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Abstract: More than half of the urban population of Sub-Saharan Africa lives in informal housing
conditions. While urban areas are, in general, characterized by a high electrification rate, residents of
informal settlements are still affected by energy poverty, the use of traditional energy sources and
unreliable electricity supply. The aim of the study is to give an overview of different renewable-energy-
based solutions which are able to improve local energy provision. These are Solar Home Systems,
Mini-Grids, and Energy-Hubs. The technologies are compared to another option for improving
energy supply, namely Grid Expansion. The analysis is based on 24 Key Performance Indicators,
which can be classified into technical, economic, environmental, social, and political dimensions.
The selection of indicators is based on the challenges prevalent in informal settlements that impede
a comprehensive, sustainable energy supply. The literature-based indices are used to determine
which of the four technologies is a suitable solution for minimizing the challenges prevailing in
informal settlements. The resulting matrix provides a holistic comparison and serves as a decision
aid in selecting the appropriate technology for future projects in informal settlements, depending on
local conditions and the needs of the population. The results show that the Energy-Hub is a valid
alternative for energy supply improvement in Informal Settlements.
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1. Introduction

Informal Settlements (ISs) are a widespread phenomenon in cities in the global south.
In Sub-Saharan Africa (SSA), about 56% of the urban population lives in ISs [1]. With
an annual urban growth rate of 4% [2] paired with a lack of affordable, developed land,
inadequate city planning, and inefficiently performing public governance [3,4], ISs will
continue to exist and grow. In the absence of space for adequate housing, migrants settle in
areas still available and previously avoided by citizens for environmental or health reasons.
ISs have often been ignored by the country’s administration in order to prevent creating
the appearance of legitimacy for these regions [4,5]. Illegal residents lack political power
and do not benefit from political measures [6]. Occurring challenges within the settlements
are being neglected or addressed reactively with a focus on resolving short-term risks [7,8],
leading to limited improvements in the quality of life of its population. The image of
residents has improved over the last decades, and numerous slum upgrading programs
have been launched [9,10]. However, the fast-changing environment, their complex, convo-
luted structure and the illegal status of residents complicate the subsequent introduction of
sustainable, long-term programs or an improvement of the infrastructure [11,12]. ISs apply
to areas built without legal housing permits and outside the authority and administration
system [13,14]. Figure 1 represents the typical view of an IS.
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Figure 1. An exemplary street in an informal neighborhood in Nairobi, Kenya (Source: Author).

Due to economic vulnerability and the location of settlements in areas with challenging
environmental conditions, residents are particularly affected by the consequences of climate
change. Although the trend in SSA has steadily improved since 2013, the COVID-19
pandemic led to a renewed increase in the share of the population without access to
electricity, which can be estimated at 600 million for SSA in 2021 [15]. Despite the fact that
its electrification rate is generally higher in urban than in rural regions, more than 20% of
the urban population still lacks an electricity supply, and the majority belong to ISs [16].

1.1. Energy Situation in Informal Settlements

In ISs, the energy supply is often limited, unreliable, and expensive [12,17]. Many
people living in these areas do not have access to legal grid electricity and furthermore
rely on costly, traditional, and polluting energy sources such as kerosene, diesel, gas, and
biomass. [11,18-20] Fossil fuels, such as (char-) coal or firewood, are often used for cooking,
which accelerates environmental depletion and has a negative impact on health and the
environment [21,22]. Some companies offer prepaid gas refills [23], but this form of energy
is also fossil in nature. Lighting with candles or gasoline is still common, which can lead to
fire outbreaks [24].

Access to electricity is usually measured by the ratio of to the grid-connected be-
ings [25]. However, this yardstick does not reflect the complexity of reality, as the Multi-Tier
Framework exemplarily confirms [26]. Aside from the fact that there are parts of the urban
population that are not connected to the grid at all, other parts live unconnected but close
to the grid or face an unreliable power supply. Dumitrescu et al. [27] introduced the end-
user-market classification, which is being adapted within this context, given as an overview
in Table 1 and subsequently described in greater detail.

Table 1. Options of unsatisfactory electricity supply based on Dumitrescu et al. [27].

Off-Grid Close-to-the-Grid Weak-on-Grid Illegal Connection
Residents are in direct Residents are Supplv is oreanized
Residents have no environment of connected, but the PPy gant
. R . . by intermediaries
grid access. transmission-lines, electricity network is

but not yet connected. unreliable. (e.g., cartels) illegally.
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Off-grid: Energy supply companies often charge a high amount to connect new cus-
tomers to the grid. In many cases, ISs residents cannot afford these high upfront costs [28,29].
The poor geographical location of ISs (e.g., flooding) makes sustainable installation difficult,
may increase maintenance, and leads to higher supply costs [30]. Rising energy prices in-
crease the barriers for dwellers to able to meet the monthly charges [18]. Their illegal status,
lack of tenure, and high residential turnover prevent long-term contracts with the utility
company. Untransparent communication, lacking capacities to improve the infrastructure,
and absent community involvement in ongoing projects further impedes the mutual trust
between the utility company and residents [31,32]. For lighting, if electricity is not avail-
able, often candles or kerosene are used, which are economically and environmentally
unsustainable sources [32,33].

Close-to-the-grid: The nature of ISs is often characterized by extremely narrow, some-
times impassable roads. This makes it difficult for electricity supply companies to build or
maintain grid infrastructure [12]. Often, due to the building density and lack of accessibility,
only residents on the main road of the settlement are supplied with legal electricity [11]. In
Mozambique, the electrification of buildings that are not accessible by road is prohibited
because, in the event of an accident caused by electricity, rescue vehicles cannot reach
the houses [34].

