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ABSTRACT

This article applies a systems thinking logic to analyse energy poverty situations, using the Sofia
informal settlement, a representative energy-poor community in South Africa, as a case study. Energy
poverty in such communities transliterates into three interrelated energy poverty systems — material
cultures, cognitive norms, and energy practices. The study investigates energy-related parameters and
elements contributing to energy poverty in Sofia and similar informal settlements across South Africa.
By adopting the systems thinking, these elements are identified and integrated into subsystems within
the Energy Poverty Systems, modelled into the energy poverty model. The synergistic interactions
influencing energy poverty are captured using causal loop diagrams. These diagrams offer a systems
perspective on energy poverty analysis, providing actionable insights into critical gaps and intervention
opportunities. The findings are intended to inform policies and tailored, inclusive interventions
motivating sustainable energy access in informal settlements across South Africa.
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An informal settlement case study — a systems thinking logic applied to energy poverty situations

INTRODUCTION

Energy poverty is commonly defined as a lack of access to modern energy sources or reliance
on inefficient fuels such as paraffin and charcoal, which limits households’ ability to meet basic
energy needs like lighting, cooking, space heating, and cooling [1]. While frequently linked to
income poverty, energy poverty is a multifaceted socioeconomic issue shaped by a complex
interplay of factors, including sociocultural environments that influence household energy-use
patterns and behaviour [2]. Effectively analyzing energy poverty requires comprehensively
evaluating the physical, sociocultural, economic, environmental, and institutional dynamics
affecting an energy-poor group. Consequently, energy poverty analysis must go beyond
technical algorithms and consider the diverse conditions and resources that define the realities
of energy-poor communities.

South African cities have traditionally developed low-density suburban areas, often known as
informal settlements or shacks — makeshift dwellings constructed without adherence to
approved architectural plans — sprawling across the city’s periphery [3, 4]. These settlements
are predominantly inhabited by low-income households with limited access to essential utilities,
such as energy, water, sanitation, and suitable housing [5]. Regardless of wether connected to
the electricity grid, these households often rely on less efficient fuels [6] and adopt energy
mixes, such as the concurrent use of electricity and paraffin for space heating in winter [7]. As such,
these settlements serve as domains for understanding energy poverty situations in the region [8].

The situational analysis of energy poverty requires evaluating the diverse variables and their
synergistic interactions that shape these situations in any energy-poor community [2]. These
variables include elements central to energy poverty systems (EPSs), even at the subsystem
level, describing energy use patterns, efficiency, preferences, productivity, affordability, and
appliances. The synergistic analysis mainly involves mutual assemblages of these elements
operating within these systems. Bridging the synergies between systems is critical to
understanding energy poverty dynamics and necessitates the application of systems thinking
(SsT) logic [9]. Classically, SsT is a set of analytical and synergistic skills designed to improve
the ability to identify and understand systems, predict their behaviours, and implement
modifications to generate the desired outcomes [10]. The core processes of SsT begin with
identifying elements in a system, recognizing system purpose, and understanding the
interconnections among its components [11]. These processes may include adding or removing
elements to refine the knowledge of system behaviours, which can be reinforcing or dynamic.
This further involves analyzing elements, flows, and non-linear interactions to gain an
improved understanding of system behaviours. SsT views different facets of a system as single
but different entities and bridges synergies using arrays of causal loops, linkages, and
interactions. Central to SsT is the principle that a system is greater than the sum of its parts and
should, therefore, be studied holistically. By modelling complexity - whether at the system or
subsystem level — SsT helps elucidate behaviours and causal influences, encouraging a deeper
understanding of patterns. With SsT, one can understand the primary causes of complex
behaviours to enable adjustments of outcomes in energy poverty analysis.

