hossain and Sahajwalla (2024),
Yao et al. (2018)

Leclerc and Badami (2020), Patil
and Ramakrishna (2020)

Cottes et al. (2023), Petridis et al. (2020)

Economic feasibility of formal recycling

Society and ethics

Consumer behavior and education

Exploitation of workers
Ethical considerations

Barriers to recycling

Kelbessa (2023), Kirby and
Lora-Wainwright (2015)

Islam et al. (2021), Thukral et al. (2023)

Factors influencing consumer choices

Technology and innovation

Eco-design and modularity

Banerjee et al. (2024), Lu et al. (2022)

AT and robotics in e-waste sorting

Digital transformation

Block chain for tracking flows
Digital platforms for linking stakeholders

Khan and Ahmad (2022),
Sahoo et al. (2021)
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device obsolescence and poor disposal drive e-waste growth,
while also offering opportunities for urban mining and circular
strategies. Miao et al. (2020) demonstrate how in China, coordi-
nated manufacturer-retailer recycling models can improve col-
lection efficiency and reduce price-driven losses. Finally, Kemal
and Ardi (2022) show that in Indonesia, regulatory gaps, espe-
cially around funding responsibilities, hinder effective manage-
ment, suggesting that a clear funding scheme policy is essential
for improvement. These findings underscore the value of system
dynamics approaches in uncovering the complex cause-effect
chains shaping e-waste management. They emphasize that sus-
tainable improvements depend not only on technological solu-
tions but also on enabling institutional arrangements, economic
incentives, and regulatory clarity. The observed regional differ-
ences also point to the need for context-sensitive policies and
greater attention to under-researched regions such as Africa,
which remains largely overlooked in systems dynamics research
despite its pivotal role in international e-waste management
(Baldé et al. 2024).

Additionally, several of the studies discussed above research the
field of e-waste generation, recycling, and disposal (Kemal and
Ardi 2022; Puzzo and Prati 2025; Tedfilo and Bergiante 2024;
Xue et al. 2018), omitting the implications of the systems' in-
formal nature. Especially informal systems are characterized
by highly dynamic structures which contribute to their com-
plexity and sensitivity, and emphasize the need to understand
the effects of measures interfering with the system (Harfadli
et al. 2024; Wang et al. 2022). This is particularly important to
evade undesirable and unforeseen impacts that influence the in-
volved actors negatively and enhance the prediction accuracy of
future scenarios. Only if these relations are integrated in current
research, decision makers can elaborate tailored measures and
programs to successfully tackle environmental and social chal-
lenges associated with the informal e-waste sector and enable
its smooth transition toward more ecological and social sustain-
ability (Harfadli et al. 2024).

E-waste provides an important source of livelihood for the in-
volved workers and their families (Amankwaa 2013; Oteng-
Ababio 2012). While direct studies specifically examining the
impacts of increased wages for e-waste workers are limited, a
study conducted across five French-speaking West African
countries found that insufficient income was significantly as-
sociated with higher levels of perceived stress among e-waste
workers (Kédoté et al. 2022). The research indicated that work-
ers with inadequate income were 1.46 times more likely to expe-
rience stress at work compared to those with sufficient income.
Thus, increased wages might positively impact the health condi-
tions and well-being of workers.

However, insights about further interdependencies, especially
regarding effects of changes in the wage rate on environmental
friendly and safe e-waste treatment (EwT) are lacking for the
Ghanaian context. Also, formalization and legislative attempts
to transform e-waste management often fail to succeed due to
underlying, unconsidered interrelations as a clear root cause
analysis is not performed and knowledge about the complex in-
formal system is missing (ALqodsi 2025; Chen et al. 2020; Jangre
et al. 2022). Therefore, central cause-effect-chains must be iden-
tified for efficient resource allocation especially in developing

countries with limited financial resources to maximize positive
long-term impacts and contribute to informed decision-making.

This paper examines three key research gaps: (a) the lack of ho-
listic, system-level analyses that capture the interdependencies
across environmental, social, economic, and institutional di-
mensions; (b) the underrepresentation of African contexts, par-
ticularly in system dynamics research despite their relevance in
international e-waste flows; and (c) the insufficient integration
of informal system complexity, which is essential for under-
standing the potential impacts of designed measures.

1.2 | Objective of the Research

The primary goal of this study is to provide insights into the in-
terplay of stakeholders and potential consequences of measures
implemented, as identified through the development of a CLD
based on input from a variety of stakeholders and sources. It
intends to diminish negative environmental and social impacts
resulting from EwT; thus, it aims to create a solid knowledge
basis for decision makers to take efficient action and develop ap-
proaches toward further improving the current status quo.

In particular, we address the following main objectives within
our study: (a) identifying the main actors and factors that shape
the informal Ghanaian e-waste ecosystem; (b) understanding
the impacts of health from EwT, emissions from EwT and liv-
ing standard of scrap dealers (ScDs); (c) providing a dynamic
hypothesis of the informal Ghanaian e-waste system behavior;
and (d) understanding implications for the achievement of the
SDGs and offering guidance for researchers and practitioners
in shaping an environmentally and socially responsible e-waste
sector in Ghana.

The scope of this study is limited to the informal e-waste sec-
tor within Ghana, focusing on local actors, processes, and con-
sequences of e-waste treatment practices and interventions in
Ghana. Imports of EEE as well as upstream aspects such as
product design are excluded.

2 | Methodology

The methodological framework employed in this study is
grounded in System Dynamics (SD), which models the intricate
network of interactions among system elements, aiming to offer
a comprehensive representation of the cause-effect mechanisms
and feedback loops that shape system behavior (Sterman 2000).
An overview of SD and its use of Causal Loop Diagrams (CLDs)
as a qualitative tool to visualize feedback loops is provided in the
following together with a description of the multi-step process
used for building the final CLD version.

2.1 | System Dynamics and Causal Loop Diagram

SD has found applications in a variety of socio-economic
and environmental fields such as renewable energy supply
chains (Saavedra et al. 2018), transition of the automotive sec-
tor (Kieckhifer et al. 2017, Walther et al. 2010), food system
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sustainability (Amiri et al. 2020; Espinoza Pérez et al. 2024),
and solid waste management (Berenjkar et al. 2021; Rafew and
Rafizul 2021). These examples illustrate the versatility and effi-
cacy of the SD methodology indicating its suitability for inves-
tigating the complexities of the Ghanaian e-waste management
landscape.

Within SD, Causal Loop Diagrams (CLDs) offer a graphical rep-
resentation of complex systems including their inherent causal
connections and reciprocal influences, creating a dynamic hy-
pothesis that reflects reinforcing and balancing loops driving
the system behavior (Coletta et al. 2024; Sterman 2000). Given
their intuitive nature, CLDs serve as a foundation for the in-
volvement of relevant stakeholders in the development of the
model, thereby promoting a “collective system understanding”
(Coletta et al. 2021). Hence, as asserted by Mirchi et al. (2012),
CLDs present the “conceptual modeling step” in applying SD.
Among different fields, CLDs have been successfully applied in
policy analysis, sustainable development, and natural resource
management (Coletta et al. 2021, 2024; Groundstroem and
Juhola 2021; Perrone et al. 2020; Roxas et al. 2019). Furthermore,
in the West African context, Adebiyi and Olabisi (2022) ad-
opted a CLD to assess organic farming in Nigeria, while Olabisi
et al. (2018) employed this method to assess climate risks in the
region. However, in the field of e-waste in Africa only one CLD
study focusing on the Central African country Cameroon could
be identified, showing again the gap of research in this regard
(Esopere et al. 2024).