Weak-on-grid: Improving electrification coverage and radius does not automatically
result in universal access. A large number of slum dwellers report blackouts lasting
hours, days, or even weeks and frequent voltage fluctuations, which can damage electrical
equipment [11,12]. Outdated transmission- and distribution infrastructures additionally
lead to reliability problems due to above-average losses. Natural events (e.g., flooding) can
further damage the infrastructure. Intentional interference (e.g., theft) or mismanagement
by utility companies can also contribute to unreliable supply [27]. At the same time, Grid
Expansion must respond to the additional demand of the surplus consumers, whereas
responsible institutions are often unable to organize new supply sources [18].

Illegal connections: Illegal electricity connections, often provided by cartels [35],
are the consequence of those challenges. These supply systems are widespread in ISs,
especially due to the resellers” knowledge of the energy needs of the residents [36]. In the
settlement of Mathare, Kenya, about 50% of electricity connections were informal between
2017 and 2019 [20,37]. Indirect connections can lead, due to a lack of electro-technical
expertise, to several issues: Both health and safety are at risk from fire outbreaks or damaged
electric appliances due to frequency oscillations and resulting blackouts. Furthermore, they
endanger the reliability and security of the respective national power utility [19,36].

1.2. Potential Integration of Renewable Energy Systems to ISs

Clean, modern, renewable energy systems (RES) are not only mitigating climate
change [38] but at the same time, are directly connected with benefits for the sector’s
well-being, health, economic development, and education [12,39-41]. The transition from
carbon-based to RE-based forms of energy reduces emissions, therefore smog pollution,
and risks of fire outbreaks, which both are prominent in ISs. With access to electricity, public
institutions and social services have a higher functionality and can be utilized to a greater
extent. With the accompanying higher availability and usability of smartphones, residents
of ISs have better access to information, online services, education, and communication [25].
The implementation and use of RES can further lead to job creation and revenue gain [39],
which can help to address the proportionally high unemployment rate in ISs, which is vital
for an improvement of living standards [25,42].

If ISs are not included in future energy scenarios, risks slowing down the transition
to RES-supply and an increase in poverty of already marginalized groups occur [43].
Jaglin [44] considers the energy supply in cities to be a central task in the future due to
demographic growth, city expansion, increase in energy demand, and current unreliable
power provision. To support people facing the challenge of lacking or unreliable electricity
supply in ISs, there is a need to improve its match between consumption and generation.
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1.3. Available Market Solutions

There are several ways to enhance the energy supply in ISs, which can address the
above-mentioned energy challenges. The suitability of using different RES depends on
a range of factors, such as the potential area of application and the local preconditions.
The solutions considered in the framework of this article are Pico Solar and Solar Home
Systems (SHS), Micro- and Mini-Grids, and a concept called Energy-Hubs. In the following,
Pico Solar and SHS are merged into one category, hereinafter referred to as SHS. Micro-
and Mini-Grids are also combined into one category, whereby within this article, the
term refers to a classic Mini-Grid that supplies individual buildings, each with its own
power connection. The Mini-Grid is defined as a 100% solar-powered island grid with the
support of a battery energy storage system (BESS), while the use of diesel generators is not
considered. The mentioned renewable energy-based solutions are being compared with
the option of Grid-Extension, as displayed in Figure 2.

Potential solutions for improving
access to energy services in ISs

I

|
Grid
Extension

Solar Home R Energy-
Systems Mini-Grids Hubs

Figure 2. Overview of considered technologies for improvement of energy supply.

Grid-Extension means the extension and densification of the grid infrastructure. The
Energy-Hub [45] includes all concepts that offer energy services for households and busi-
nesses at a central location, as implemented by, for example, a solar kiosk [46—48].

1.4. Aim of the Study

The presented article aims to provide an overview of different solutions for improving
the energy infrastructure in ISs of SSA. It draws attention to the challenges that exist in ISs
and assesses the potential solutions to mitigate these challenges when the technology is
implemented. Different dimensions affected by the technologies will be considered, and
characteristics of the technologies will be described according to the area they touch. The
article assists in the selection of suitable technology for improving energy services in ISs.
The evaluation is made depending on the characteristics of the technology, its potential to
meet specific local conditions, and the needs of the local population.

2. Materials and Methods

The following section is divided into four parts. The first section describes the research
methodology, which is based on the method of selecting the Key Performance Indicators
(KPIs) and the subsequent assessment matrix.

Thereafter, the state of the art of relevant literature is presented, and finally, the gap in
the research and the novelty of the paper are addressed.

2.1. Research Methodology

The research methodology of the presented work consists of several steps, which are
displayed in Figure 3.
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[Identification of energy-related challenges of ISs in SSA

Identification of potential solutions for improving
energy-services

Derivation of KPIs based on literature review and
scientific data in the context of ISs

Development of the comprehensive matrix to classify
potential solutions according to the selected KPIs

Global comparison and suitability assessment of the
analysed solutions for ISs in their parental categories

Figure 3. The overall methodology of this article.

As a first step, the energy-related challenges prevailing in ISs are elaborated primarily
based on the literature in Section 1. The sources used are studies that are as recent as
possible, not older than 10 years, in order to be able to depict the realities of life in ISs. As
the key work served by Butera et al. [12], who analyzed the challenges of energy in ISs
in cities of Africa and Latin America. Furthermore, keywords, such as electricity access,
energy supply, grid extension, off-grid, and challenges in combination with Informal
settlements, urban poor, or SSA were used to identify additional research work. The
RE-based technological solutions, which are being compared with the option of Grid
Extensions, are presented in Section 1.3. Due to the high solar irradiation values prevailing
on the African continent and the combination of low operating, maintenance, and system
costs, the choice of technologies is being rested on photovoltaics (PV). The selection of the
KPIs, which are presented in Section 3, is primarily based on the literature and scientific
data. The resulting matrix consists of the four technological options, which are evaluated
against the pre-selected KPIs. The matrix and the associated cumulative knowledge are
shown in Section 4, which represents the results of the study. In the discussion, the three
potential systems based on RES (SHS, Mini-Grid, Energy-Hub) are being further evaluated,
as shown in Figure 4. In the assessment, the solutions are ranked according to the data
analyzed within every respective KPL

Ranking of the three RE-based systems (SHS, Mini-Grid, Energy-
Hub) according to prioritisation from least suitable (one point) to
most suitable (three points) for deployment in ISs

Summation of the ranking results (local weighting) of the
individual, local 24 KPIs to the five parental categories (technical,
economic, social, environmental, political / regulatory)

Presentation of the evaluation of the three technological systems
in a comparative grid diagram within the parental categories

Figure 4. Methodology of the global comparison and suitability assessment.
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The local ranking is carried out by assigning one point to the least and three points
to the most suitable system. The detailed, local weighting of the systems based on each
KPI is then summarized within each parent category. This is followed by an evaluation of
the technologies within the parental category, thus achieving a summarized, condensed
presentation of the elaborated results. An outlook concludes the work.

