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Abstract: Solar hybrid mini-grid systems possess the potential to substantially support electrification
in sub-Saharan Africa. While their technical reliability has been proven, their financial viability is
achieved only by heavy subsidization as of now. Due to the growing importance of results-based
financing, we ask whether newly developed business models leveraging on the value added of
electricity supply in rural areas (such as the KeyMaker Model) bare the potential to substantially
reduce amount of grants required to finance the initial capital investment and thus contribute to
a sustainable form of development. The principle of the KeyMaker Model is based on utilizing
the locally supplied mini-grid electricity to establish a local agro-processing project, the revenues
of which are an additional income stream for the mini-grid operator, while the project creates an
end-market for the local farmers to sell their produce. We have developed two scenarios (without and
with KeyMaker Model) for four rural villages in Nigeria as a case study to scientifically assess the
potential of KeyMaker Models. We simulated and optimized the mini-grid systems using the software
tool HOMER. We then assessed their financial viability. Our analysis demonstrates grant finance
requirements ranging from 82% to 99% of the total investment for the base-case mini-grid projects
without consideration of the KeyMaker Model. We find that a well-selected KeyMaker Model such as
cocoa bean processing reduced the grant requirement by 68 percentage points, while processes based
on maize, palm oil and cassava processing achieved reductions of 36, 26 and 8 percentage points,
respectively. Hence, we conclude that the value added by the introduction of new local business
models bares the potential to reduce grant requirements for the socially and economically necessary
electrification across the Global South.

Keywords: mini-grid; rural electrification; energy poverty; grant requirements; business model
development; sustainable development

1. Introduction

In 2015, Member States of the United Nations adopted the 2030 Agenda for Sustainable
Development and defined the 17 Sustainable Development Goals (SDGs), which among others
aim to ensure clean and affordable energy (SDG7) and reduce the world’s population share living
under extreme poverty to 3% by 2030 (SDG1) and take urgent climate action (SDG13). As of today,
840 million people still lack access to electricity, two thirds of which live in Sub-Saharan Africa, and 80%
of them do so in rural areas. There are fundamentally three approaches to electrify remote rural

Energies 2020, 13, 6350; doi:10.3390/en13236350 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8800-5807
http://dx.doi.org/10.3390/en13236350
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/23/6350?type=check_update&version=2


Energies 2020, 13, 6350 2 of 31

communities, namely the installation of solar home systems, the development of mini-grids (MGs)
and the extension of the national grid [1,2]. MGs in this context refer to stand-alone systems with the
capability to supply up to 1 MW of electrical power to a wide range of customers that are connected
through a distribution grid [3]. The optimal option will ultimately depend on how remote a given
population cluster is, its population density and its level of economic activity.

Mini-grids have the capability to cost-effectively power both direct current (DC) and alternating
current (AC) appliances at household level and heavier loads such as welding shops, mills, rural
agro-processing businesses, health centers, schools and village-level water purification units. Hence,
they have the potential to turn an off-grid rural village into a “local business hub” (with the implicit
job creation potential) [4]. Furthermore, well-designed mini-grids are proving to be significantly more
reliable than the national grid in terms of minimizing power outages: while outages for grid-connected
customers can amount to 53% of the year in sub-Saharan Africa [5], recently developed mini-grids are
able to provide almost year-round power, often with uptimes exceeding 97% [6]. Cost-reflective tariffs
charged to MG customers are by norm substantially higher than tariffs charged to grid-connected
customers, which in the sub-Sahara African context are often subsidized [6], with utilities in some
instances setting grid tariffs that account merely for 41–80% of the levelized cost of electricity (LCoE) [6].
Existing research has shed light on the fact that African utilities are often not able to profitably run
their operations [7,8].

The solar mini-grid sector has been gaining traction driven by substantial cost reductions for
PV modules, lead-acid and lithium ion batteries. According to ESMAP [6], the LCoE of mini-grid
electricity is forecasted to experience a 60% reduction by 2030. While the technology has been proven to
be highly reliable, the economics of MGs are not as attractive. It is not uncommon for MGs nowadays
to require public subsidies and grants of up to 80% of their capital investment in order to offer sufficient
returns to private investors. In spite of forecasted cost reductions, the need prevails to identify new
business models that transform the economics of the sector and ensure its increasing independence
from development finance and grants [9].

Along these lines, our objective is to assess the potential of newly developed business models
leveraging on the value added of electricity supply in rural areas, such as the KeyMaker Model
to contribute to a sustainable form of development by increasing the profitability of MGs as well
as to reduce the share of subsidies that are currently being deployed to materialize these projects.
To answer the research question, we selected four villages in rural Nigeria, implemented two rounds
of simulations for each of the four cases, and assessed the economic viability: The first round of
simulations targeted the design of four MGs to electrify the selected villages. In the second round of
simulations, we assessed the extent to which the economics of the mini-grid projects is altered upon
applying the KMM across the four villages.

