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ABSTRACT
In the latter half of the 20th century and the first decades of the 21st century, urbanisation in developing 
countries has increased dramatically. Across the developing world, urban populations have been rising 
rapidly, and the capacity of national and municipal governments to service these growing populations 
has not been able to keep pace with rising demand. This has led to a rise in informal access to services 
and the development of informal settlements. Defining informal habitation is complex, but some com-
mon features are a lack of access to the formal services of the city, be that water, sanitation, electricity, 
or housing services. Across the developing world, growth in informal settlements has accompanied 
urban population growth: 1.03 billion people in 2018 lived in informal settlements, according to the 
United Nations, 233 million of whom live in Sub-Saharan Africa. For the United Nations Sustainable 
Development Goal 11 (SDG11), to be achieved by 2030, access to urban services needs to be acceler-
ated. South African electricity services in urban informal settlements have seen significant development 
over the past decade, with programs such as the Upgrading Informal Settlements Program (UISP) ‘giv-
ing priority to the provision of basic services and functional tenure’. However, access to services is still 
a challenge in many informal settlement communities, and illegal access to basic services, particularly 
electricity, remains high. This research uses a novel agent-based modelling methodology to determine 
which factors affect most strongly the incidences of illegal access to electricity, as well as the main 
drivers and barriers to greater formal access to electricity in informal settlements in South Africa. 
Access to capital, political economy barriers, and technical challenges contribute to high incidences of 
illegal access, and addressing these barriers will lead to higher formal access rates and more reliable 
electricity services for residents.
Keywords: agent-based modelling, electricity, electricity theft, electrification, informal settlements, 
South Africa, urbanisation.

1 INTRODUCTION
Over the past 50 years, urbanisation rates globally have continued to increase [1]. Since the 
Industrial Revolution, the tendency for populations to gather in cities for the benefits that they 
offer has provided a strong incentive for rural populations to move to urban areas. This growth 
in urban populations has not abated: 21st-century urbanisation trends show that urban popu-
lations across the globe have grown significantly and are projected to continue to increase 
well into the century [1]. However, it is in developing countries, particularly those in the 
Global South, that this urbanisation trend is projected to apply to the greatest extent. In terms 
of the global urban population, developing Asian countries, particularly China and South-
East Asian countries, are projected to have the greatest increase in urban populations 
anywhere on Earth. However, this trend is not limited to these countries: across the develop-
ing world, urban populations are projected to increase dramatically through to the middle of 
the century. Countries such as Brazil, India, Thailand, and South Africa are all projected to 
increase in overall urbanisation rate (the percentage of a country’s population residing in 
urban areas), and a number of developing world cities are projected to become megacities 
(cities with more than 10 million population) by 2050.

Africa as a whole (including the transition economies of North Africa) is projected to be 
over 50% urbanised by 2030 [2]. World Bank projections from the turn of this century 
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 predicted small and medium-sized urban centres to grow the fastest in terms of population in 
the coming decades [3], and this trend has been borne out in the more recent analysis of urban 
population growth [1]. This rapid population growth in small- and medium-sized urban set-
tlements, as well as the comparatively smaller, but still significant, growth in large urban 
agglomerations, puts a significant strain on the municipal government’s ability to offer resi-
dents of the city urban services. These cities typically lack the human, technical, or financial 
resources to effectively deal with rapid increases in population in localised areas as larger 
cities may have [4, 5]. Electricity access is one such issue in that, as of 2017, more than 100 
million people in Africa live within technically feasible connection distances to the formal 
grid, but are unable to connect due to prohibitive connection costs [6], and illegal electricity 
access is a common feature in informal settlements across the continent as residents seek to 
improve their access to urban services [7]. The UN Sustainable Development Goals (SDGs) 
2030 aim to ‘make cities and human settlements inclusive, safe, resilient and sustainable’, 
with goal 11 and to ‘ensure access to affordable, reliable, sustainable and modern energy for 
all’ with goal 7, with 11.1 (ensure access for all to adequate, safe, and affordable housing and 
basic services and upgrade slums) and 7.1 (ensure universal access to affordable, reliable, and 
modern energy services) being relevant to informal settlements.