2.2. State of the Art

Chen [49] compared different electrification technologies, namely, Grid Extension,
Mini-Grids and SHS according to their cost-effectiveness. Although he identified Grid
Extension to be the most economical option, in countries lacking infrastructure and electri-
fication, SHS and Mini-Grids can contribute greater to realizing universal access.

Blechinger et al. [50] developed a holistic manual displaying electrification scenarios
via different technologies for 52 target countries. Considering Mini-Grids, Grid Extension,
and SHS, they identified key obstacles and solutions for Off-grid electrification and gave
recommendations for future implementation.

Ortega-Arriaga et al. [51] analyzed off- and on-grid solutions according to their eco-
nomic and environmental impact. Key metrics for comparison were the levelized cost of
electricity (LCOE), the life cycle costing for the economic dimension, and the life cycle
assessment with a focus on Greenhouse Gas Potential for the environment.

A review of the sustainability of different off-grid solar systems, namely, Pico-solar and
SHS for rural electrification, was implemented by Feron [52], where institutional, economic,
environmental, and socio-cultural categories were analyzed. The aim was to identify
barriers to reaching sustainable implementation. The main findings were a deficiency in
regulations (institutional), lacking subsidization programs (economic) and a shortage of
awareness and policies (environmental /socio-cultural).

Amupolo et al. [53] investigate different off-grid renewable energy technologies in
terms of their techno-economic characteristics for use in an IS in Windhoek, Namibia. SHS
with a central ground- or roof-mounted hybrid microgrid were compared. For different
system combinations, the technologies PV, wind energy, diesel generator, and BESS were
considered and sized with HOMER. The target values to be determined are the LCOE and
the Net Present Cost of the three technologies. The best variants from a techno-economic
point of view are the hybrid microgrids of PV, diesel generation, and BESS. The authors
recommend including the option of Grid-Extension and pointing out the environmental
issues associated with the use of diesel.

Conway et al. [5] explore two different model implementations of how access to basic
services of electricity can be achieved in ISs in Zimbabwe and South Africa (SA) via the use
of SHS. The Social Enterprise in SA acts as a solar utility and offers services for a fee. In
Zimbabwe, group dynamics are strengthened to enhance the community’s organizational
capacity. The focus is on socio-economic impacts and explores the option of integrating both
approaches into a hybrid model. The results show that subsidies can reduce investment
costs and thus the financial hurdles. Synergies between locally formed groups (e.g., loan
organizations) can contribute to the social structure of the community.

2.3. Gap in the Research

The contributions stated clearly show that there are already various studies that
discuss the eligibility of the considered technologies depending on the characteristics
of the application site [54-67]. However, the focus of these works is especially on the
integration of such technologies in rural areas. Since urban areas are easier electrifiable by
the expansion of the national grid and rural regions have, in general a lower electrification
rate (on average, 25% are electrified, compared to 78% in cities) in SSA in 2019 [68]. This
can be considered a gap in the research since the primary approach to electrification of
urban regions is to pursue Grid Extension [69,70], rarely SHS or hybrid-micro grids [53].

While the assessment of various technologies has already been implemented, these
are either limited to specific subject areas, such as economic characteristics, or limited to
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fewer technologies. The literature does not consider Energy-Hubs, and furthermore, direct
comparison and classification of four different solutions have not yet been implemented
for the introduction in ISs. Hence, there is an immediate need to perform the analysis to
identify a suitable RE-based approach to enhance energy services for better living standards
in ISs. The area of consideration is in the (peri-)urban region, specifically ISs, which are, as
mentioned, not the scientific focus when discussing the improvement of energy access.

2.4. Novelty of the Study

This article aims at classifying possible technological while placing the Energy-Hub
system within the existing market of electrification options. The novelty of this article is
summarized in the following bullet points:

e  The comparison of energy-improvement strategies focuses solely on the implementa-
tion in (peri-)urban areas, especially those of ISs;

e  The selection of qualitative KPIs is realized for a comprehensive classification of
different options for the improvement of energy services in ISs;

e In particular, the analysis does not only cover supply for the residential sector but
includes the option to support Productive Use Chases (PUC) and energy services;

e A classification matrix is being developed, which helps identify the most suitable RES-
based technology depending on the local conditions of a potential site by comparing
the different RES-based solutions employing the selected KPIs;

e A subsequent evaluation of the four technologies in the technical, economic, social,
environmental, and political /regulatory categories is implemented.