The idea of KeyMaker Models was first developed by INENSUS GmbH (Goslar, Germany) and
is being implemented and promoted by that company after having been tested by its subsidiary in
Tanzania, the mini-grid operator JUMEME Rural Power Supply Ltd. (Mwanza, Tanzania). Its underlying
principle is based on having the mini-grid operator leverage on its established network on the
ground and management structures as well as stable supply of electricity to qualitatively improve a
strategic value chain in the local community, often on the agriculture processing and trading sectors.
The electricity supplier in turn becomes as well an agro-product processor. As an outcome, the farmers’
produce is now locally processed and well-preserved while marketed beyond the local community to
reach regional, national or international markets, freeing the community from the economic constraint
implied by its remote location.

The remainder of this work is structured as follows: In Section 2, we provide a detailed overview
of existing business models across the MGs sector to map and contextualize existing gaps. We then
introduce our methods in Section 3, before proceeding with the presentation of the results in Section 4.
Thereinafter, we discuss the outcomes of our work in Section 5. We conclude in Section 6.
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2. Literature Review

The topic of mini-grids as a means for rural electrification has been widely explored during the
last years. A study recently published by the World Bank [6] lists innovation on business models
that transform the (currently weak) economics of MG projects as one of the priority research areas.
Given the wide diversity of research topics on MGs and the limited scope of this paper, our literature
review aims to shed light on the identified gaps that directly refer to our research foci: (1) analysis of
existing business models that have attempted to improve the economics of MGs and (2) analysis of
existing approaches to determine the financial and economic viability of MGs in rural areas across
the Global South. In both cases, an emphasis is placed on highlighting the large amounts of grant
finance that MG projects developed so far have required to achieve attractive returns to the undertaken
investment, a topic which existing research on MGs has largely omitted. For the purpose, an in-depth
analysis of articles, white papers, reports and case studies stemming both from academic and industrial
backgrounds has been undertaken.

2.1. Identified Business Models in the Mini-Grid Sector

Table 1 summarizes identified business models across the reviewed literature. We find that all
references experiment only within the boundaries of the electricity supply business without leveraging
on the potentials triggered by the availability of reliable electricity.

Essentially, common business models aim to reduce the cost incurred to generate a specific unit of
revenue, either by achieving economies of scale or aiming to reduce the capital cost of MG projects.
A growing amount of research is being developed exploring the potential of coupling the energy, water
and food sectors (the so-called Energy-Water-Food Nexus), which to a certain extent shares with the
KMM analyzed in this work the understanding of electricity as a means rather than merely an end
in itself.

Table 1. Identified mini-grid business models.

Author (Year)
[Reference] Business Model Concept Explanation

Bhattacharyya (2014) [10]

Micro-lighting utility
Small-scale systems that connect customers to a power

generation unit through a distribution grid for the purpose of
providing lighting services.

Lighting-plus systems Extends micro-utility principle to power heavier loads and
commercial customers.

Anchor load-based
Focus on a relatively heavy productive load

(telecommunications tower, industrial facility, etc.) that
ensures a baseload throughout the year to the system operator.

Safdar (2017) [11]

ABC Model
Extends “anchor load-based” model to significantly focus as

well on smaller-scale business customers (kiosks, cafes,
community centres, etc.) and household customers.

Franchise
Model

Overall expenditures of MG system are split between
franchiser, who manages the portfolio of MGs, and franchisee,
who owns and operates single MG systems. The model allows
the franchiser to reduce overhead costs/MG, and the franchisee
to reduce total expenditures by outsourcing overhead costs.

Clustering approach
Reducing project development, construction, O&M and

overhead costs per MG by developing a portfolio of systems
within a single region.

EEP Africa (2018) [4] Container model
Aims at reducing project development and construction costs
by standardizing small-scale AC MG systems in containers,

ready to be easily deployed.
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Table 1. Cont.

Author (Year)
[Reference] Business Model Concept Explanation

Gaudchau et al. (2013) [12]

Phase concept

Developed by KAÏTO Energie, a MG system is developed in
phases with the aim of reducing risk by initially focusing on

DC appliances and later extending to heavier AC loads. A first
phase is based on the installation of small-scale solar systems
to well-selected commercial clients. A second phase follows to
connect larger customers who contribute financially to their
interconnection. Once the willingness and ability to pay is

proved within a community, the system is extended to
connect households.