There are a number of factors behind the phenomenon of illegal electricity access. Eco-
nomic factors are perhaps the most obvious; those who cannot afford electricity on a formal 
basis, but still desire electricity access, may be tempted to bypass the formal system through 
an informal electricity connection, particularly if enforcement of formality is limited [8]. 
These connections are routinely removed on the basis of improving revenue recovery by 
municipal electricity authorities, despite the very low consumption rates typical of house-
holds with an illegal electricity connection [9]. There are direct correlations between 
household income and electricity consumption, and as stated earlier, generalisations regard-
ing the lower economic status of informal settlement inhabitants, while not true in every 
circumstance, still hold some validity [10–12]. Regulatory factors are another overarching 
theme identified in the literature; these factors arise from the informal nature of the settlement 
itself or from the householder’s applying for electricity access. These factors generally pre-
vent access to a formal electricity connection through some prerequisite factors not tied to 
electricity that informal settlement inhabitants cannot adhere to. Examples of this include the 
lack of a formal address, the lack of a formal deed of land to a property, or the inability to pass 
prerequisite safety inspections from the electricity company due to household construction or 
siting [9, 11, 13–17]. In summary, the literature finds a range of challenges to informal settle-
ment electrification, grouped around financial pressures, insecurity of tenure, and regulatory 
inflexibility.

2 CONSTRUCTING AN ABM OF INFORMAL SETTLEMENT ELECTRIFICATION
To construct an agent-based model (ABM), it is necessary to consider three primary factors, 
namely, the spatial dimensions of the model, the agents themselves, and the methods of inter-
action of the agents, sometimes referred to as a topology of interaction. Once these factors are 
determined, the bulk of the model consists of the parameters of the agents and how these 
agents interact with each other in the world of the model. Agent-based models do not neces-
sarily need a specific spatial dimension to operate within, and aspatial models are common in 
the social sciences when considering sociological behaviours.

The construction of this model was bounded by several factors, and some assumptions 
have been made to simplify the operation of the model and the topology of interaction. First, 
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the model will analyse a single informal settlement in South Africa. This analysis has chosen 
South Africa as a leader in informal settlement electrification programmes, such as the 
Upgrading Informal Settlements Program (UISP) [18]. Data on informal settlement electric-
ity access and demographics are also available in South Africa through the General Household 
Survey and other Statistics South Africa projects [19]. Agents in the model will represent 
households in informal settlements and illegal electricity resellers in informal settlements. 
Intra-household dynamics are not modelled as a bound of the analysis. The electricity system 
of the model assumes a 100% reliable formal electricity grid with sufficient capacity to sup-
port any number of new formal connections. The model assumes a 100% employment rate 
for residents and, as such, a consistent and predictable monthly income for residents to spend 
on electricity and other expenses. These assumptions are made in order to simplify the possi-
bility space of the model and in order to examine the effects of different economic factors in 
an ideal case. The spatial dimension of the model will be constructed to represent a hypothet-
ical, distributed urban informal settlement in South Africa, with randomly spread residents 
and resellers.

Table 1: Agent parameters in the model.

Parameter Description

Electricity A parameter representing whether an agent has formal electricity 
 access, set to true/false

IElectricity A parameter representing whether an agent has illegal electricity 
 access, set to true/false

Money A value represents the agent’s current money in the system, which 
is used to purchase electricity and purchase new formal or illegal 
 connections

Money-min A value that represents the minimum capital for an agent. In the 
 present analysis, this is always set to 0 to prevent agents from falling 
into negative money values during the simulation

Risk Risk is used as a proxy for the failure modes associated with illegal 
electricity connections, such as overloading of local network infra-
structure, brownouts, blackouts and fires, and agents’ willingness to 
endure these failures. Risk is set at 65 (on a scale of 0–100) for all 
scenarios, with residents below 65 risk preferring formal connections 
if available, and above preferring illegal connections if available.