In our study, we decided to focus on the thorough elaboration
and validation of the CLD reflecting the current status of the
Ghanaian e-waste ecosystem to enhance the understanding of
the complex e-waste system and establish a solid basis for future
quantitative modeling with the SD methodology.

N
Step 1: Pre-study
Explorative field study in Ghana, Dec. 2023
J
v
i N
Step 2: First draft of CLD
Clustering, coding and integration of findings
- J
v
4 ™
Step 3: Review cycles of CLD
E-waste and SD expert interviews, May/June 2024
. J
v
'd A
Step 4: In-field review of CLD
In-field workshops in Ghana, July/Aug. 2024
\ Y J
v
( N
Step 5: Update and final version of CLD
Revision of CLD with workshop findings

& J

§

Among the SD approaches, participatory system dynamics
modeling (PSDM) involves relevant stakeholders in the itera-
tive development of the CLD, enhancing a comprehensive un-
derstanding of the problem and leveraging on the integration
between scientific expertise and stakeholders’ knowledge to
capture the full complexity of a system more effectively (Perrone
et al. 2020; Voinov and Bousquet 2010). Thus, PSDM is increas-
ingly recognized for improving the accuracy and reliability of
SD models by integrating directly involved stakeholders, thereby
providing a stronger foundation to guide decision-making
in complex and dynamic environments (Hedelin et al. 2017;
Hubacek et al. 2017; Inam et al. 2015; Mirchi et al. 2012).

2.2 | The Multi-Step Process Adopted for CLD
Development

Building on the principles of ST and PSDM (Coletta et al. 2024;
Liebovitch et al. 2020), this study employed a multi-step, mixed-
method approach to elaborate a CLD on the e-waste management
system in Ghana which is described below and summarized in
Figure 1. The essential data is gathered through observations,
interviews and workshops during a period from 2023 to 2024
following the approach by Elsawah et al. (2017) for “knowledge
elicitation”.

2.3 | Step 1: Pre-Study

The first step consisted of conducting an explorative field study
in Ghana in December 2023. Participant observations in the
field were performed as this qualitative technique serves as a
well-suited method to get a first impression and an overview
about the processes involved in informal e-waste management

/ Iterative CLD drafts \

Identification of key variables
ScD income, emissions from EwT, AHE

v

4 N\
Identification of variable relationships
Hypothesis of positive (+) and negative (-) causal

relations
g J

\ 4

Identification of feedback loops
Identifying balancing and reinforcing loops

. _/

FIGURE1 | Overview of multi-step process for modeling the CLD of the Ghanaian e-waste sector.
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(DeWalt and DeWalt 2010). Local actors were accompanied in
their daily routines across several collection and processing
sites. The researchers maintained a non-intrusive role, engaging
in informal conversations while observing activities to facili-
tate deeper understanding of the social dynamics, operational
practices, and environmental conditions. To minimize the risk
of behavior change due to the researcher's presence, the field-
work was spread over multiple visits and locations, enabling a
gradual build-up of trust. While some initial awareness of being
observed was inevitable, workers generally returned to their
regular practices after becoming familiar with the researcher's
presence. Importantly, the focus was not on individual behavior
but rather on understanding broader patterns, workflows, and
system characteristics of the informal e-waste sector.

Local stakeholders supported with identifying and establishing
contacts as well as facilitated trust building with further infor-
mants and served as a source of questions addressed in inter-
views with local scrap dealers and businesses (Kawulich 2005).
Additionally, local research institutes, university researchers,
and international cooperation agencies were approached to
complement the perspectives of the directly involved stakehold-
ers for creating a thorough basis for the further analysis.

2.4 | Step 2: First Draft of CLD

In a second step, insights from the pre-study are clustered by
topic and keywords. Data structuring is performed according
to consensus coding principles, that is, coding is performed
independently by the involved researchers and afterwards dis-
crepancies are discussed and codes are refined (Richards and
Hemphill 2018). The findings are then integrated to develop an
initial draft of the CLD, using the software Stella Architect 3.4.
This involves (i) determining the key variables of interest in the
Ghanaian e-waste system in line with the goals of the study (ii)
identifying a preliminary set of system elements relevant to the
key variables; (iii) formulating hypotheses of the interactions
between elements and their relationship to the key variables;
(iv) identifying preliminary feedback loops. In line with Coletta
et al. (2024), the resulting CLD graphically depicts the system
under investigation and illustrates the main interactions among
the system variables, setting the stage for the subsequent process
integrating further relevant stakeholders for validation.

2.5 | Step 3: Review Cycles of CLD

The third step initiates the iterative and interactive process of
reviewing and enhancing the CLD through the engagement
of different expert groups via individual interviews (Coletta
et al. 2024). This initial cycle of iterations facilitates insightful
discussions with specialists in SD who provide critical support
in strengthening the underlying methodology of the study, as
well as with experts in the e-waste sector, who offer valuable
feedback on the variables, the cause-effect mechanisms, and the
identified feedback loops. Experts were selected based on their
demonstrated expertise through academic publications, profes-
sional experience, or active involvement in e-waste management
research or system dynamics modeling. Efforts were made to en-
sure diversity in backgrounds to capture multiple perspectives.

To minimize bias and encourage open, critical input, partici-
pants were consulted individually in semi-structured sessions,
allowing them to independently assess and comment on the
evolving system model and its assumptions. This results in a
preliminary version of the CLD intended for in-field validation.

2.6 | Step 4:In-Field Review of CLD

The fourth step is carried out to improve and validate the CLD.
To do this, three in-field workshops were carried out, two in
Accra and one in Kumasi. The two cities are the major e-waste
hubs in Ghana (Asibey et al. 2022). The workshops in Accra in-
volved experts operating in the Ghanaian e-waste sector while
the workshop in Kumasi was held with local researchers. No
local e-waste workers were directly approached or involved in
the workshops. Instead, the workshops relied on the insights
of researchers and experts, both of whom were selected based
on their academic and field-based experience related to e-waste
in Ghana. This ensured that the discussions reflected context-
specific expertise while maintaining an academic and analytical
perspective. It also enabled the integration of diverse viewpoints
into the formulation of a dynamic hypothesis through struc-
tured participant input. Participation was voluntary, and prior
to the workshops, the purpose of the study and the role of par-
ticipants were clearly explained to ensure informed consent and
foster an open and respectful dialogue.

2.7 | Step 5: Update and Final Version of CLD

The last step is the refinement of the CLD to a final version
through an adaptation of the previously established relation-
ships. For this, results from the workshops are used to correct,
delete or add relationships and variables. For transparency, the
origin of the relationships are highlighted in a separate CLD
(Figure 4).