Micro Power Economy

Developed by INENSUS GmbH and based on the split-asset
model, the private MG developer owns and operates the
power generation assets, and the distribution grid is kept

under village ownership. The split-asset nature of the model
ensures an alignment in the willingness by all involved

stakeholders to make the project work. Furthermore,
electricity is purchased in advance in “blocks” (right to

consume a certain amount of power during a certain
timespan), rather than on a fixed amount of kWh.

Muceka et al. (2018) [13] and
Groh et al. (2015) [14] Hybrid Swarm Electrification

This business model essentially follows a very similar
principle to the “phase concept”, but the focus is initially set
on interconnecting household customers that allow for the
trading of surplus electricity and eventually extending the

system to other loads. However, the overall system structure
differs to that of a MG in the sense that the power generation

assets are not centrally located for the entire community,
but rather decentralized among the power costumers.

Lovin et al. (2019) [15] Appliance financing

Currently being tested by the MG Innovation Lab, the system
developer and operator provides access to household

appliances through credit financing lines, aiming to increase
overall MG electricity consumption.

Graber et al. (2018) [16] Under the grid systems

Based on the deployment of MGs for customers that are within
reach and connected to the existing distribution grid, but due

to frequent power outages live in a state of energy poverty.
The location of these potential MGs could allow to share costs
of the systems’ distribution grid among the MG operator and

the regional public utilities.

Kyriakarakos et al. (2020) [17] Energy-Food Nexus

Based on switching the priority order of rural electrification
loads in which, instead of having agricultural-based

productive customers complement central household loads of
the mini-grid, the agricultural-based productive load (e.g.,
maize flour mill) is the central load, the excess electricity of
which is used to electrify household loads. In this concept,

the role of an agricultural cooperative becomes central (instead
of that of the mini-grid developer), the latter of which becomes
a sub-contractor of the former. Cross-subsidization between
the cooperative’s-run mill and household customers plays a

fundamental role as well.

A. Haney et al. (2019) [18] Integrated Developer

Extends the role of the mini-grid developer to an agricultural
service provider. The mini-grid operator uses its own

electricity to power installations such as ice-making freezers,
fish cooling storage rooms, mills, etc. The business model

would be placed between traditional micro-utilities and the
KeyMaker Model discussed in this paper.

Fuentes-Cortés and Ponce-Ortega
(2017) [19]

Winklmaier and Bazan Santos
(2018) [20]

Aresti, Barclay et al. (2019) [21]

Energy-Water Nexus
Energy-Water-Food Nexus

Based on the integrated supply via off-grid systems of energy,
water and food services. The concept is based on the strong

overlap as well as reinforcing dynamics between energy, water
and food as vectors to positively transform quality of life in

off-grid rural areas. To the extent that the “Food” component
is focused not only on the provision of services but on the

actual implementation of food processing initiatives aiming at
increasing the quality of the processed products and reducing

the transport cost of these to the final consumers,
the Energy-Food Nexus model would share an overlap with
the KMM. However, the Energy-Water Nexus model would

differ from the KMM in the sense that no qualitative
improvement nor transport cost reduction is achieved by the
locally processed (treated) water in relation to water treatment

plants in urban areas.
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2.2. The KeyMaker Model (KMM)

Unlike the majority of previously implemented business models in the rural MG sector, the KMM’s
foundations lie in the windows of opportunities enabled by the supply of electricity to energy deprived
rural contexts. Essentially, the KMM understands electricity supply not as the end but as a mean
to economically transform recipient communities. The MG project developer/operator leverages on
the reliable supply of electricity as well as established management structures and network on the
ground to tackle prevailing challenges across other local value chains in the rural context. Generally
the agro-processing and agricultural product trading sectors are focused. Hence, the MG operator
expands their investments to agro-processing equipment in addition to the necessary mini-grid power
generation and distribution assets [22]. While the KMM resembles the Energy-Food-(Water) Nexus
principle in the sense that both have their foundation on the interface between the energy and food
sectors, the former has a clear focus on extrapolating the outcome of the project beyond the local
community where the mini-grid and agro-processing facility are implemented as means to reach
profitability. The eventual goal of the KMM operator is to produce and process at a scale that allows
to, once local demand is covered, market the locally processed produce beyond the community by
exporting to regional, national or even international markets. A core part of the KMM is centered
on processing high quality natural resources (crops, animal-derivates, etc.) using stable mini-grid
electricity supply, the community’s local expertise on these resources, and local labor from the same
recipient community (whose salaries are by norm relatively lower than urban wages), all of which
enable the KMM’s project cost structures to compete with urban and peri-urban agro-processors [22].

The increase in local farmers’ incomes (who are the MG operator’s customers on the electricity
business) is ensured by establishing solid and mutually beneficial crop supply partnerships with the
MG operator, which goes from being merely the supplier of electricity to being a reliable off-taker of
the farmers’ produce. The presence of the MG operator on the rural village, which is often remotely
located, creates a new market for the farmers.