The concepts of SsT [12, 13] and energy poverty [14, 15] have distinctive theories and
operational needs. However, the evolution of SsT has shifted from product design to encompass
systems of production and consumerism and a wide range of concerns across physical,
sociocultural, economic, technical, and institutional domains [16]. Globally, energy poverty
has been studied, [17-19], including in developing countries [20, 21] and specific South
African regions [2, 3, 22-24], with its impacts extending across socioeconomic spheres,
ethics [2], and the environment [25]. SsT has been applied [26-31] and recognized as an
effective multi-criteria decision-support tool for energy access planning [10, 32]. As it is,
informal settlements serve as perfect sceneries where energy poverty mitigation can be
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promoted based on networking elements operating within the EPSs [33]. This underscores the
importance of designing an autogenous, model-based SsT framework that describes system
elements as integral components in analyzing energy poverty in informal settlements. The
model’s utility is to be committed to a place (in this case, informal settlements) by leveraging
elements alleged to be activities within that place’s spatial context integrable into modeling EPSs.

This article applies SsT logic to energy poverty by identifying and engineering elements in
EPSs and their subsystems in the Sofia informal settlement as a case study. The goal is to
provide a systems perspective highlighting interactions driving energy poverty situations in
such contexts. In sequence, the article: 1) recognizes and integrates elements and subsystems
into mutualistic EPSs and the energy poverty model (EPM) using SsT logic; 2) investigates
energy-related parameters and elements in the settlement through empirical methods; 3)
demonstrates the model’s utility by empirically grounding significant elements and modeling
system synergisms using causal loop diagrams (CLDs). The analysis offers a holistic
understanding of energy poverty and insights to inform interventions addressing the challenges
informal communities across South Africa face.

MATERIALS AND METHODS

APPLYING SYSTEMS THINKING: ENERGY POVERTY SYSTEM AND MODEL
DEVELOPMENT

EPSs, comprising material cultures, cognitive norms, and energy practices, have been
deconstructed into subsystems surrounding energy use [34], individual performance [35], and
prospects for change in behaviour [36], Figure 1. These systems supported the goal of
transformative change by simplifying the complexities of energy poverty dynamics and
enabling flexibility in system configurations to observe potential impacts. SsT modeling of
EPSs clarified the complexity of system behaviours and causal relationships embedded in the
energy poverty model (EPM). The model development was guided by the need to ensure
interoperability among physical, sociocultural, economic, institutional, and technological
influences of energy poverty situations [37], promoting cohesive system operations toward
shared goals. Each system can be analyzed in isolation but within the wider EPM modularity.
The interfaces of these systems are critical as they interact dynamically to define the system
functions, direct the system’s purpose, and align with the model’s overarching goals. The
model aims to provide a systems perspective on energy poverty analysis, uncovering
interactions that drive energy poverty in informal households and providing actionable insights
for enabling energy access.

To capture the dynamics of energy poverty, diverse yet interrelated elements influencing
behaviour were identified and integrated into the subsystems. The material culture system’s
subsystems encompass elements that describe energy poverty’s physical, economic, and
institutional influences, Figure 1. The energy use and sources subsystem represents all
available forms and sources of energy within a target community. The house characteristics
subsystem includes elements, such as dwelling types, house insulations, and renovations,
directly impacting energy-use efficiency. The household income subsystem reflects income
levels and the financial burden of energy costs on households. This system primarily shapes
energy-use patterns and efficiency, and its interface significantly influences cognitive norms
and energy practices.

The cognitive norms system comprises elements within subsystems that contribute to
understanding the values, beliefs, and sociocultural, economic, and environmental inclinations
shaping household energy choices, Figure 1. The expected comfort levels subsystem includes
entertainment and meeting the minimum baseline of energy services required for daily living.
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The social aspirations subsystem encompasses education/learning and entrepreneurship,
reflecting aspirations that influence energy decisions. The respect for tradition subsystem
evaluates the socio-cultural inclination toward energy choices, while the environmental and
health concerns subsystem assesses awareness of poor energy-use practices and their impacts
on well-being and the environment. This system largely shapes energy preferences and
productivity, and its interface strongly influences material cultures and energy practices.

—[ Physical, Economic & Institutional ]—

~

Material Cultures

Energy use & sources

k4
-~

House characteristics

House income

Energy

Poverty
Systems
(EPSs)

S
/ Cognitive Norms \ / Energyv Practises \

Expected comfort level Heating/cooling devices

Systems perspective on
energy poverty analysis

System synergisms driving
Energy poverty sinations

] Environmental concern PEp——— Cooking practises  —

Respect for tradition Lighing devices
l\ Social aspiration _/ \ Energy price /
—[ Sociocultural, Economic & Environmental I Technical & Economic ]~

Figure 1. Energy Poverty Model Comprising Energy Poverty Systems. Strong (bold lines) and
weak (dotted lines) connections represent high-level and low-level system dependency.