3 | Results

This section presents three main results. First, the Ghanaian e-
waste ecosystem is described in detail (Section 3.1). Afterwards,
the final CLD with relevant system elements and their inter-
connections is presented (Section 3.2). Finally, selected loops
are reviewed taking two perspectives; analyzing the system
excluding measures that address the challenges faced in the
Ghanaian e-waste sector (Section 3.3.1), and analyzing the sys-
tem including measures taken (e.g., training, formalization, etc.,
Section 3.3.1.1).

3.1 | The Ghanaian e-Waste Ecosystem

In Ghana, it is estimated that around 200,000 people are di-
rectly or indirectly involved in the sector scattered all across
the country, with the Greater Accra region and its port Tema
being the main e-waste hub (Grant et al. 2024; Oteng-Ababio
et al. 2014). Thus, the ecosystem's contribution toward poverty
alleviation, job creation, and sustainability with regard to mate-
rial recovery must not be neglected (Oteng-Ababio et al. 2014).
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When compared to services provided by local governments
or formal companies, the informal sector obtains its unique,
strong market position by offering door-to-door collection and
remuneration for disposed devices to households and corporate
entities (Amoyaw-Osei et al. 2011; Kumi et al. 2019). So-called
“condemn” or “boys,” often originating from Northern Ghana,
gather e-waste in residential and commercial areas, deliver-
ing it to scrap yards (GIZ E-Waste Programme and MESTI-
PIU 2022; Kumi et al. 2019). Due to their wide geographical
coverage and broad network, they are achieving considerable
high collection rates of up to 95% of the total e-waste gener-
ated (Amoyaw-Osei et al. 2011; GIZ E-Waste Programme and
MESTI-PIU 2022). After collection, the received e-waste is
treated for material recovery with simple tools such as a chisel
and hammer and often without safety equipment, applying
crude techniques like open burning or acid leaching (Amoyaw-
Osei et al. 2011). During treatment, non-valuable fractions are
simply left on the ground or burned, while the valuable compo-
nents are sorted, weighed, and resold to foundries, smelters, or
exporters (Kumi et al. 2019). Despite the high collection rates,
the overall recovery efficiency remains relatively low due to
the lack of appropriate technical infrastructure and safe pro-
cessing methods (Amoyaw-Osei et al. 2011). Thereby, recov-
ery rates depend on the type of material and the product in
which it is embedded. Steel can already be recovered quite ef-
ficiently with currently used technologies (up to 95%) whereas
precious metals like gold or palladium, or lead are still rarely
recovered (Prakash et al. 2010). This not only poses environ-
mental and health risks but also results in significant economic
losses for the country, as valuable materials are exported for
further treatment or lost entirely through improper processing
(Prakash and Manhart 2010). A balanced assessment of the sys-
tem's performance must therefore consider both the quantity of
e-waste collected and the quality of recycling processes (e.g.,
the number of recycled fractions per item).

For the involved actors, especially for those from the North of
Ghana where many people live below the poverty line, the e-
waste business provides an attractive source of income of around
US $182-US $200 per month (GIZ E-Waste Programme and
MESTI-PIU 2022). Thus, the pivotal role of the informal e-waste
ecosystem in the Ghanaian solid waste management (SWM)
system and the national economy as well as its ability to leverage
the urban mining potential of e-waste must be acknowledged
so that a more differentiated narrative of the e-waste sector can
arise (Grant et al. 2024). One of the most infamous places con-
sidered “a global e-waste hotspot” was Agbogbloshie, located in
Accra, and ranked among the top 10 most polluted sites world-
wide (Blacksmith Institute/Green Cross Switzerland 2008;
Greenpeace 2008). The academic urban legend—defined as
a widely accepted but weakly evidenced narrative repeated in
academic and public discourse—surrounding Agbogbloshie
emerged from the circulation of exaggerated and poorly sub-
stantiated claims (Grant et al. 2024; Rekdal 2014). It likely
contributed, among other factors, to the site's unexpected dem-
olition in 2021, which was driven by the former Greater Accra
Regional Minister's “Make Accra Work” initiative to erase “the
world's largest dumpsite” (Boadu 2022; Facebook 2021; Grant
and Oteng-Ababio 2019). Under the guise of redeveloping the
area to build a hospital and solving the e-waste challenges, the
workshops were razed to the ground (Boadu 2022). However, by

demolishing the site and its structures, the informal activities
did not vanish but disintegrated into the neighboring residential
area Old Fadama and other areas, which relocated the associ-
ated environmental and social challenges in an uncontrolled
manner (Grant et al. 2024). Despite this disruption, the reconsol-
idation of the e-waste sector, including workers acquiring 50ha
75km away from Accra to perform their business, highlights
their adaptability and resilience, challenging prevalent victim
stereotypes (Akese et al. 2022).

Other governmental attempts to mitigate and tackle the chal-
lenges related to the Ghanaian e-waste system have failed to
address the realities on-site until now (Bimpong et al. 2024;
Frimpong et al. 2024; Kumi et al. 2021). Regulatory frame-
works such as the Hazardous and Electronic Waste Control
and Management Act 917 (2016), the corresponding Legal
Instrument (LI) 2250 (2016) and the Technical Guidelines (2018)
were designed to transform the e-waste ecosystem but lack com-
pleteness and still undergo implementation (Agbesinyale 2023).
Furthermore, studies reveal a low level of awareness of Ghana's
e-waste legislation, summing up to 90% of the general public
not having heard about it previously (Owusu-Twum et al. 2022).
Apart from legislative instruments, the government installed
collection spots, the Agbogbloshie Recycling Centre (ARC) for
formal e-waste treatment (EwT), training programs, health
centers and incentive schemes for informal actors to return col-
lected e-waste to designated sites (Bimpong et al. 2024; Grant
et al. 2024).

The governmental activities are complemented by actions in-
duced by organizations applying bottom-up approaches such
as legal advice, microfinance schemes or social support to em-
power the involved actors and trying to shift the paradigm from
charity to a collaborative partnership at eye level (Osseo-Asare
and Abbas 2012; Stacey and Lund 2016).

However, the global economic, post-pandemic crisis, insuffi-
cient funding, externalization of costs to the general public,
and further systemic enforcement and monitoring inefficien-
cies are factors delaying the momentum of the measures to
unfold their full potential (Grant et al. 2024; Kumi et al. 2021;
Owusu-Twum et al. 2022). Challenges in the e-waste sector
remain and are likely to aggravate due to projections of future
e-waste quantities (Baldé et al. 2024). The role of the informal
Ghanaian e-waste sector must be acknowledged and objectively
evaluated, free from stereotypes (Oteng-Ababio 2012; Owusu-
Sekyere and Aladago 2023). Eradicating the informal structures
can and must not be the only conceivable way to approach the
pressing difficulties on-site. Instead, it is crucial to holistically
understand the e-waste ecosystem and its interdependencies, as
previous measures have not led to the desired success. A deeper
understanding is therefore necessary to develop alternative
approaches that enable a smoother transition and more effec-
tive solutions by assessing both direct and indirect impacts of
interventions.