Economicquintile A variable set to 1, 2, 3, or 4 determines which economic quintile of 
the South African economy an agent belongs to, which affects income 
and expenditure 

kWh The agent’s electricity consumption per month in kilowatt-hours 
(kWh)

Everconnected As the model includes a different cost for reconnecting existing formal 
electricity supplies, rather than installing a new formal electricity 
connection from the ground up, this variable is set to “true” if the 
agent has ever had a formal electricity connection, and “false” if they 
have not.
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The model constructed for this project focuses on the economic dimensions of electricity 
access in urban informal settlements in South Africa. While there is a range of factors affect-
ing informal settlement electrification, such as policy interventions, political economy 
barriers, and socio-technical barriers, analysing economic factors first allows for the con-
struction of the model backed by real-world data without introducing variables that would 
require significant calibration, such as variables modelling institutional barriers, at this stage.

The aim of this modelling exercise is to produce an agent-based model of informal settle-
ment electrification in South Africa, focusing on the economic aspects of electrification at the 
household level. Three research objectives will be met through this exercise:

Table 2: Global parameters in the model.

Parameter Description

Residentsnumber Governs the number of resident agents created at model setup
Resellernumber Governs the number of reseller agents created at model setup
Resellerthreshold Governs the spatial relationship between residents and resellers. If 

the reseller agent defined as a resident agent’s “pairedreseller” is 
closer (in the topology of the model) to the resident agent than this 
threshold value, the resident agent is able to access an illegal elec-
tricity connection, otherwise, they are too far away from a reseller 
to do so

Newformalcost The cost of a new formal electricity connection, installed by the 
electricity distribution company responsible for the informal 
 settlement’s area

Newinformalcost The cost of a new illegal electricity connection through a reseller 
agent

Reconnectioncost The cost of reconnecting an existing formal electricity connection 
that has been previously disconnected

Formalelectriccost The cost-per-kWh of electricity provided through a formal 
 electricity connection

Informalelectriccost The cost-per-kWh of electricity provided through an illegal 
 electricity connection

quintileXincome/
quintileXexpense

The income and expense per month for residents in each of the four 
economic quintiles modelled. Note that no agents are represented as 
belonging to quintile 5 of the South African economy in this model: 
data sources used for this model, specifically [19] and [20] suggest 
the residents of informal settlements show an even spread of 
economic quintile between quintiles 1 (poorest) and 4 (sec-
ond-wealthiest), but have a negligible representation from quintile 5 
(wealthiest). This is simulated in the model by assigning equal 
weighting for agents to be in each of the four quintiles at model 
setup. “quintile1income” through “quintile4income” and “quintile-
1expense” through “quintile4expense” are used in this model to 
represent the income and non-electricity expenditure of agents, 
based off economic quintile data from [19].
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•  Analysis of the impacts of household economic attributes on access to reliable, formal 
electricity,

 • Analysis of the propagation of illegal electricity connections through an economic lens, 
and

•  Investigation of the most impactful household economic metrics in accessing formal/ 
illegal electricity connections in South Africa.

Three research questions will be addressed through interrogation of this model:

•  What are the economic challenges at a household level to universal electrification of 
 informal settlements on a formal basis in South Africa?

 • How impactful is the income status of a household in accessing formal or illegal electricity 
connections in informal settlements?

 • How can economic policy and programmes increase access to reliable and formal 
 electricity in South African informal settlements?

3 AGENT PARAMETERS AND GLOBAL PARAMETERS
There are two types of agent in the model, namely, residents and resellers. Residents repre-
sent informal settlement households as a unit in the model, and resellers represent illegal 
electricity resellers in informal settlements. Residents and resellers both have nine parame-
ters associated with them.