The energy practices system encompasses elements within subsystems that describe the
technical and economic factors influencing energy poverty situations, Figure 1. The energy
price structure subsystem is central in determining household adoption of clean energy fuels.
The subsystem of heating devices includes paraffin and charcoal heaters, gas portable units,
heat pumps, etc. Similarly, the cooling devices subsystem comprises window and door units
and electric fans. The lighting choices subsystem involves paraffin lamps, candles, and light
bulbs, while the cooking practices subsystem includes elements like paraffin stoves, gas stoves,
and other cooking appliances. This system significantly shapes household decisions regarding
energy appliances and pricing. While they strongly influence material cultures through system
interfaces, their impact on cognitive norms is relatively limited.
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CASE STUDY METHODOLOGY

The case study focuses on the Sofia informal settlement, a representative energy-poor
community typically of many in Africa and Asia, located in the western part of South Africa,
Figure 2. The settlement comprises about 200 to 220 informal households, predominantly
occupied by low-income, black residents who are mainly unemployed and dependent on
government grants. Despite being near the grid electricity, the settlement lacks access to
electricity, a condition common in many informal settlements across South Africa. To
understand energy poverty situations in the settlement, we conducted a primary survey using
household questionnaires and semi-structured short interviews with local energy product
vendors to investigate energy-related parameters and elements recognized within the EPSs and
subsystems. The survey approach and analytical techniques used in this study are
comprehensively detailed in [6].

Central Kamo

N West Coast

A Cape Winelends

City of Cape Town
(] sofia Settlement ]
CCT_Metro
WC_district_ municipalities

Figure 2. Case Study Area — Sofia Informal Settlement [6].

CAUSAL LOOP DIAGRAMS

Causal loop diagrams (CLDs) align with SsT in identifying, interacting with, predicting, and
adjusting systems and behaviours, facilitating the modeling of variables operating within a
system [33]. CLDs serve as illustrative descriptions of system synergisms, providing causal
depictions, influences, and analyses while incorporating quantitative details about the nature
of these influences [38]. CLDs were developed for distinct EPSs by connecting elements and
subsystems through arrows, represented as causal loops and links [33]. Causal links,
represented by single arrowheads and grounded on significant empirical outcomes from the
case study, illustrate the basic mechanisms between subsystem elements. Causal loops,
depicted with double arrowheads, reflect the reinforcing patterns (positive or negative) within
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and between EPSs, emphasizing their systemic interactions. Connections in CLDs are
categorized as strong (bold lines) or weak (dotted lines) and marked with + or - signs to denote
high-level or low-level system dependency, respectively. Strong causal influences indicate that
changes in one system are analogous to a similar change in another system, highlighting strong
system coupling. Weak causal influences suggest that changes in one system induce changes
in another with less intensity. While weak influences may not always drive system behaviour,
they were treated as step inputs to broaden the understanding of elements and interactions
influencing behaviour.

Using the Insight Maker online software, CLDs for individual EPSs were successively
designed and built into the EPM. Annotations were employed to represent the systems: MCs —
material cultures, CNs — cognitive norms, and Eps — energy practices. Causal loops within a
system were labeled with the system’s annotation, followed by a numeric identifier (e.g.,
MCsl), incrementing sequentially to reflect the total number of loops in that system. Loops
spanning system interfaces were marked with annotations corresponding to all connecting
EPSs linked by a hyphen (e.g., MCs-CNs). Significant and accurate data inputs, especially from
a typical energy-poor community such as the Sofi settlement, were critical to ensuring the
validity of insights generated in the model. The iterative CLD designs ensured the
representation of EPSs evolved logically, focusing analyses on individual systems and
capturing additional interactions at each step. The CLD development began with:

e Developing MCs; the initial step involved creating a simple CLD of a material culture
system based on causal influences, including causal loops and links, to analyze the
synergisms within the system.

e Incorporating CNs; the second step expands the diagram by integrating cognitive norms,
resulting in additional causal loops and links and allowing for the analysis of synergisms
within the CNs system and at the interface between MCs and CNss.

e Adding EPs; the final step involved integrating energy practices into the diagrams,
generating further causal loops and links, and enabling the analysis of interactions within
and across all three interfaces, progressively building these diagrams into the EPM.