3. Derivation of Key Performance Indicators

KPIs are crucial for understanding and analyzing the situation of energy poverty in ISs.
KPIs are quantitative or qualitative measures that are used to evaluate the performance of
a project, program, or initiative. In the context of energy access, KPIs can be used to assess
the impact of energy interventions. Thus, it is possible to identify the most appropriate
technology for improving energy services in ISs, which can help to alleviate energy poverty
and promote sustainable development. Based on the literature research and analysis of
potential prevailing challenges in ISs, KPIs were selected in the following areas: Technical,
Economic, Environmental, Social, and Political. Subsequently, the literature dealing with
the selection of KPIs in the context of energy services is being presented:

Bhattacharyya [71] gives an overview of methods hitherto applied for the analysis
and selection of off-grid systems for rural areas, e.g., the Multi-Criteria Sustainability
Assessment. While the term sustainability usually refers to three dimensions, namely,
economic, environmental, and social [72], many studies and applications are expanded to
include further criteria [71]. Several review articles exist which use indicators to evaluate
RES. Moner-Girona et al. [73] examine different countries in terms of their desirability for
investment in decentralized electricity technologies by utilizing 52 indicators within the
environmental, social, political, and financial areas. Feron [52] measured the sustainability
of SHS and Pico-solar according to five pillars (institutional, economic, environmental,
and socio-cultural), with each composed of up to five KPIs. The KPIs, which are used to
benchmark the different technologies, should cover all areas that the technologies influence.
This amounts to the holistic analysis with the technical, socio-economic, environmental,
and institutional or policy perspective, as implemented by Ilskog [74]. Since the RES to be
assessed should improve the living standards of the inhabitants, the aim is to evaluate the
technologies in terms of whether they can mitigate and support solving several challenges
that arise in ISs. The KPIs are selected based on local boundary conditions to cover major
aspects of ISs and their challenges according to their sphere of influence. The resulting
presentation of the aggregated KPIs, with a focus on the technical perspective, is shown in
Figure 5.
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KPIs for the classification of technologies for

System size

Level of energy
services and support
of PUC

Availability and
reliability

Distance to and
integration in
national grid

electricity provision
Environmental Political / Regulatory
LCOE [ Social acceptance [~ Somplexﬁy of [~ Legal barriers
errain
CAPEX / OPEX . Fluidity of ] Settlement density | [T Subsidy framework
customers
Vulerability to
ROI potential — illegal activitiesand |[7| Implementation area [}  Local ownership
theft
Amount of || | | Related C(le_ . | | Capacity building
customers Illegal status emissions during potential
life cycle

Potential for sector
coupling

Transferability to
other sites

Structure
intervention and
upfront planning

Operation and
Maintenance needs

Figure 5. Selected KPIs, broken down by parent index.

The selected KPIs are not able to cover all areas that influence the use of the proposed
technology. Accordingly, some KPIs are being neglected: health impact, job creation
potential, justice, or poverty alleviation, as Nerini and Runsten [75,76] include.

4. Classification of Solutions Based on the Selected KPIs

The following section allows the holistic analysis of the potential technologies pre-
selected in Section 1.3. All four technologies vary in their suitability depending on the
area of application. The aim is to describe and evaluate the technologies individually
based on the literature research for implementation in ISs. The results are comprehensively
presented in the form of a matrix, displayed in Table 2. Following the logic of the matrix, a
decision can be made on the most appropriate technology for use in ISs depending on the
project focus and the local, prevailing energy-related challenges. According to the problems
present in ISs, different KPIs can be focused on in the evaluation. A comprehensive analysis
of the technologies based on different dimensions enables potential users of the matrix,
e.g., project developers, to make better decisions during project implementation: If the
economic factor is the main focus during implementation, an initial assessment can be
made of which technology is suitable based on the in the matrix presented economic KPIs.
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Table 2. The resulting matrix compares solutions for the improvement of energy services by means of preselected KPIs.

KPIs

SHS and Pico Solar

Mini-Grid

Energy-Hub

Grid Extension

System size

Pico Solar < 10 Wp
SHS <150 Wp [77]

10 kW to >10 MW [77-79]

<35 kW: Size depends on
residents’ needs, offered
services, and availability of
space [80].

Level of energy services and support
of PUC

TIER 1-3 [5,76,81]
No support for PUC

TIER 3-5 [82]
PUC supports system
profitability and sustainability.

TIER 1-4
PUC with limited energy
demand is part of the system
design.

TIER 5 [26]
System should allow every range of
electricity demand or service [6].

Availability and reliability of services

Availability is limited to
irradiation. Reliability
dependent on usage and
weather [76]. BESS drives costs
upwards [60].

Highly reliable and available.

Services should be available
during opening hours and
expected to be highly reliable.

Depends on power utility; the goal is a
fail-safe electricity supply; illegal
connections often highly unreliable.

Technical

Integrable in national grid

Operation parallel to the grid is

If integration of RES in national grid is legal, connection is

ible manageable. Feasible from a technical point of view, regulations /
possible. need to be introduced from an economic point of view.
. “close-to-the-grid” population
Operation parallel to the grid . Althoggh CO];ICEpt? of grid can benefit due to reliable
. . . . . . . integration exist, grid should . . .
Distance to national grid or reselling with arrival of grid services. If E.H. is integrated in /
¢ . be far away and not reach the . o
is possible. . a grid, support of the reliability
site soon. . o .
of the national grid is possible.
Sector Cogpllng pote.n.tlal (cg. Not suitable. Integrable. Limited integrable. Integrable.
cooling, e-mobility)
Transferable fo an(?ther site if the Highly transferable. Not transferable. Highly transferable. /
grid arrives

Settlement, Household or
infrastructure upgrading required?

No Settlement-, but limited
household-upgrading is
necessary.

Yes, e.g., poles. If houses are
made of certain materials,
connections can be refused [70].

No upgrading is necessary. An
open space is required.

Yes. If houses are made of certain
materials, connections can be refused
[70].

Operation and Maintenance
(OandM) needs

Low.

High: Higher voltage, hard- and software more complex, skills for
OandM and monitoring needed [5].

Responsibility of energy provider:
Embedded in national OandM scheme.

Upfront planning requirements

Low.

Complex.

Medium.

Complex.
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Table 2. Cont.

KPIs

SHS and Pico Solar

Energy-Hub

Grid Extension

LCOE

Very wide range depending on local conditions and country:
0.25 and 1.4 USD2019$/kWh [51]. SHS tend to be more expensive

than Mini-Grids [69,77].

Due to central- and lack of
decentralized infrastructure
cheaper than Mini-Grid.

Very wide range depending on tariff and
country:
<$0.1/kWh to >$8/kWh [51,83].