There are a total of 16 global variables in the model.

4 MODELLING SCENARIOS
Three scenarios will be analysed through simulation runs of this model. The first scenario is 
a baseline scenario, using data from [19] and [21]. This scenario is simulated to give a base-
line status of formal and illegal electrification in the modelled informal settlement using 
variable conditions accurate to the time. The second scenario simulates a lower zone-of- 
control for illegal electricity resellers in the model, reducing the “resellerthreshold” variable, 
in order to determine the sensitivity of the model to this variable, and the economic condi-
tions relating to formal electricity access for residents who are not within the required radius 
for illegal electrification via a reseller. The final scenario dramatically reduces the cost of a 
new formal electricity connection (the ‘newformalcost’ variable), to represent government 
subsidy in increasing electricity access on a formal basis for informal settlements.

Each simulation is run for a total of 1,140 ticks, which represents three 360-day “years”, 
along with an extra 60 ticks at the beginning of the model for any equilibrium to be estab-
lished without affecting model results. Independent variables for the scenarios are in Table 3.

The scenario-specific variables for each of the three scenarios are set out in Table 4.

5 RESULTS

5.1 Baseline scenario

The baseline scenario represents the situation as of 2015 for a hypothetical informal settle-
ment in South Africa. Initial conditions of the scenario show zero formal access, 225 agents 
with no access, and 275 agents with illegal access once the simulation has begun. The results 
for this scenario are shown in Figs. 1 and 2.
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Table 3: Scenario-independent variables in simulation scenarios.

Variable Value/Unit

residentsnumber 500 agents
resellernumber 50 agents
newinformalcost 500 Rand
reconnectioncost 685 Rand (City of Johannesburg, 2021)
quintileXincome Quintile 1: 3242.5 Rand

Quintile 2: 10152 Rand
Quintile 3: 20955 Rand
Quintile 4: 49785 Rand

quintileXexpense Quintile 1: 2847.2 Rand
Quintile 2: 8023.1 Rand
Quintile 3: 14544 Rand
Quintile 4: 30486 Rand

formalelectriccost 0.96 R/kWh
Informalelectriccost 0.48 R/kWh
kWh Quintile 1: 300 kWh + 0–100 kWh

Quintile 2: 500 kWh + 0–100 kWh
Quintile 3: 750 kWh + 0–100 kWh
Quintile 4: 1000 kWh + 0–100 kWh

Table 4: Scenario-specific variables in simulation scenarios.

Variable Baseline Low Reseller Reach Formal Cost Subsidy

residentsnumber 5150 Rand 5150 Rand 2575 Rand
resellernumber 8 units 2 units 8 units

Figure 1: Baseline scenario results for all quintiles, showing the number of residents in each 
category of access.
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Figure 2 explores the evolution of connection status by economic quintile of the resident 
agents. Unsurprisingly, early in the model, all the formal and more expensive access is con-
fined to the quintile four agents. Interestingly, later in the model (ticks ~900–1000), there is 
a period where many quintiles three agents move from informal connection to formal. How-
ever, this transition is reversed in the following 100 ticks (~1000–1100), perhaps due to 
depletion of capital due to the higher cost of formal electricity in the model.

5.2 Low reseller reach scenario

This scenario uses the same initial conditions as the baseline scenario, with lower spatial 
reach for illegal electricity resellers. Reducing the reseller threshold variable represents more 
stringent efforts to remove illegal connections on the part of the municipal government of the 
hypothetical informal settlement. The results for this scenario are shown in Figs. 3 and 4.

5.3 Formal cost subsidy scenario

The formal cost subsidy scenario assumes the same initial conditions as the baseline scenario 
but reduces the cost of a new formal connection by half, to R2,575. This represents a direct 
subsidy from the municipal/national government to electricity suppliers to reduce barriers to 
new formal connections. The results for this scenario are shown in Figs. 5 and 6.