RESULTS AND DISCUSSIONS

Table 1 in Appendix summarizes the case study data analysis, which organizes empirical findings
by Okoye [6] under various energy-related categories. Each CLD design for distinct EPSs draws
on sampled parameters and their significant outputs grounded in empirical evidence to update
elements and causal influences in the EPM.

MATERIAL CULTURES

Figure 3 illustrates the initial step in mapping causal influences within the MCs system in a
simple CLD. The diagrams highlight the interplay of subsystems and elements, revealing both
strong and weak causal loops and links directed to influence CNs and EPs systems. In links,
the MCs system was strongly defined by:

e Low-income households with no electricity access; predominantly used, separately and
concurrently, less efficient energy fuels such as paraffin and gas (transitional or cleaner
fuels) or candles (traditional or less clean fuels) for lighting. These fuels were:

— readily available and accessible through local vendors,
— consumed at monthly rates of less than 100 / for paraffin and within 100-250 / for gas.

e Monthly energy costs of about 50 % and 40 % (high) and 10 % and 5 % (low) of household
income; however, low-income status and reliance on government grants [7] queried the high
energy costs.

e Shacks, i.e., poorly constructed housing structures, mostly self-built, lacked insulation,
rarely underwent renovations, and scarcely maintained warm temperatures in winter.
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The first causal loop — MCsl, captured the synergistic interactions between energy use and
sources subsystem and house characteristics subsystem, Figure 3. This loop, further influenced
by MCs2 loop activities, revealed that significant influences of elements captured in links
resulted in poor energy-use patterns (e.g., less efficient fuels and low energy demand levels)
and efficiency (e.g., poor housing structures). The MCs2 loop linked energy use and sources
with the household income subsystem, indicating how low-income status reinforced the
adoption of less efficient fuels, primarily instigated by a lack of electricity access in the
settlement. The MCs3 weak loop connected house characteristics and household income
subsystems, indicating that the impact of one system does not equal the same effect on another.
For instance, improving house efficiency does not equal household income and vice versa.
However, the MCs3 strong loop was generated, driven by strongly linked elements such as
household low-income and non-insulated homes, showing a positive reinforcing pattern
between the subsystems. These causal loops jointly shaped the MCs system’s overall
behaviour, emphasizing the subsystems’ interconnectedness in driving energy poverty
situations within the settlement.
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Figure 3. First Step: A simple CLD of MCs. Causal loops (in black) and links (in grey) are
represented in strong (bold lines) and weak (dotted lines) connections, indicating high-level
(marked with + signs) and low-level (marked with — signs) system dependency, respectively.

COGNITIVE NORMS

In the second step, the CNs system was added with a new set of causal loops and links to
examine why households use energy the way they do, Figure 4. Interactions within the CNs
system influenced both MCs and EPs systems while simultaneously being shaped by them. In
links, CNs were defined by:
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e Meeting the minimum baseline of energy services and entertainment in the form of recorded
electrical appliances (which also queried the lack of electricity access in the settlement),
although this interaction had low-level system dependency.

e Energy choices were not significantly driven by traditional values but rather by product
availability and accessibility and not a strong determinant of system behaviour.

e Awareness of the negative impacts of poor energy use and the benefits of cleaner energy
options informed some preferences, albeit weakly.

e Education was limited to high school certificates, using paraffin and candles for learning,
and poor socioeconomic activities, such as small family businesses, also contributed weakly
to defining system behaviour.

The CNsl loop highlighted weak interactions between the subsystems, which, in turn, were
dependent on CNs3 and CNs4 loop activities, with negative reinforcing patterns observed
across all three loops, Figure 4. The CNs2 loop, however, showed a positive pattern, where
respect for tradition enormously strengthened environmental and health awareness and vice
versa. The combined synergisms between the four loops (CNsI-CNs4) produced positive
behaviour toward energy preferences, primarily influenced by the disregard for tradition and
heightened environmental and health concerns. These interdependencies further resulted in
poor energy productivity, characterized by poor socioeconomic or low entrepreneurial activities,
limited education, and an inability to exceed the minimum baseline of energy services.