3.2 | CLD of the Ghanaian e-Waste Ecosystem

Variables and relationships identified during interviews,
workshops, and the modeling process result in the dynamic
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hypothesis (i.e., the CLD) depicted in Figure Al (appendix).
Three areas stand in the center of interest; ScD living stan-
dards, ScD health, and environmental consequences of e-waste
activities. ScD living standards are captured in the variable
“ScD income”, environmental consequences are expressed in
the variable “emissions from EwT” and refer to any substances
released from e-waste treatment into ground, water, or air,
and “health” captures impacts on health connected to EwT
including the occurrence of injuries, diseases, intoxications,
or changes in life expectancy. In the following, ScD income,
health, and emissions from EwT will be referred to as cate-
gory 0 variables. The CLD in Figure A1 of the appendix shows
how the category 0 variables (dark blue), are affected by in-
fluencing variables in the complex Ghanaian e-waste system.
Influencing variables vary in their characteristics and can
be grouped into the following categories: (1) variables origi-
nally influencing health, ScD income, and emissions, when
no counter measures are taken, (2) measures to counteract
undesirable effects on ScD income, health, or emissions, (3)
obstacles to the implementation of measures, (4) enablers to
the implementation of measures, and (5) consequences from
measures (Figure A1, Table Al in the appendix).

3.3 | Feedback Loops

Due to the diversity of variables and relations recognized in the
diagram that are necessary to provide a thorough overview of
the system, there is a great amount of loops that can in theory
be identified. Below we show a selection of loops, not with the
intention to present an exhaustive list but rather to illustrate the
diversity of loops and to highlight some of the effects occurring
in the CLD.

3.3.1 | Feedback Loops With Category 1 Variables

ScD income, health, and emissions from EwT (i.e., category 0
variables) may be explained using category 1 variables only (i.e.,
excluding measures). Table 2 provides a selection of loops that
reinforce and balance category 0 variables.

3.3.1.1 | LoopsAffecting Health. TheloopsR1and R2rein-
force health (Figure 2). In R1, exposure to poisonous chemicals
or hazardous treatment practices reduce health and eventually
decrease workers' productivity and ScD income. Workers with
lower income are, in the hypothesis, expected to treat e-waste
less carefully and thus less safely, leading to further reductions in
health. This is grounded on the assumption that the fewer income
is available, the more imperative the generation of income is in
the struggle for survival. As a consequence, own safety during
work is ranked lower. On the other hand, the more income is
generated, the more might workers allow themselves to reflect
on safety requirements, to purchase safety equipment (if avail-
able and known of) or to follow procedures that are safer but also
more laborious. The relationship between ScD income and safe
EwT was both put forward and doubted by workshop partic-
ipants (conflicting relationships, cf. Figure A2 in the appendix
and Section 4.1.2). Further field observations should target this
assumption to clarify if the relationship is indeed justified.

In R2, health is directly affected by ScD income. This is because,
with an increased income, ScDs have more access to medical
treatment and have thereby the possibility to alleviate or avoid
adverse effects on health.

IFS size has a balancing effect on health (B1). This is through
a highly undesirable cause-effect chain: more actors in the IFS
mean more e-waste treated in the IFS, where treatment is pre-
dominantly unsafe. This will lead to a decrease in health, for
example, through poisonings, sicknesses, and injuries that re-
duce life expectancy. With a time delay, the greater amount of
unsafely treated e-waste may lead to fewer actors in the IFS and
thus balance the size of the IFS.

3.3.1.2 | Loops Affecting Emissions. Three loopsin Table 2
and Figure 2 affect emissions. For example, R3 impacts emis-
sions via health. Health increases productivity and ScD income.
With higher income, ScDs might be more likely to inform them-
selves about environmentally friendly e-waste treatment (EFET)
and possess more capital to invest in tools or materials to perform
EFET, resulting in decreasing emissions.

B2 is a balancing loop. Here, increasing health leads to a greater
number of ScDs in the IFS (as life expectancy rises and accidents
are less prevalent). As there are more ScDs in the IFS, more e-
waste is treated in the IFS, and consequently, emissions from
EwT rise.

3.3.1.3 | Loops Affecting ScD Income. Visually, the influ-
ence of ScD income is striking. Figure 3 and Table 2 show that
the income is part of many reinforcing and balancing loops in
the system.

When looking at isolated loops, the effects on ScD income are
diverse. For instance, R7 is a reinforcing loop. Here, increasing
income leads to increased e-waste available to the informal sec-
tor. This is because ScDs can now afford to purchase more scrap.
Handling and selling more scrap, in turn, will again increase
ScD income. Without any external influence, an initial increase
of ScD income would thus lead to ever further increased income.
This is contrasted by the effects of the balancing loops involv-
ing ScD income. For instance, in B4, additional income leads to
the capability of purchasing EFET. However, this increases the
costs for recycling scrap and can lead to a reduced income. This
shows ScD income is involved in both reinforcing and balancing
loops. Which of the loops are dominant in a quantitative model
remains to be explored. If balancing loops are dominant, ScD
income can hardly be changed due to balancing feedback. In
contrast, if reinforcing loops are dominant, this can lead to ScD
income growth or decline.

3.3.2 | Feedback Loops Including Category
2-5 Variables

3.3.2.1 | Evictions. Evictions are used as an attempt to get
rid of undesirable informal EwT activities. In the model, evic-
tions are associated with a couple of reinforcing loops (R8-R13
in Figure 4 and Table 3).
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TABLE 2 | Loops with category 1 variables, thus variables originally influencing category 0 variables, that is, ScD income, health, and emissions.
Loop names differentiate between reinforcing (R) and balancing (B) loops.

Affected category 0 variable Loop name

Loop

Health R1

R2
Bl

Emissions from EwT R3

B2

ScD income R4

R5

R6

R7
B3

B4

B5

B6

B7

B8

B9

B10

B11

health -(4+)-> productivity —(+)—> ScD income —
(+)—> safe EWT —(+)-> health

health —(+)-> productivity —-(+)-> ScD income -(+)—> health

health —-(+)—> number of ScD in IFS -(+)—> e-
waste treated in IFS -(—)-> health

emissions from EwWT -(—)—> health -(+)-> productivity —(+)—>
ScD income -(+)-> EFET -(=)-> emissions from EwT

emissions from EWT —(—)-> health —-(+)—> number of ScDs in IFS
—-(+)—> e-waste treated in IFS —(+)-> emissions from EwT

ScD income -(+)-> safe EWT —(+)-> costs for recycling e-waste -
(+)—> sales price for recycled e-waste —(+)—> fractions recycled per
item —(+)-> recycled e-waste sold per ScD —(+)-> ScD income

ScD income -(+)-> safe EWT —(+)-> costs for recycling e-waste -
(+)—> sales price for recycled e-waste —(+)-> ScD income

ScD income —(+)-> number of ScD in IFS —(+)-> demand for raw
material —(+)—> costs for raw material —(4+)-> costs for recycling e-
waste —(+)-> sales price for recycled e-waste —-(+)-> ScD income