6 DISCUSSION
The results of these scenarios offer some insights into the economic challenges facing infor-
mal settlement residents in accessing formal, reliable electricity services in South Africa. For 

Figure 2: Formal, illegal, and no access by quintile for baseline scenario.
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Figure 3: Low reseller reach scenario for all quintiles.

Figure 4: Formal, illegal, and no access by the quintile for low reseller reach scenario.

Figure 5: Formal cost subsidy scenario for all quintiles.
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the baseline scenario, Fig. 1 shows the change in access over time by the type of access for 
all economic quintiles. Illegal access and no access are closely, inversely related, while for-
mal access remains steady until approximately tick 930, where a small increase is seen before 
returning to the previous level by the end of the simulation run. The inverse relationship 
between illegal and no access in Fig. 1 shows residents moving from no access to illegal 
access and vice versa, with the formal access rate staying largely stable. This is explained 
more clearly in Fig. 2; quintile 4 residents (the wealthiest) seek illegal electricity access ini-
tially, then transition to formal access once sufficient capital has been built up. Quintile 3 
residents dominate illegal connections, before switching to formal briefly towards the end of 
the simulation. Quintiles 1 and 2 residents struggle to maintain an illegal electricity connec-
tion, with the majority of no access residents being quintile 1 throughout the simulation, and 
quintile 2 residents are seeking illegal access, then losing it, before gaining it again with a 
period of approximately 200 ticks. Residents of these two quintiles never reach a threshold of 
being able to afford a formal connection over the simulation run.

The low reseller reach scenario shows that affordability for formal electricity connections 
remains high for quintile 4 residents, and quintile 3 residents access formal electricity in 
much greater proportions and earlier in the simulation, due to the lack of access to cheaper 
illegal connections. Quintile 2 residents also begin to seek formal connections later in the 
simulation, in contrast to the baseline scenario. However, quintile 1 residents continue to be 
unable to afford formal electricity, and informal access also remains out of reach for the 
majority. Higher numbers of residents overall gain formal electricity access in this scenario, 
but no access dominates, with a larger number of quintile 2 residents never having formal 
access throughout the simulation compared to the baseline.

The formal cost subsidy scenario behaves similarly to the baseline scenario. Quintile 4 
residents show almost identical behaviour, with high levels of formal access and full 

Figure 6: Formal, illegal, and no access by quintile for formal cost subsidy scenario.
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 electrification across the quintile via formal and illegal means. Quintile 3 residents show high 
levels of illegal access, with a similar peak in formal access rates occurring approximately 
400 ticks earlier than in the baseline scenario, and a small bump towards the end of the sce-
nario, suggesting that this pattern would be cyclical in a longer simulation run. Quintile 1 and 
2 residents exhibit almost identical behaviour to the baseline scenario, suggesting that the 
reduction in formal cost does not affect residents’ behaviour in accessing electricity in these 
quintiles. As with Fig. 1, Fig. 5 shows an inverse relationship between illegal access and no 
access, suggesting residents are moving to illegal access from no access and vice versa, with 
formal access rates remaining steady. Total illegal access rates in this scenario peak at over 
400 residents, compared to the baseline where the peak occurs much earlier in the simulation, 
and does not reach 400 residents.

From these scenarios, it is evident that with economic conditions based upon real-world fig-
ures from a 2015 baseline in South African informal settlements, residents in quintiles 1 and 2 
will struggle to access electricity, even on a less-costly illegal basis. This holds true across the 
scenarios, although the low reseller reach scenario suggests that some degree of affordability 
exists for quintile 2 residents if illegal electricity access is not possible. Quintile 1 residents, 
however, fail to sustain even an illegal electricity connection throughout the scenarios, even 
with reduced formal electrification costs. Quintile 3 residents show high uptake of formal elec-
tricity if illegal access is not available, but predominantly opt for illegal access to satisfy their 
electricity demands if it is available. Quintile 4 residents show limited sensitivity to the variables 
examined in these scenarios, with high formal access rates throughout and zero no-access rates.