Causal loops at the MCs — CNs system interfaces revealed reciprocal influences, Figure 4.
Fundamental synergisms (not visually illustrated in the figure) defining system behaviour includes:

e MCs — CNsl loop; weak CNsl loop activities were strongly impacted by all MCs loops,
particularly in querying the possibility of electricity theft in the settlement[39].

e MCs — CNs2 loop; the energy use and sources subsystem (captured in MCs1 and MCs2
loops) strongly impacted CNs2 loop activities.

e MCs — CNs3/CNs4; similar to CNsl loops, all MCs loop activities strongly influenced
CNs3 and CNs4 loops through their linked elements.

ENERGY PRACTICES

In the third step, causal links and loops were included to analyze the interrelationships within
the EPs system, Figure 5. This step marked the development of the EPM, tailored to the case
study energy poverty analysis. Central to the energy price structure subsystem, EPs were
defined in links by:

e Lighting choices — dominated by paraffin and candles, with light bulbs present but not
widely used.

e Cooking practices — using mainly paraffin, gas stoves, and fuelwood with minimal use of
electric stoves.

e Heating devices — predominantly using paraffin and charcoal heaters, with fewer gas
portable units and heat pumps.

¢ Cooling practices — involving more traditional methods like opening windows and doors
with limited use of modern cooling technologies.

The system’s four casual loops (EPs1-EPs4 loops) indicated positive reinforcing patterns,
strengthening the energy price structure’s relationships with other subsystems in shaping
behaviour, Figure 5. The loops between the system interfaces demonstrated that EPs’ activities
were not self-contained but influenced by MCs and CNs’ system behaviours. Conversely, EPs
had a limited role in shaping behaviours within the CNs system. For instance, using paraffin
stoves for cooking (EPs) cannot successfully motivate any aspect of social aspirations (CNs)
in households. Key interactions from coupled interfaces (not) visually depicted in the figure
are highlighted as follows:
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e MCs — EPs loops; all MCs loops influenced the EPs1 strong loop, reinforcing the causal
influence between the energy price structure and lighting choices within the EPs system.
Similar influences were evident in MCs - EPs2, MCs - EPs3, and MCs - EPs4 loops,
suggesting the EPs’ strong system dependency on MCs.

e (Ns — Eps; all CNs loops strongly impacted all EPs loops, except for the CNs2 — EPs inverse
but a weak loop. This inverse weak loop stemmed from CNs2 linked elements (which, in
turn, were strongly determined by MCs loops) that showed no impact on mitigating poor
energy practices or encouraging the use of the finest appliances in households.

Figure 5 presents the EPM elucidating systems perspective on energy poverty analysis and
describing energy poverty situations in the settlement based on significant synergisms within
and across the systems (MCs — CNs — EPs), highlighted as follows:

e Poor energy-use patterns and efficiency (MCs) in informal households were driven by
poor energy use and sources, inadequate housing characteristics, and low household income.
These limitations contributed to reliance on local energy devices (EPs), poor social
aspirations, the minimum baseline of energy services, and heightened environmental and
health concerns (CNs).

e Poor energy productivity (CNs) in households rooted in constrained social aspirations,
influenced by inefficient energy use and sources, low income (MCs), and dependence on
local devices (EPs). While the minimum baseline of energy services was met (which aligned
with acceptable standards [1]), energy productivity remains optimal. Furthermore,

— Positive behavioural patterns toward energy preferences (CNs) were reflected in a
disregard for tradition and a heightened awareness of environmental and health concerns,
as indicated by the CNs2 loop. Despite these positive aspects, the CNs2 loop potential
was limited by the solid causal influences flowing within and between the three systems,
reinforcing inefficiencies.

e Local energy appliances and affordable energy prices (EPs) in the settlement. The
availability and accessibility of paraffin and gas (MCs) strengthened the use of local devices
and the affordability of local energy products (EPs). In addition, reliance on less efficient
fuels and the lack of electricity access (MCs) perpetuated poor energy practices (EPs)
despite awareness of environmental and health concerns (CNs).