CAPEX

High connection fees can occur [29].

OPEX

Economic

High upfront cost for Very high due to inclusion of Similar to Mini-Grid due to
individual customer: ~300 BESS: USD 1420/kW to USD inclusion of BESS, but no
USD/Kit [84]. 22,689/kW [69]. distribution infrastructure.
26.5% milor;(;rigrg]c e of total 35-40% of lifetime cost [69]. BESS drives OPEX upwards.

Electrification in ISs costs utilities
disproportionate amount of money due
to illegal activities [86,87].

Revenue Potential /Return of
investment

Upfront purchase or financed
sale over 2-3 years [5].
Profitability given [88].

Profitability depending on the
economic-, financial concept,
the ownership model.

Profitability depends on the
economic, financial concept, the
ownership model and local
acceptance.

Profitability in the area of ISs difficult.
System and monetary losses due to
illegal activities [86,87].

Number of customers

Very limited.

Limited with determined, fixed
customers.

Limited with partly
determined commercial actors
and walk-in customers.

If generation meets demand: unlimited.

Social acceptance

Neighboring influence is factor

Acceptance is earned if system

quality is satisfactory, and
awareness was created.

With early engagement,
interaction and awareness on
operation and use: high

9].
[64]. acceptance [89]

As a temporal solution
according to [76]. Depending
on the design, the services
offered and the collaboration
with the community.

Preferred solution according to [76].
Often mistrust between dwellers and
governmental / power utilities [32].

Dynamic reaction to fluidity of
customers

Flexible.

Limited.

Highly flexible.

Limited.

Social

Vulnerability to illegal activities and
theft

Panel theft can occur [90], but

overcome by appropriate
installation design, social
capacity building, and
education [76].

By-passing is possible,
Non-payment and theft should
be included in the maintenance

costs (OPEX) [69].

Theft-secure design necessary:.
Risks of crime when carrying
borrowed appliances (BESS,
lights) to the HH [76] Deposits
for borrowed appliances are to
be introduced [46].

Tampering is common via illegal
connections and illegal sharing.

Socioeconomic situation of
customers and illegal status

upfront costs of SHS can be

Illegal status irrelevant if

Provision of legal
documentation for connection
balanced. difficult [12].

PAYG, no long-term contracts
necessary.

Provision of legal documentation for
electricity connection difficult [69].
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Table 2. Cont.

KPIs

Complexity of terrain

SHS and Pico Solar
High complexity [50,77].

Mini-Grid
Low complexity [50,77].

Energy-Hub
High complexity, but one free
space needs to be accessible.

Grid Extension

Low complexity [34,50].

E Complexity of implementation One open space necessary, the Complexity of implementation increases
g Density of settlement Suitable for dense settlements. mp ty mp . density of the rest of the plexity ot imp .
£ increases with the density. . with density.
g settlement is irrelevant.
S
- . In both rural and urban area . .
2 L . In both regions, rural and . In both rural and urban areas In urban regions, connections are more
5 Spatial implementation area . implementable, but rural area . .
urban areas, implementable. . implementable. economical.
is more common.
. . ~0 to >1000 g CO,.qkWh [51],
CO; footprint Solar off-grid: 50-160 g CO,.q/kWh [51,91]. depending on electricity mix.
Legal Barriers Low High High Low
> Grants and Subsidies are Grants and Subsidies are Social tariffs for poor communities with
% Subsidy Framework possible. FiTs do not apply due  Grants and Subsidies possible.  possible. FiTs do not apply due low cgnsum tion
'::‘D to self-consumption. to self-consumption. phon.
& Community ownership is
6 Local ownership Individual ownership. possible, but not universally Community ownership likely. No ownership.
=t implemented.
S . s
= Capacity building potential Possible within the SHS frame High High Low

[92].
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The entries in Table 2, which could not be sufficiently explained in the matrix, will
now be discussed in detail.

1. Technical:

System size: The system sizes are selected according to scientific sources [77-79]
based on the local energy needs. One can visit the mentioned research to get a
detailed understanding of the sizing approach. The maximum size of an Energy-
Hub is set to 35 kW based on the maximum power of existing Energy-Hub
concepts [80].

Level of energy services and support of PUC: As a point of reference for evaluat-
ing the systems, the Multi-Tier Framework (MTF) is being used. While SHS can
achieve an MTF of 1-3 [5,76,81] with the possibilities of lighting, phone charg-
ing, and media use, such as a radio. Depending on local economic boundary
conditions, a Mini-Grid can sustain an MTF level of 3 to 5 [82]. PUCs are often
used to ensure the economic sustainability and profitability of the project. The
Energy-Hub concept, on the other hand, can provide services to households at
low MTF levels and only during the Hub’s hours of operation. For the PUCs
of the companies located in the Hub, a high energy level can be maintained, al-
though very energy-intensive PUCs must be avoided due to the limited capacity
of the Hub.

Availability and reliability of the services can basically be classified from low to
high as follows: SHS, Grid Extension, Energy-Hub, and Mini-Grid. Although
the national grid in Europe, for example, is extremely stable, blackouts and
fluctuations can occur regularly in SSA’s electricity supply, even in large cities.
As described in the introductory section, ISs particularly suffer if their population
is connected by an unreliable power supply.

Potential for sector coupling: While sector coupling is limitedly possible within
the scope of an SHS due to its restricted capacity, the grid should be able to
cover the integration of cooling, heating, or e-mobility if the generation is able to
match the demand. The Energy-Hub should be planned based on local needs
and is limited in dimensions due to the limited free space in ISs. If the need
for electrified mobility is communicated in the course of sizing the Hub, it can
support sector coupling within a limited range. The Mini-Grid, on the other
hand, is often more flexible in its choice of location for energy production due to
its planning over a larger area. This enables greater capacities and facilitates the
realization of sector coupling.