Significant scope exists to expand this modelling exercise beyond the present scenarios 
where the sole drivers of model dynamics are economic considerations within the resident 
agents. While these economic model results reflect established issues with affordability of 
formal electricity access in South African informal settlements, there are a number of 
non-economic factors that affect informal settlement residents’ ability to access a new formal 
electricity connection, including but not limited to institutional reticence to electrify informal 
settlements due to the potential for increased incidences of electricity theft from easier access 
to formal infrastructure, the lack of formal address systems in informal settlements, the lack 
of access to formal banking services, and regulatory barriers such as requirements for wiring 
safety certificates that informal settlement structures are unlikely to meet without investment. 
All of these factors contribute to a complex socio-economic and spatial system, with political 
economic dimensions that need examining to fully capture the issues relating to informal 
settlement electrification.

7 CONCLUSION
Urbanisation in Sub-Saharan Africa is rapidly increasing, and the ability of municipal and 
national governments to serve growing urban populations is unable to keep pace with rapid 
population growth. This leads to a rise in informality; urban residents creating housing solu-
tions, employment solutions and energy access solutions outside of the formal, legal networks 
already established. Urban populations in African countries are projected to maintain a rate 
of growth of over 3% on average through to 2050 (United Nations, 2018), and as such infor-
mality is projected to continue to rise.

This article examines the economic dimensions of informal settlement electrification 
through the use of agent-based modelling. ABM is a well-established methodology in the 
social and technical sciences, although applications to informal settlements are limited, and 
electricity access has not been analysed in the literature through the use of ABM. The model 
used in this paper was constructed to examine the economic barriers to electrification of 
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informal settlements on a formal basis, using existing data on economic quintiles and elec-
tricity prices to analyse differential access rates across economic quintiles, and the effects of 
illegal electricity reselling on formal access rates within settlements. Of the three scenarios 
examined in this paper, the Low Reseller Reach scenario showed the highest overall formal 
electrification rate, with the Formal Cost Subsidy scenario allowing residents to afford formal 
electricity earlier in the simulation run than the baseline. From these preliminary results, it 
appears that market-based electrification requires additional support in terms of cost subsidy 
to be affordable for the majority of informal settlement residents.

Poorer residents perform significantly worse in terms of accessing formal electricity than 
wealthier residents in this model. In all three scenarios, the lowest economic quintile resi-
dents struggle to maintain even a lower-cost illegal electricity connection, while the highest 
quintile residents maintain a formal electricity connection with limited exceptions. Quintiles 
2 and 3 residents access illegal connections at a higher rate than formal connections, except 
in the low-reseller-reach scenario, where formal access is higher for quintile 3 residents, and 
lower for quintile 2 residents, suggesting an affordability gap for formal electricity access for 
quintile 2 residents in addition to quintile 1 residents.

As this model solely examines economic factors, with one variable associated with the 
risks of using illegal electricity connections, there is significant scope to expand this work in 
the future to cover more factors relating to informal settlement electrification in South Africa. 
Modelling institutional agents would allow for the examination of factors relating to the 
political economy of electricity access in South Africa, with electricity companies being 
more or less willing to install new formal connections based on current rates of electricity 
theft. Increasing the spatiality of the model would allow for different, potentially emergent 
behaviours to be seen, with agents making different electrification choices based on their 
neighbours, the spatial dimensions of the settlement, and proximity to existing infrastructure 
access. Informal settlements exhibit complex socio-technical, socio-economic, and socio-spa-
tial behaviours, and as such, capturing more of these features would lead to a more robust 
representation of informal settlement electrification through the model and the examination 
of more varied factors relating to electrification.
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