ScD income —(+)—> e-waste available to IFS -(+)—> ScD income

ScD income -(+)-> safe EWT —(+)-> costs for
recycling e-waste —(—)—> ScD income

ScD income -(+)-> EFET -(+)-> costs for
recycling e-waste —(—)-> ScD income

ScD income —(+)-> number of ScD in IFS —(+)-> demand
for raw material —(+)-> costs for raw material —-(+)—>
costs for recycling e-waste —-(—)—> ScD income

ScD income —(+)-> e-waste available to IFS —(+)—> e-waste treated in
IFS —(=)—> health -(+)-> ScD productivity —(+)—> ScD income

ScD income -(+)-> number of ScD in IFS -(+)-> demand
for raw material —(+)—> cost for raw material —(—)-> e-
waste available to IFS -(+)-> ScD income

ScD income —(+)-> number of ScD in IFS —(+)-> demand for raw material
—(+)—> price paid to consumer at door collection by IFS -(+)-> cost for
raw material —(—)—> e-waste available to IFS -(+)-> ScD income

ScD income —(+)-> number of ScD in IFS —(—)->sales price
for recycled e-waste —(+)-> fractions recycled per item —(+)—>
recycled e-waste sold per ScD -(+)—> ScD income

ScD income —(+)-> number of SD in IFS —(=)—> sales
price for recycled e-waste —-(+)-> ScD income

ScD income —(+)-> safe EWT —(+)—> health —(+)-> number of ScD
in IFS —(—)-> sales price for recycled e-waste —-(+)—> ScD income

decreased ScD income (R10). In consequence, evictions may

The selected loops show that evictions interfere with other
measures; specifically, they reduce the success of formaliza-
tion and regulations (F&R) via further variables in the sys-
tem (R8-R11), environmentally friendly technologies (EFTec)
available to the IFS (R12), and participation in training (R13)
in the respective loops. Simultaneously, evictions can lead
to increased emissions (R8-R11), reduced health (R10), and

reduce the success of other measures and may affect the key
variables of the system in an undesirable way. As soon as the
IFS has recovered from an eviction and becomes productive
at new sites, the problems leading to evictions (e.g., undesired
emissions) arise again or even worsen. Hence, evictions may
support a tendency to execute further evictions. Balancing
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loops involving evictions are scarce, but B12 is one example.
Again, the overall effects of evictions in the system remain to
be determined in a quantitative model.

3.3.2.2 | Success of F&R. Like evictions, the success
of F&R is involved in more reinforcing than in balancing loops
(cf. Figure 5). However, in contrast to evictions, reinforcing
loops with F&R have no unintended effects on the key vari-
ables once the measure becomes effective (from an isolated
perspective).

For instance, in R16, R17, and R21, health and ScD income
increase as a result of increasing success of F&R. There are
some loops that show how the success of F&R may be fostered
(e.g., R14, R15, R18, R19). In those loops, the success of F&R
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FIGURE2 | Anextract from the CLD of the Ghanaian e-waste treat-

ment system with a focus on loops that involve the category 0 variables
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is for instance supported by payouts from social systems that
increase ScD income (R14), and health due to avoided stress
from an insecure future (R21), an increased share of the IFS
represented by associations, strengthening the position of
ScDs (R15), a decreasing dominance of the IFS, providing
more e-waste to the formal sector ([FS], R18), or an increas-
ing number of entrepreneurs in the IFS who develop solutions
(R19). One of the selected loops affects other measures. This
is R20, which can have a positive impact on EFTec available
to the IFS; with the increasing success of F&R, trust in the
IFS is increased. This attracts investment in the IFS, which in
turn makes EFTec available to the IFS. Balancing loops con-
tain variables which impede the success of F&R. This is for in-
stance an initial cost increase due to safe EwT, as required by
regulations (B13) or payments to social systems that decrease
ScD income (B12).

3.3.2.3 | Environmentally Friendly Technologies. EFTec
are predominantly involved in reinforcing loops (R22-R26). Loops
R22-R25 affect at least one of the category 0 variables, and this in
a desirable way, if more EFTec are available (cf. Figure 6).

For instance, if EFTec become more available to the IFS, R22 de-
creases emissions and increases health and ScD income, R23 and
R24 increase ScD income and R25 increase ScD income while
emissions are decreased. In addition, R24 positively influences
the category 2 variable “success of F&R”. Thus, in total, EFTec
appear to have a desirable impact on the system. Still, some con-
sequences from EFTec are rather undesirable. For instance, one
effect of EFTec is that some ScDs are pushed out of the e-waste
sector. This is especially true for the most vulnerable group of
ScDs whose work can easily be replaced by machines. In R26,
fewer actors in the IFS mean increased sales prices for the re-
cycled scrap, thereby a higher income and consequently more
EFTec available to those ScDs who managed to remain in the
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FIGURE 3 | An extract from the CLD of the Ghanaian e-waste treatment system with a focus on loops that involve the category 0 variable “ScD

income”.
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FIGURE 4 | An extract from the CLD of the Ghanaian e-waste treatment system with a focus on loops that involve the category 2 variable

“Evictions”.

system. To the more vulnerable group of ScDs, this comes at the
cost of a livelihood. Those side effects from EFTec must be kept
in mind when promoting technologies to affect category 0 vari-
ables. A general point to discuss here is that the variable “EFTec
available to the IFS” assumes that the provided technologies are
indeed useful and effective in Ghana. The “EF” in EFTec ex-
presses that the technology has actually proven to mitigate en-
vironmental impacts in the applied context. This is important
to highlight because not every technology is equally suitable for
all situations. For instance, technologies might have proven to
work in Europe, however, in the Ghanaian e-waste treatment
context the same technologies may be less effective (e.g., due to
variations in climate, treated waste stream volumes, supply chain
contexts, etc.). In contrast to the technologies that are currently
available to treat e-waste in the Ghanaian e-waste sector, more
efficient and effective technologies are required to support safe
and environmentally friendly processes.

3.3.2.4 | Training. In the CLD, training supports knowl-
edge acquisition in all four defined knowledge categories, that
is, knowledge on EFET, on safe EWT, on efficiency, and on poli-
cies (cf. Figure 7). In five out of the selected six loops this results
in desirable effects for emissions from EwT, health, and ScD
income (R27-R32). For instance, in R27, knowledge on EFET
increases actual EFET which reduces emissions from EwT
and increases perceived benefits from EFET. As a result, ScDs
are inclined to participate in further training or to recommend
trainings to their peers. A counterexample is B16. Here, knowl-
edge on safe EWT does not lead to an increased income due to
increased health (as in R32), but to a reduced income due to
increased costs required to implement safe EwT.