Integration into or transferability to other sites if the national grid arrives: Whilst
SHS can either be sold or continuously used in parallel when connected to the
grid, the continued operation of a Mini-Grid is more difficult to reconcile with
the arrival of the grid. This depends on the operating concept, financing strategy,
and relationship with the grid operator. While “moving” a Mini-Grid is not
possible, an Energy-Hub can be specially designed, e.g., containerized, to enable
transferability to other sites.

Upfront requirements and settlement upgrading: SHS is installed and integrated
into a building without the need for extensive planning. For Grid Extension
and the use of Mini-Grids, on the other hand, a stable, secure neighborhood is
needed, and agreements for decentral land use to install the generation source,
including infrastructure, such as poles, must be obtained [5]. In some countries,
areas need to be significantly redesigned for Grid Expansion—e.g., roads to be
electrified, houses need to be made passable for emergency vehicles or houses
are not allowed to be built with inflammable materials [34,70]. Land rights must
also be obtained for the Energy-Hub, but this is limited to the open space where
the system is located. No further settlement upgrading is necessary beyond
this. In all cases, the operating and financing model must be established, and
information on energy demand must be determined.



Energies 2023, 16, 4687

13 of 22

Operation and Maintenance (OandM) needs: SHS is being operated with low-voltage
direct current and need regular monitoring and maintenance. Furthermore, the owners of
the systems need training for correct operation [5,92]. Mini-Grids usually run on a higher
voltage. Their hard- and software is complex to operate. Therefore, skilled personnel, who
keep the system running, are essential. Knowledgeable local operators are also needed for
the Energy-Hub. In the case of Grid Extension, the operator takes care of OandM; therefore,
no local expertise is required.

2. Economic:

Costs: The economic analysis of the technologies in terms of LCOE, capital-
(CAPEX) and operational (OPEX) costs, and the associated Return of Investment
(RQI) is difficult to standardize across a region as large and diverse as SSA. Many
factors, such as local market maturity, financial, and regulatory frameworks in
each country, various system sizes and services offered and time and duration
of installation, have different impacts on system costs and revenues. Especially
policies that enable the implementation of feed-in-tariffs or tax cuts. Accordingly,
only a ranking of the respective technologies and a range based on underlying
literature values are presented. The “Mini-Grid space” [77] (p 20) compares the
unsubsidized electricity retail costs of the options Grid Expansion, SHS, and
Mini-Grids. Comparison criteria are building density, size and economic power
of an area, proximity to the electricity grid, and terrain complexity. The electricity
costs of SHS remain relatively constant and expensive to purchase per capita,
regardless of the factors mentioned. They are characterized by high CAPEX and
low OPEX [24]. The high upfront costs are a major barrier for financially re-
strained customers. The development of flexible financing systems, e.g., through
the introduction of “pay as you go” (PAYG) or the leasing of SHS [92], is becom-
ing more popular, but this is not yet widespread in a standardized way. Due to
the dense settlement combined with a large community and the short distance to
the legal power grid, the option of Grid Extension is most favorable for ISs from
an economic point of view. Only with increasing rurality, i.e., in communities of
medium density and higher distance to the grid and free area and high potential
of RES generation, Mini-Grids become more economical than the option for Grid
Extension. From an economic perspective, Mini-Grids are correspondingly less
suitable for deployment in ISs. The cost of Energy-Hubs tends to be slightly
lower compared to Mini-Grids because the items for distributed infrastructure
and individual power connections are omitted.

Number of customers: Whereas the costs and ownership for SHS are usually
concentrated on one household, for a Mini-Grid or an Energy-Hub, these are
being passed onto many customers. While the Mini-Grid has a static number, the
Energy-Hub has a mixture of static (businesses within the Hub offering services)
and fluctuant (community using energy services) customers.

3.  Environmental:

Complexity of terrain and density of settlement: As Peterschmidt et al. [77]
(p. 20) show in their illustration of the “Mini-Grid space”, the potential terrain
for (Mini-) Grid deployment must not be too complex, and the building structure
not too densely built. There must be sufficient space for infrastructure, such
as transmission and distribution cables. In contrast, all that is needed for the
Energy-Hub is a free area, whereby the complexity of the terrain and the density
of the buildings are irrelevant. For the Energy-Hub, the number of potential
customers increases with the density of the settlement.

Spatial application area: Due to the high CAPEX of Mini-Grids and the long time
to break even, and the lower priority and capacity for Grid Expansion for rural
populations, the focus for the implementation of Mini-Grids is in remote, rural
areas. Coupled with the ability to integrate the system into the national grid, the



Energies 2023, 16, 4687

14 of 22

Energy-Hub can be deployed in both urban and rural areas. As the distances
between housing and Hub are greater in rural areas, an implementation of the
system in urban areas is more advantageous due to a higher potential number of
customers.

CO,, footprint: Since the SHS, Mini Grids, and Energy-Hub solutions are all photovoltaic-
based systems and differ in their balance of system, the carbon footprint is considered
comparable per kWh. If a BESS or a diesel generator is additionally used, the environmental
impact values will increase depending on various parameters, e.g., the BESS technology
and capacity or the duration of use of the generator. Antonanzas-Torres [91] identified the
range of 100-160 g COZeq/ kWh for a 100% PV-Mini-Grid. In comparison, the emissions
of the national power grid are higher, depending on the share of renewable energy in the
generation. For example, the energy generation for Nigeria’s power grid has about 370 g
COz.¢q/kWh and South Africa’s 690 g CO;.oq/kWh on average during 2022 [93].