INSIGHTS AND POLICY IMPLICATIONS

The synergistic analyses revealed that inefficiencies in MCs directly impacted CNs and EPs,
collectively contributing to the overall poor model performance, highlighting the need for
targeted solutions addressing structural barriers (e.g., housing conditions, income disparities),
behavioural shifts (e.g., improving energy preferences), and accessibility to cleaner energy
sources while fostering collaborative and integrated policy approaches. These analyses
effectively identified system elements that exponentially drive energy poverty and enable
sustainable energy access (SEA). For instance, the energy use and sources subsystem was
pivotal in meeting the baseline of energy services, poor energy productivity, and the
widespread use of local energy devices in the target settlement. These outcomes show
consistency with the literature on informal settlements in South Africa [3, 24]. However,
despite these limitations, this subsystem harbors integral elements capable of catalyzing
transitions toward clean energy access, improved energy productivity, and affordable energy
practices in target settlement.

The EPM further revealed no laid-out procedure for mitigating energy poverty in any local
settings [40]. For example, households utilized less efficient fuels (MCs) and only met the
essential energy services (CNs) while continuing to use local energy devices (EPs). Another
instance is that household low-income status (MCs) indirectly influenced the energy price
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influenced structure to be affordable (EPs), although it limits education and social aspirations
(CNs). These highlight the system interconnectedness, where interventions in one element
inadvertently trigger counterproductive influences in another, diminishing the practicality of
policy initiatives or interventions. Instead of implementing actions that narrowly target a single
element, such as workshops to promote positive behaviour without addressing the foundational
energy-use patterns (MCs), the model reveals the importance of identifying actionable
elements within the systems with multiple exponential impacts. For instance, providing access
to electricity or cleaner energy options (such as renewables or transitional fuels like paraffin)
displaces traditional fuels like charcoal, significantly improving energy-use patterns and
efficiency (MCs), as well as energy preferences and productivity (CNs) in informal households.
As another instance, promoting local entrepreneurial activities (CNs) can directly elevate
household low incomes (MCs) to support better energy practices (EPs).

The common assumption in energy access programs is that households readily adopt a new
energy technology once provided, disregarding factors acting singly or in groups that oppose
such immediate adoption in a given place and time [41]. However, the model showed the
intricate interactions among system elements that could initiate delayed technology use in an
energy-poor community. For instance, even with future access to electricity (MCs), adoption
delays are likely due to low-income status (MCs) exacerbated by electricity price hypes [3]
limiting affordability and persistent reliance on less efficient energy products influenced by
their immediate availability and accessibility in the target settlement. The institutional
landscape is critical in enabling new technology use and should employ a multifaceted
approach involving community stakeholders to address system interactions and barriers more
proficiently. In contexts like the case study area, institutional challenges, such as delays in grid
electrification, often hinder energy access progress. However, stakeholder-driven initiatives
can bridge gaps by promoting free and subsidized transitional fuels (see Table 1) to displace
traditional fuels, such as charcoal and fuelwood, reducing health risks from harmful emissions
and enhancing productivity (CNs) while building capacity for future clean energy adoption.
These strategies address immediate energy needs and create pathways for sustainable energy
transitions, fostering social acceptance and long-term adoption of clean energy technologies.
Once again, stimulating aspects of one system may be less effective in producing change than
stimulating another, with more significant influences on elements within and between the
system interfaces. For instance, promoting educational and entrepreneurial opportunities (CNs)
can shift household behaviour and perceptions, increasing openness to adopting new energy
technologies once provided in the study area.