4 | Discussion
4.1 | Implications

With respect to the SDGs there are both implications for prac-
titioners and for researchers. In the introduction section we
highlighted some of the goals that are particularly relevant in
the Ghanaian context, for example, SDGs concerning poverty,
health, clean air and water, decent work, responsible consump-
tion and production, and climate action. While the presented
CLD focuses primarily on ScD income, health and on emissions,
the CLD contains variables (e.g., a formalization of the IFS, ed-
ucation or representation of ScDs in associations) that in the
understanding of SDGs are parts of goals on their own (e.g., for-
malization is part of target 8.3, which belongs to the SDG 8, de-
cent work and economic growth). An implication based on this
observation is the following. Understanding the variables in the
CLD as aspects of the SDGs, the CLD shows clearly that none
of the goals stands on its own but is integrated into a dynamic
system, interacting with the other goals. This is an important
implication for the achievement of sustainable development. For
practitioners in the field of implementing the SDGs this means
that goal interactions must be a central factor in the creation of
measures. For researchers this means, that not only within the e-
waste sector in Ghana, but potentially in any other region, sector
or research area sustainable development goal interactions may
exist and should be known and understood. This could consider-
ably influence the outcome of measures implemented by practi-
tioners. Acknowledging and visualizing these interconnections
in a CLD does not identify leverage points with certainty, but it
helps to highlight where they may exist and how interventions
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TABLE 3 | Selection of loops that involve measures (category 2 variables) to reduce undesirable effects on health, emissions from EwT, and ScD
income (category 0 variables). Loop names differentiate between reinforcing (R) and balancing (B) loops.

Implemented measure,

i.e., category 2 variables Loop name Loop
Evictions R8 evictions —-(—)-> trust in government and associations —(+)—> success
of F&R -(+)-> EFET -(—)-> emissions -(+)-> evictions
R9 evictions —-(—)—> trust in government and associations —(+)—> success of F&R -
(4+)—> trust in IFS —-(+)-> investment in IFS —(+)-> EFTec available to the IFS
—-(+)-> ScD income -(+)-> EFET -(—)-> emissions -(+)-> evictions
R10 evictions —-(—)-> trust in government and associations —(+)-> success of
F&R -(+)-> safe EwT —(+)-> health —(+)-> ScD productivity —(+)->
ScD income —(+)-> EFET -(—)-> emissions -(+)-> evictions
R11 evictions —-(—)-> trust in government and associations —(+)—> success of F&R -
(—)—> e-waste dumped or burned -(+)-> emissions —(+)—> evictions
R12 evictions —-(—)-> trust in government and associations —(+)—> success
of F&R -(+)-> trust in IFS —(+)—> investment in IFS —-(+)-> EFTec
available to IFS -(+)-> EFET —-(—)-> emissions —(+)-> evictions
R13 evictions —(—)-> trust in government and associations —(+)-> success of
F&R -(+)—> trust in IFS —(+)-> investment in IFS —-(+)-> EFTec available to
IFS -(+)—> ScD income - (+)-> participation in training - (+)-> knowledge
on EFET -(+)-> EFET -(—)-> emissions -(+)-> evictions
B12 evictions —(—)—> trust in government and associations —(+)—>
success in F&R -(+)-> payments to social systems —(—)-> ScD
income -(+)-> EFET -(—)-> emissions —-(+)-> evictions
Success of formalization and R14 success of F&R —(+)-> payout from social systems —
regulations (F&R) (+)—> ScD income —-(+)—> success of F&R
R15 success of F&R -(+)-> share of IFS represented by associations —(+)-> success of F&R
R16 success of F&R -(+)-> safe EWT —(+)-> health —(+)-> productivity
—(+)—> ScD income -(+)-> success of F&R
R17 success of F&R —(+)-> EFET -(—)-> emissions —(—)—> health
—(+)—> productivity —-(+)-> ScD income -(+)-> success of F&R
R18 success of F&R -(+)-> e-waste collected by FS -(—)-> e-waste available
to IFS -(+)-> dominance of IFS -(—)-> success of F&R
R19 success of F&R —-(+)-> entrepreneurs in [FS -(+)-> success of F&R
R20 success of F&R —(+)—> trust in IFS —(+)-> investment in IFS —(+)->
EFTec available to IFS -(+)-> ScD income —(+)-> success of F&R
R21 success of F&R —(+)-> payout from social systems —(+)-> health -
(+)-> productivity —(+)-> ScD income -(+)-> success of F&R
B13 success of F&R —(+)—> safe EWT —(+)—> costs for recycling e-
waste —(—=)-> ScD income -(+)-> success of F&R
B14 success of F&R -(+)-> payments to social systems —
(=)-> ScD income -(+)-> success of F&R
Environmentally friendly R22 EFTec available to IFS -(+)-> EFET -(—)-> emissions —(—)-> health -(+)->
technologies (EFTec) productivity —-(+)—> ScD income -(+)-> EFTec available to IFS
R23 EFTec available to IFS —(+)-> ScD income —(+)-> trust in IFS -
(+)—> investment in IFS -(+)-> EFTec available to IFS
R24 EFTec available to IFS —(+)-> ScD income —(+)—> success of F&R -
(+)—> entrepreneurs in IFS -(+)-> EFTec available to IFS
R25 EFTec available to IFS —(+)-> safe EWT —(+)-> health —-(+)—>
productivity —-(+)—> ScD income -(+)-> EFTec available to IFS
R26 EFTec available to IFS —-(+)-> ScDs pushed out of e-waste sector -

(—)-> number of ScDs in e-waste sector —(—)-> sales price for recycled
e-waste —(+)-> ScD income -(+)->EFTec available to IFS

(Continues)
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TABLE 3 | (Continued)

Implemented measure,

i.e., category 2 variables Loop name Loop
Participation in training R27 participation in training —-(+)-> knowledge on EFET -(+)-> EFET -(—)-> emissions
from EwT —-(—)-> perceived benefits from EFET -(+)-> participation in training
R28 participation in training —(4+)-> knowledge on safe EWT —(+)—> safe e-waste treatment —
(+)—> health —(+)-> perceived benefits from safe EWT -(+)-> participation in training
R29 participation in training - (4+)-> knowledge on efficiency —(+)—> fractions recycled per item
—(+)—> recycled e-waste sold per ScD —(+)-> ScD income -(+)-> participation in training
R30 participation in training —(+)-> knowledge on policies —(+)—> success of F&R -(+)-> EFET
—(—)—> emissions —(—)—> perceived benefits from EFET —-(+)-> participation in training
R31 participation in training —(+)-> knowledge on policies —(+)->
success of F&R -(+)-> safe EWT —(+)-> health —-(+)-> perceived
benefits from safe EWT —(+)—> participation in training
R32 participation in training —(4+)-> knowledge on safe EWT —(+)—> safe e-waste treatment —
(+)-> health -(+)-> productivity —(+)-> ScD income —(+)-> participation in training
B16 participation in training —-(+)-> knowledge on safe EwWT —-(+)-> safe EwT -(+)->

costs for recycling e-waste —(—)-> ScD income —(+)-> participation in training

might propagate through the system. This enables the design of
more adaptive, informed, and resilient policies. Instead of aim-
ing for isolated fixes, policies can be developed in an iterative,
inclusive way that accommodates complexity while remaining
aligned with broader sustainability goals. In practical terms,
this means that policymakers should invest in cross-sectoral co-
ordination mechanisms (e.g., joint planning processes, shared
data platforms), regularly consult with local stakeholders in-
cluding informal sector actors and integrate flexible monitoring
systems that allow for timely policy adjustments. Piloting inter-
ventions on a small scale before full implementation can help
test assumptions and reduce unintended consequences. Further
implications for practitioners are explored in the following by
taking a closer look at the developed CLD.