4.  Social:

e  Social acceptance: Social acceptance depends strongly on experience. Acceptance
is “earned” if the quality of the system is satisfactory and sufficient awareness of
the benefits of the system is created among residents. Neighborhood influence
and affordability is an important factors for acceptance [64]. According to Run-
sten [76], local charging stations, which can be categorized as Energy-Hubs, do
not enjoy a high level of acceptance. An increase can be achieved by analyzing
the energy-related needs of the population and designing the Hub accordingly.

e  Vulnerability to illegal activities: Decentralized solutions face a higher risk of
falling victim to crime. It is easy to manipulate the infrastructure of the national
grid or Mini-Grids towards illegal connections. A centralized system, such as the
Energy-Hub, can be more easily protected against crime through a customized
design or the selection of a suitable location within a secure compound. The
safety of SHS is the responsibility of the facility owners. While panel theft may
occur [90], security can be increased with appropriate installation design and
social capacity building [76].

e lllegal status of customers: While official identity documents must be available
for legal supply through the national grid or Mini-Grids, services in an Energy-
Hub can be paid for in advance or tied to the service (PAYG) without contracts or
identification required. SHS could also theoretically be purchased once, finances
permitting, without relevance to the status of the purchaser.

e  Fluidity of customers: The owner of an SHS product is an operator and can
resell independently. The fluidity of customers is limited for Mini-Grids and
Grid Extension due to fixed connections. With the laying of the power line, an
investment is being made in a new customer.

Although operators are compensated by high connection costs, a high turnover means
significant additional efforts. Due to the service-based concept, such as the status of the
customers, a high fluctuation among the customers of the Energy-Hub is irrelevant.

4.  Political/Regulatory:

o  Legal barriers: The Grid Extension option is not affected by legal but rather
by political barriers, as already mentioned. The necessity of restructuring the
settlement can be cited as a legal barrier (see “Technical: Upfront requirements”).
Legal obstacles mainly affect RES. The duration and costs of receiving permission
to build a Mini-Grid differ from country to country in SSA [94]. There are often no
regulations for integration of the Mini-Grid for the case when the grid arrives [95].
This makes the deployment of Mini-Grids in ISs difficult, as their inhabitants
often either live close to the grid or even have unreliable or illegal electricity con-
nections. In Mozambique, the operation, including selling of electricity parallel
to the existing national grid, is not legal [34], which hinders the implementation
of RES-based solutions in ISs further. Due to their individual application without
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the need for feed-in tariffs and their clearly regulated ownership, SHS encounters
lower legal barriers.

e  Subsidy framework: Since affordability is the key requirement in ISs, several
authors call for tax incentives, such as reduced VATs and import duties for, e.g.,
solar panels, which encourages their use [96]. The prevailing energy poverty
can be addressed by introducing social tariffs. This is applicable to each of the
four technologies.

e  Local ownership: Local ownership for SHS is ensured, while no ownership is
possible with the option of Grid Expansion. Various models exist for Mini-Grids,
and the involvement of the local community is increasingly cited as a criterion
for sustainable, successful implementation [96,97]. For the success of the Energy-
Hub, on the other hand, local ownership is defined as a conceptual component.

e  Capacity building potential: The potential for local development by providing
education, training, and knowledge exchange is possible to be implemented
with all presented technologies. Local expertise in retail, OandM is essential
for maintaining customer satisfaction and high product quality [92]. With its
low complexity for installation, operation, and maintenance, SHS technology
is particularly suitable for capacity building. Part of the Energy-Hub system
is to provide education, which could serve as an initial training ground and
dissemination of local expertise.

5. Discussion and Outlook

In the case of an area to be electrified, a decision must be made on the technology to
be utilized. This selection depends on the local conditions and the regulatory, institutional,
and economic framework. The substantial analysis of the different technologies in this
article supports the selection specifically for the implementation of RES in ISs.

Electrification by grid connection of certain areas is often implemented in a systematic
order. BloombergNEF [69] developed such a prioritization by first defining area segments
based on their population density and average daily income. They then rank the areas
according to the order in which they are expected to gain access to the national electricity
grid. While urban regions with incomes from $1.9 per day are said to be electrified the
fastest, urban areas inhabited by low-income residents, which include slums and ISs, are
in second place. Although Grid Expansion would be the most cost-effective option, the
many challenges in ISs, ranging from political, and regulatory to socio-cultural, bring other
solutions to the foreground.

5.1. Global Assessment of the Potential Solutions

Whereas the previous section dealt with the description of the technologies presented,
this section focuses on a concluding evaluation of the options mentioned. The assessment
is conducted for the RES-based SHS, Mini-Grids, and Energy-Hub solutions, as these three
options are available to private investors for implementation in ISs. The option of Grid
Extension is exclusively in the control of the national energy suppliers. The evaluation
consists of three levels, namely, “low, not beneficial” (one point), “medium, neutral” (two
points), and “high, very beneficial” (three points), as presented in Section 2.1, Figure 4. The
evaluation was performed by the author and based on the information elaborated in Table 2.
If the assessment of the KPI “Sector coupling potential” is taken as an example, it becomes
clear that SHS is the least favorable with “Not suitable”, the Energy-Hub takes second place
with “Limited suitable”, and the Mini-Grid is the highest scoring with “Integrable”. If no
clear ranking can be made based on the data given in Table 2, the system technologies in
the respective category receive the same rating. Table 3 shows the results of the evaluation
of the mentioned solutions across the KPIs.
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Table 3. Assessment of the solutions and their performance of the parental dimension with one being

not beneficial (low) and three being very beneficial (high).