The energy access process frequently faces constraints when the target group’s needs and
strengths are not adequately identified or addressed [42]. The model provides the platform to
help planners understand current conditions and design effective, context-sensitive external
interventions. Regrettably, sociotechnical decisions in energy access plans are made without
sufficient input from the target communities. Nonetheless, much attention should be focused
on addressing energy poverty based on the context of a place and responses generated when
designing solutions pertinent to that place. This can be achieved by holistically viewing the
interactions of MCs, CNs, and EPs in conditioning certain elements from opposing
sustainability and, ultimately, promoting a willingness to a behaviour change. There are certain
conditions where CNs, for example, are favourable but are compromised by inefficient MCs
or another situation where CNs favour MCs but are weakened by poor EPs. Addressing these
systems’ lop-sided components through appropriate interventions while targeting a place’s
socioeconomic and cultural settings can conveniently improve situations. Besides, resolving
the problem systems may require revoking some causal influences to motivate interventions.
Essentially, the prime understanding of elements prolonging the system problems can lead to
developing context-sensitive interventions and policy strategies.
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The success of system synergies in invoking the right solutions relies on the robustness of
existing policies [43-46]. Policies addressing MCs’ elements have cascading effects, improving
CNs, EPs, and overall model performance [43-46]. However, the simultaneous resolution of all
problem systems remains challenging due to the limitations of current policy frameworks. At the
time of this study, policy challenges exacerbated energy poverty in the target settlement [2, 47, 48].
These challenges included a focus on addressing energy inequality and supply shortages in the
broader energy sector, often overlooking the nuanced realities of informal settlements [2, 48].
Such settlements are typically neglected in initial energy access planning due to their
architectural volatility and lack of standardized infrastructure. These communities are often
disproportionately linked to energy poverty without sufficient consideration of how policies
could propel household-level sustainability. New place-based policy strategies should promote
energy-use techniques at the household level through better technologies and practices.
Alternative energy access options, such as renewable energy and localized microgrids, must be
explored to sustainably balance demand and supply factions. Encouraging input from affected
communities and relevant organizations further guarantees policies align with local needs and
realities. Given that the EPM platform identifies the root causes of energy poverty grounded in
the target group’s specific conditions and resources, policymakers can design solutions that
directly address energy inequality while avoiding unsustainable mitigation efforts. The model
insights generate a worthy rotation motivating cross-sectoral collaboration to ensure that policy
initiatives align with broader social, economic, and environmental goals. By leveraging these
model insights, policymakers can circumvent the traditional exclusion of informal settlements
from energy planning, bridging the gap between high-level policy intentions and on-the-ground
realities and fostering resilience and inclusivity in energy access planning schemes. On
balance, the model can promote policy cohesiveness and design of tailored interventions,
promoting SEA in informal settlements at large in South Africa.

CONCLUSIONS AND LIMITATIONS

Energy-related issues in informal settlements [22, 24] and other similar communities [20, 21]
have been widely documented, but none have been formalized in the field of SsT. The author
adopted SsT to present a different but cohesive outlook on the complexities of energy poverty
dynamics in informal settings. CLDs, synced with SsT and built into the EPM, have been
shown to allow the integration of diverse elements into broader system configurations. The
model utility generated multiple spectra of outcomes, facilitating the understanding of
synergistic interactions and identifying critical gaps and required assets within the problem
systems. The model further validated the synchronicity of actions necessary to address energy
poverty problems, substantiating the potential of existing policies and initiatives to mitigate
situations. However, policy support must be carefully scrutinized, and with a broad vision,
several EPM insights must be considered. While these insights are promising, policymakers
must remain adaptive, recognizing that the distinct characteristics of target communities
require flexible and multidimensional approaches.

Despite its robustness, the model may display complexity when addressing energy poverty
situations in a case-to-case scenario. Introducing new elements or accounting for unknown
factors may generate varied responses, potentially complicating understanding the problem
systems. This limitation is not unique but reflects the inherent complexity of any societal
design. Emerging factors such as disruptive technologies, sociocultural changes, or collective
traits of target groups may influence the model’s outcomes. Future iterations of the model
should recognize and incorporate the impacts of disruptive technologies, gradual societal
changes, or new causal influences, such as grid electricity access or improved supply chain
competence. These adaptations will not fundamentally alter the model but enhance its
inclusivity and precision to enable effective interventions, ensuring its continued relevance and
effectiveness in diverse settings.
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APPENDIX

Table 1. Empirical observations of sampled parameters/elements in distinctive EPSs in the

case study area.

Category

Parameters/Elements (# — Number of respondents)

Dwelling
Types and
Household
Sizes

a)

v
v
v

Dwellings (n = 117) are mainly shacks, built with corrugated metal sheeting (98,51 %);
Mobile homes (1,49 %)

Self-built (83 %) dwellings (n = 114); built by the local authority (26 %).