4.1.1 | Implications for Practitioners

Apart from the implications outlined above, there are further
aspects to be learned by practitioners. When looking for start-
ing points for a positive change in the Ghanaian e-waste sector,
category 1 variables (i.e., variables that originally influence cat-
egory 0 variables, while no measures are taken) are an interest-
ing group to recognize. The CLD shows that category 1 variables
mostly consist of market variables, addressing, for example,
supply, demand, costs, and prices. Hence, those variables are
a potential leverage for improvements in the system. Measures
designed to address challenges in the Ghanaian e-waste system
could therefore target modifying category 1 variables.

A second aspect to be considered is that, while some balancing
loops were identified, a plethora of reinforcing loops exists. For
tackling the challenges in the Ghanaian e-waste system, this
has two implications. On one hand, situations that are unde-
sirable may further aggravate. Take, for instance, R2. If health
decreases, productivity decreases, ScD income decreases, and
therefore health further decreases. On the other hand, if health

increases, this can increase productivity and ScD income and
consequently further increase health. For the design of mea-
sures, this observation means that sometimes an increase or
decrease of a variable may propel dynamics in the system in a
desirable way and support a quick development toward good
health, low emissions, and high ScD income. Modeling the
system and thereby adopting an external perspective supports
identifying failures and challenges in old paradigms and tran-
scending them.

Another implication is derived from the wide variety of stake-
holders acting in the e-waste system in Ghana, which was again
confirmed in the participatory stakeholder process. Central ac-
tors encompass, for instance, ScDs in the informal sector, the
formal sector, universities, entrepreneurs, local leaders, the gov-
ernment, ScD associations, consumers, non-governmental orga-
nizations, or industry. This has two implications. First, potential
measures to counteract adverse effects on health, emissions, and
a low ScD income should recognize those stakeholders. While
the ScDs are an obvious and direct stakeholder to address, there
are less apparent actors that can strongly influence the system.
For instance, targeted university education can result in a higher
interest of students in the Ghanaian e-waste sector and conse-
quently produce ideas and solutions to address challenges on-
site. While this is a rather long-term approach, it may be a key
component of a portfolio of measures to be taken. Additionally,
the government may strengthen the enforcement of regulations.
Although necessary legislation is already in place, there is still a
lack of enforcement. The origin of this mismatch must be bet-
ter understood, and stakeholders involved in the enforcement of
regulations must be instituted accordingly. Also, entrepreneur-
ship can be supported to increase the generation of economically
viable solutions in the e-waste sector. This can create formalized
jobs and thus reduce the dominance of the IFS, which in turn
aids formalization endeavors. Further, the role of local leaders
and ScD associations must be recognized. Both stakeholders rely
on the trust of ScDs and are at the same time central means of
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FIGURE 6 | An extractfrom the CLD of the Ghanaian e-waste treatment system with a focus on loops that involve the category 2 variable “EFTec

Available To The IFS”.

communicating and representing ScD interests. However, in re-
cent years, trust in these stakeholders has eroded. Community
members have voiced suspicions, particularly in relation to the
eviction that leaders of associations may have collaborated with
governmental actors for their own benefit. While such claims
are difficult to verify, they were repeatedly raised during local
conversations and reflect broader tensions. The lasting influence

of local leaders in these communities can act as both a stabiliz-
ing force and a catalyst for internal divisions. In the context of
0Old Fadama, this influence intersects with strong political ten-
sions and tribal affiliations, increasing the potential for conflict.
These leaders play a central role in shaping local norms and in-
formal rules, yet power dynamics within and across groups re-
main highly complex. Consequently, trust in those stakeholders
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should be strengthened, and their role as communicating in-
stances should be recognized and integrated into governmental
and non-governmental solution processes.

A further implication is that potential measures should consider
all stakeholders to avoid a situation in which one stakeholder is
benefited at the cost of another. An example is the case where
EFTecs are introduced to the IFS. While this benefits some ScDs
that can now process e-waste with less hazardous treatment op-
tions, rather vulnerable ScDs may lose their jobs and thus their
source of income, as their work becomes obsolete. If necessary,
measures then need to be adapted before implementation.

In addition to the involvement of diverse stakeholders, the CLD
shows how interlocked different measures are. For instance, if
evictions take place, this impedes the implementation of train-
ing. This is a rather undesirable connection of the two as one
measure hampers the success of another. However, the CLD
shows that measures can be beneficial to one another, too. For
instance, with a higher success of F&R, trust and investment in
the IFS increase and foster the introduction of EFTec into the
IFS. This again increases ScD income and supports participation
in training. Training, in turn, can increase knowledge on policies
and thus support further success of F&R (cf. R33 in Figures 8 and
Al of the appendix). In this example, three measures benefit each
other. Hence, when designing measures, such synergies should
be looked for and actively supported, while the obstruction of
other measures should be avoided. More effectively, a quantita-
tive model can support in identifying synergies of measures and
indicate which measures are best combined and fostered.

4.1.2 | Implications for Researchers
For researchers the implications are two-pronged. The first im-

plication addresses data sources of the CLD. Figure A2 (appen-
dix) shows where data in the CLD originated from. A strength

of the CLD is that most of the data (i.e., approx. two third)
could be obtained from interviews in Ghana (black arrows in
Figure A2) and/or in workshops in Ghana (green and orange
arrows in Figure A2). One of the central aims in developing the
CLD was to base it on stakeholder perspectives and information,
in order to meaningfully integrate their local experiences and
contextual knowledge. Naturally, this also introduces the risk
that some inputs may reflect subjective or interest-driven view-
points. However, the CLD was developed through a multi-stage
process, which helped mitigate this risk. The workshop design
and contents were directly informed by the relationships and
dynamics identified in previous interviews, allowing for these
insights to be revisited, critically reflected upon, and further re-
fined in a participatory setting. This iterative approach provides
a higher level of confidence in the identified patterns, while still
acknowledging the inherent uncertainties tied to qualitative,
stakeholder-driven methods. These factors should be considered
when interpreting the conclusions and translating them into
recommendations.

Only a minor part of the presented relations stems from the
researchers of this article (light blue arrows) and represents
assumptions. For example, that waste from EwWT dumped or
burned results in increased emissions (e.g., R11). Other as-
pects comply with economic principles; for instance, that an in-
creased number of ScDs in the IFS leads to a lower sales price
for recycled e-waste due to increased competition (e.g., R26).
Conflicting relationships are scarce. Those are relationships
that were both confirmed and doubted in interviews or work-
shops with stakeholders. In further research, those relationships
should be examined in additional workshops or studies, which
will strengthen the identified relationships.