KPIs SHS

Mini-Grid

Energy-Hub

System size

Level of energy services and support of PUC

Availability and reliability of services

Integrable in national grid

Distance to national grid

Sector coupling potential

Transferable to another site if grid arrives

Settlement, Household, or Infrastructure upgrading required?
Operation and Maintenance needs

Upfront planning requirements

Technical

Not applicable
3

LCOE
CAPEX
OPEX

Economic

Return of investment
Number of customers

Social acceptance

Social

Dynamic reaction to fluidity of customers
Vulnerability to illegal activities and theft
Socioeconomic situation of customers and illegal status

Environmental

Complexity of terrain
Density of settlement
Spatial implementation area
CO, footprint

W W WNN WRFR WNRFE FPWWWWRFE WWweEr -

W

R R, R, Rk WP NRR NRPRRPRR PR WNDWW

1
Not applicable

3

N N [WQWW®WRNNNNNERNDNNE QWD WWwN

W

Political/
Regulatory

Legal barriers

Subsidy framework

Local ownership

Capacity building potential

1
Not applicable
3

3

In order to achieve a comprehensive evaluation of the systems, the local weighting,
which is carried out with the help of the individual KPIs, is combined with a global
weighting. The scores presented in Table 3 are subsequently summed up within their
parental category (technical, economic, environmental, social, and political /regulatory).
The resulting score for each technology, i.e., its performance in the respective parental
category, is thereafter ranked. Figure 6 shows the resulting global weighting of the parental

category.
Technical Economic
SHS
24 SHS 15
22 8
29 6
Energy-Hub Mini-Grid Energy-Hub

Environmental
SHS
12
10

Energy-Hub Mini-Grid Energy-Hub

Mini-Grid
Energy-Hub

Political / Regulatory

SHS
12
10

3

Mini-Grid

Figure 6. The resulting global weighting of the parental category.

Social

Mini-Grid
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Applying SHS as a private solution allows greater freedom and independence from
the possible unreliable power supply and gives the security of ownership. SHS can support
households, but higher-capacity solutions are rather suitable for small businesses. SHS can
be deployed in a wide range of settings since solely a rooftop is necessary, and without
BESS, the impact on the environment is comparatively low. However, the use of SHS is
often not affordable for residents. SHS shows a medium score in four out of five criteria in
the final evaluation, reflecting the eligibility of SHS only under certain conditions.

Mini-Grids are not particularly suitable for ISs, as they share the weaknesses of the
Grid Extension and have fewer strengths. This is reflected in the results of Figure 6, where
Mini-Grids score lowest in all but the political category. Apart from the high reliability,
their RES-based operation, and the associated climate change mitigation contribution, Mini-
Grids are more expensive in CAPEX and OPEX, and more complex to plan, operate, and
maintain than the national grid. The density of the settlement, the complexity of the terrain,
and the vulnerability of the infrastructure to theft and illegal activities in ISs decrease the
attractiveness of Mini-Grids in comparison to other solutions.

The decentralized Energy-Hub is another solution for such dense areas because of its
scalable and modular approach, which allows adaptability to local demands. The Energy-
Hub, and SHS, is not a competitor to grid connections or Mini-Grids since it cannot achieve
universal access for every household. It is a small-scale, sustainable solution that can
provide flexible, independent use of energy services as needed when settlement upgrading
is not planned in an ISs. The additional expense due to frequent resident fluctuation is
eliminated when using the Energy-Hub. The smaller capacity of the Hub allows for a
limited but more flexible number of customers than Mini-Grids. Additionally, a protected
Energy-Hub can minimize illegal activities and crimes, such as theft. The challenge of
the Energy-Hub is to add value and willingness to pay for services in a system with an
unreliable energy supply and consumption-independent payment in the case of illegal
connections. Ownership, such as having one’s own electricity connection, is more attractive
than borrowing a battery system or lights. Accordingly, energy services that cannot be
provided by an unreliable grid supply should be offered. Looking at the matrix in Table 3,
it is becoming apparent that compared to the other technologies, the Energy-Hub overall
has an advantage in responding to the challenges in ISs. Figure 6 reflects the results, with
the Energy-Hub scoring highest in three of five categories.

The many challenges call for a more comprehensive approach that needs to support
the local economy. Efforts to advance ISs electrification should be embedded in a system of
assistance for its population. The government needs to provide an enabling environment,
including a sound regulatory framework and subsidies to assist low-income households.

Utilities must be willing to engage in activities that are outside of their standard role,
notably in designing and implementing approaches and business models keyed to informal
realities [31].

5.2. Limitations of the Study

This article does not claim to be exhaustive and cannot cover all articles published on
the topic analyzed. Only a limited number of KPIs could be considered. The ranking of the
technical solutions is based on the author’s assessment of the literature review. For this
article, a relative ranking was chosen. The work is based on the literature and stays in the
theoretical area of research. The accuracy of the local weighting of the individual KPIs is
limited in that it is based on the respective literature, which deals with many different ISs.
The authors focused on ISs in Kenya as a research subject. The challenges mentioned can
occur in the respective ISs, but do not have to in their entirety. A direct transferability to all
ISs in the whole of SSA is thus not given. The underlying work describes a general tendency
of the suitability of the respective technologies. In individual cases, the suitability of the
respective technologies must be checked when potentially implementing a system. With as
much involvement of the local community as possible, interviews with stakeholders such
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as small entrepreneurs, residents, illegal energy providers, or authority figures within the
neighborhood of the ISs can reveal which solutions are suitable.

6. Conclusions

This article analyses and compares different RES-based solutions, namely, Mini-Grids,
SHS, and the Energy-Hub with the option of Grid Extension. The aim of the article is to
discuss which of the four systems can best contribute to improving the electricity supply
in ISs in SSA. The technologies are evaluated comprehensively on the basis of 24 KPIs
in the areas of technology, economy, environment, society, and politics. Subsequently, a
comprehensive assessment of the potential solutions is being implemented.

In the course of the analysis, it becomes clear that diverse solutions are needed in
complex, rapidly merging, dynamic ISs, since network expansion, as is usual in urban
areas, is not always feasible in informal regions. Although SHS can usefully support
individual households, this technology is unlikely to support the local economy due to its
low energy provision. While the dense structures in ISs as and the high costs, can be an
obstacle to the implementation of a Mini-Grid, the Energy-Hub is a valid alternative for
the fast-changing environments in ISs. Further research needs to be implemented in-depth:
The construction and installation of the Energy-Hub are to be implemented at a potential
location and extensive, long-term monitoring is to take place. Particular attention should
be paid to economic profitability and the adoption of the most suitable operational strategy.
Since projects and efforts to improve infrastructure in ISs have already failed, a study to
specifically identify the causes of failure is recommended.
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