Non-insulated (n = 77); poorly insulated (n = 19).

Not renovated (63 %) dwellings (n = 120); unsure of renovating (5 %); renovated (31 %).

b)

Household sizes range from one to nine; with at least one member over 18 years (n=101).

Electricity
Access and
Energy Use

©)
v

v

Households (n = 96) indicate no electricity access (95,83 %); Few indicate access (4 %)
Primary energy use is paraffin - for lighting (46 %, n = 186); cooking (66 %, n = 139);
and heating (59 %, n = 128)

Followed by candles (40%) for lighting; gas (14 %) and fuelwood (12 %) for cooking;
and fuelwood (18 %) and coal (14 %) for heating

d)

Energy (paraffin) preferences (n = 117); are due to affordability (52,14 %), accessibility
and availability (36,75 %); convenience (7.69%); environmentally friendly (2,56 %); and
respect for tradition (0,85 %)

e)

Households (n = 97) obtain paraffin and gas from the area vendors; fuelwood and charcoal
obtain from woodlots and other outlets (n = 7).

f)

For space heating, households use paraffin (about 40 %; n = 67), charcoal heaters (39 %);
electric portable (4 %) and gas portable units (10 %); heat pumps (6 %).

g)

Traditional incandescent and LED light bulbs (n = 39); and some electrical appliances (n
= 84) are recorded

h)

For space cooling, windows and door units (97 %; n = 71); and electric fans and
evaporative coolers (3 %).

Energy costs
on household
income

)
»

Households (n = 127) mainly use less than 100 / (n = 34), 100-250 / (n = 17), and more
than 250 / (n = 12) of paraffin in winter (n = 64) than in summer (n = 63).

Gas consumption rates decline from summer (n = 13) to winter (n = 8); fuelwood and coal
rates increase across seasons.

k)

)

One-third of households (n = 78) have energy costs of 0,5 of household income, monthly;
others have 0,4 (17%), 0,2 (4%), 0,1 (15%), and less than 0,05 (23%).

Most household sizes (n = 99) spend less than R300 (50 %) and R301-R999 (41 %) on
energy products

Energy
Productivity
and Expected
Energy
Benefits

m) About future energy price hype, among n = 100 households: 83,33 % worry a lot; 3,92 %

n)
0)
v
v
v

p)

Q)

s)

worry a fair amount; 1,96 % do not very much and 10,78 % do not worry at all.

About the impact of using less efficient fuels on the climate, households (n = 104) worry:
a lot — 90,57 %; a fair amount — 2,83 %; not very much — 2,83 %; not at all — 3,77 %.
Households (n = 96) have eye and nose irritations using energy products as follows:
when using (n = 40): very much — 80,00 %; not too much — 17,50 %; not at all — 2,50 %.
immediately after using (n = 36): very much — 86,00 %; not too much — 13,89 %; not at
all — 0,00 %.

a long time after using (n = 20): very much — 85,00 %; not too much — 5,00 %; not at all
—10,00 %.

Households (n = 110) visit a hospital or clinic one or two times a month (~ 35 %); others
(~ 47 %) have zero visits.

Households (n = 100) have no kind of family business (~ 93 %); others (~ 5 %) run
businesses such as fashion, food vending, and hair salons

Households (n = 98) have at least one member with a high school certificate (68 %); no
education (22 %); a diploma (6 %); and degree certificates (3 %).

For improved energy use, households (n = 104) suggest solar PV (n = 7) [43]; external (n
=17) and internal thermal insulation (n = 14); replacement of windows, doors (n = 18),
and roofs (n = 24); pre-paid meter installations (n = 24) [46]; free delivery of paraffin [45]
and Reconstruction and Development Programme (RDP) houses [48].

Local Energy
Supply and

Sustainability

u)

Two area vendors — one sells 1 / of paraffin at R13 in summer and R13-R20 in winter; the
other sells 5 kg of gas for R120 and 9 kg for R220 regardless of seasonality.

Both vendors confirmed product affordability, availability, and sustainability, except in a
few winters when demand is high.
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