At the same time, researchers should remain aware of the in-
herent uncertainty in CLD models. The relationships visualized
represent coarse tendencies, not precise causal mechanisms,
and their relevance may vary across different local settings or
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stakeholder perspectives. This is particularly important in sec-
tors such as informal e-waste management, where actors are
affected in varying ways depending on their geographical loca-
tion, exposure to policy measures, and socio-economic condi-
tions (Owusu-Sekyere and Aladago 2023). Given the trade-off
between inclusiveness and complexity, not all potential effects
of interventions could be captured in the model. For researchers,
this implies two key responsibilities: first, to treat the CLD as a
heuristic tool for structuring thinking and generating hypothe-
ses, rather than as a predictive model; and second, to continue
validating and updating the model through iterative, participa-
tory processes that include diverse and underrepresented voices.
This approach supports adaptive thinking, which can be consid-
ered an essential requirement given the highly dynamic nature
of the informal e-waste ecosystem.

A final implication addresses data availability in Ghana. During
our research, we faced data gaps and uncertainties, making a
quantitative model hardly implementable. Therefore, we suggest
that more quantitative data is collected in Ghana in a coherent
and transparent manner to enable the next steps after a CLD in
the SD methodology.

4.2 | Limitations

By engaging a large number of diverse stakeholders in a multi-
stage process to enhance the validity of the study, an attempt was
made to counteract any potentially arising biases (Bryson 2004;
Bryson et al. 2021). However, especially in group settings, po-
tential group biases must be considered as limiting factors when
interpreting the results (Gabriel and O'Connor 2022; Mullen
et al. 1992; Turner and Pratkanis 1998; de Wilde et al. 2018).
Despite encouraging diverse perspectives and promoting criti-
cal thinking among participants, biases cannot be avoided com-
pletely. Further, researcher biases in observing on-site processes
and interviewing stakeholders influenced by subjective, under-
lying personal assumptions have to be considered. Especially in
the participant selection for the workshops, persons with higher
education qualifications were disproportionately represented.
Integrating more people directly working on the ground holds a
promising approach for future research workshops.

One further aspect to be discussed regarding the validation of
the relationships is that the proposed relationships represent
coarse tendencies only. For instance, although the informal e-
waste sector is similarly structured across Ghana, our research
results suggest that its actors are characterized by different
levels of vulnerability (Owusu-Sekyere and Aladago 2023). In
our model, we are not able to cover all possible effects certain
measures exert on the target groups, as this comes at the cost
of higher complexity. This implies that some of the identified
interdependencies might slightly vary for specific cases. Future
quantitative analyses will show how far aggregations and sim-
plifications were adequate and where more nuanced representa-
tions are required.

Finally, due to the impossibility of including all aspects of the
real world, the scope of the study was limited. In our case, there
was a focus on dynamics within Ghana. This excludes aspects
such as product design that could be another measure to alle-
viate the situation in Ghana. Also, additional implications of
measures can be included in further studies. Such implications
could, for instance, recognize the consequences of increasing
income opportunities in the IFS, which might attract foreign
investors.

5 | Conclusion

For the first time, the complex dynamics of the Ghanaian e-waste
treatment system were captured in a CLD as part of the system
dynamics methodology. The Ghanaian e-waste management sit-
uation has proven to be a complex system characterized by in-
teracting e-waste stakeholders, market variables, and measures,
eventually influencing emissions, ScD health, and income. The
presented CLD illustrates the interconnectedness of stakehold-
ers and interventions, offering implications for both practitioners
and researchers. In the process of developing measures to pro-
mote sustainable development in Ghana, the CLD can be used as
a mental map to understand the influence of new measures on
actors, goals, and existing measures in the system. This can pre-
vent taking action without considering consequences for other
system elements. The results encourage paying closer attention
to inclusive, collaborative approaches in Ghanaian e-waste man-
agement, particularly involving the informal sector, to address
economic, environmental, and health challenges. The origin of
each of the relationships in the CLD was made transparent to
highlight which part of the dynamic hypothesis is backed by
the Ghanaian perspective. Further investigations can extend to
addressing data gaps through targeted data collection efforts,
expanding participant diversity in workshops, and further re-
fining the model. In the presented form, the CLD can be the
basis for quantitative modeling in SD to show how the system
behaves over time, test the effectiveness of interventions, and
identify leverage points for optimized decision-making. In sum-
mary, the study underscores the potential of systems thinking
and highlights the strengths of collaboration to understand the
complexities of the Ghanaian e-waste ecosystem. Eventually, the
presented CLD can be a stepping stone in paving the way toward
transformative change and long-term sustainable development
that balances economic, environmental, and social concerns in
the Ghanaian e-waste system.
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Appendix A

Overview of variables of the CLD and their categorization.

TABLE A1 | Overview of variables and their categories in the CLD.

Category Variables
0 Central variables of interest (dark blue in Figure A1) ScD income health emissions from EwT
1 Variables originally influencing AHE, ScD income, and emissions « number of ScDs in IFS

(orange in Figure A1) » e-waste available to IFS

« immigration

« attractiveness of jobs outside e-waste sector
« sales price for recycled scrap

« ScD productivity

« costs for recycling scrap

« perceived benefits from safe EwT

« perceived benefits from EFET

« demand for recycled scrap by industry

« recycled scrap sold per ScD

« fractions recycled per item

« wastes from EWT dumped

« amount of e-waste generated

« price paid to consumer at door collection by IFS
« demand for raw material (= e-waste)

« cost for raw material (= e-waste)

« e-waste treated in IFS

« e-waste collected by formal sector

« e-waste dumped or burned

« EFET
« safe EwT
2 Measures to counteract undesired effects on ScD income, health, or « success of F&R
emissions (red in Figure Al) « use of PPE

« EFTec available to IFS

e participation in training
« governmental support

« evictions

3 Obstacles to the implementation of measures (purple in Figure A1) « corruption
« dominance of IFS
« fluctuations

4 Enablers to the implementation of measures (light blue in Figure A1) e trustinIFS
« trust in Government and associations
« trustin leaders
« investment in IFS
« incentives/sanctions
« participation in governmental processes
« share of IFS represented by associations
« supporting influence from local leaders
« effectivity of training
 research and university education
« education and literacy
« entrepreneurs in IFS

5 Consequences from measures (green in Figure A1) « scrap dealers pushed out of e-waste sector
« knowledge on efficiency
« knowledge on EFET
« knowledge on policies
« knowledge on safe ET
« payout from social systems
« payment to social systems
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FIGUREA1 | CLD with categorized variables: Dark blue: Central variables of interest (category 0), orange: Variables originally influencing health,
ScD income, and emissions, when no countermeasures are taken (category 1), red: Measures to counteract undesirable effects on ScD income, health,
or emissions (category 2), purple: Obstacles to the implementation of measures (category 3), light blue: Enablers to the implementation of measures
(category 4), green: Consequences from measures (category 5). Red arrows depict positive and blue arrows negative relationships.
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FIGURE A2 | Origin/validation of the relationships in the CLD. Black: From interviews but not further validated in workshops, blue: From the
authors, green: Validated in workshops, orange: Added after workshops, red: Conflicting relationships. Pink variables: Modified after workshops,
orange variables: Added after workshops.
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