For a KMM to be successful, it is of fundamental importance that it positively impacts the recipient
community in terms of economic value and job creation. The KMM is to imply a competition for
external stakeholders to the community where the mini-grid is located, not internal ones. This is due to
the self-interest of the mini-grid developer to create economic opportunities for the village population,
because he or she directly benefits from additional units of electricity sold. The mini-grid developer is
able to significantly protect farmers from seasonal price fluctuations, and thus increase their household
incomes throughout the year, which ultimately benefits as well the economics of the mini-grid through
contributing to more stable electricity consumption patterns. The KMM allows the interests of farmers
and mini-grid developers to be aligned, as they both have the role of client and supplier, either through
the electricity supply or the food processing business.

The partial or full processing of farmers’ produce at the local village instead of selling the
unprocessed produce to external traders has two fundamental impacts on the value chain: (1) the
produce leaving the village is now of higher quality and thus can be sold at higher prices to downstream
off-takers (i.e., on-site value creation); (2) due to the moisture reduction during the processing of
agricultural products, the weight of the overall produce decreases, and with it the per unit transport cost.

While the technical feasibility of mini-grid based KMMs has been proven and their positive
impacts on a community level are well comprehensible, as JUMEME’s experience highlights [22],
the claimed potential of KMMs to substantially reduce the need for grant-based funding to cover
investment costs still is to be proven. In the following, we will focus on this aspect.

2.3. Financial Assessment and Validation Approaches of Mini-Grid Projects

While extensive research covering the topic of techno-economic optimization of rural MGs in the
Global South context is available (cf. [10,23–25]), the identified literature tends to repeatedly omit three
fundamental aspects of the analysis. Firstly, as Franz et al. [26] state, important cost categories of the
MG project development and operation such as company “overhead [expenses], transaction costs and
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customer relationship management” [26] and distribution grid costs tend to be underestimated or
neglected in the analysis. Furthermore, Yang’s work [27] concludes that these costs are often bundled
under the “Other costs” category, while in fact comprise a heavier burden on the overall project cost
than some of the expenditures on hardware components. Secondly, in spite of several studies that
assess the viability of MGs from the financial perspective [28–31], underlying assumptions regarding
the capital structure of the assessed projects are not well described. While some studies do mention
the relevance of subsidies to materialize the presented projects, they do not clearly state the share
of the project that is financed through debt, equity or grants. Thirdly, the identified literature tends
to undertake the financial assessment of the MG projects taking purely the cost perspective, that is,
by benchmarking MG projects according to their LCoE. While insightful, this approach fails to take
into account the revenue streams generated (or not) by the assessed project, which ultimately would
be a first point of interest for a potential investor, as Tao and Finenko [32] state.

Some authors have aimed at integrating one or several of the previously stated points into their
research work. In his work dedicated to assess the viability of MGs in Uganda, Raisch [33] highlights
the essential role that subsidies are to play for the projects to achieve an acceptable project IRR of
18%, taking into account prevailing cost of debt, equity levels and project risk. Bhattacharyya [34] has
complemented the techno-economic optimization of MGs in rural Bangladesh with an assessment of
the required grant finance to achieve a positive net present value (NPV). He concludes that at existing
grid-parity tariffs, even a complete subsidization of the initial capital investment would not be sufficient
for the project to reach a positive NPV, and thus part of the OPEX would have to be subsidized, too [34].
The research of Keely and Managi [35] targeted the Indonesian market. They bring the above presented
analysis further by discussing the impact of varying grant shares and debt-equity rations on both the
projects’ IRR as well as the NPV. However, the study omits overhead and project development costs.
The authors conclude that a minimum grant share of 35% of the total initial investment would be
required for the project IRR to be higher than the mini-grids’ WACC across all scenarios [35].

Available research tackling the discussed weaknesses of previously developed studies undertaking
techno-economic assessments of MGs is still limited. For the MG sector to realize its full potential,
it will have to capture the attention of actors willing to provide financial resources beyond development
finance. For this to be the case, a broader understanding of the real cost of MGs has to be developed
(as well as of the subsidies currently required) to achieve attractive returns, and the profitability of
MGs has to experience substantial improvements through the implementation of new business models.

3. Material and Methods

We selected four Nigerian villages to serve as pilot cases for this work, with the aim to filter out
the role the KMM has on the overall MG project economics regardless of the context (see Figure A1 in
Appendix A for a map outlining selected villages). The villages were selected based on the following
criteria: (1) they are listed in the databases of the Nigerian Rural Electrification Agency (NREA) [36]
and the Nigerian Federal Ministry of Power, Works and Housing [37] as candidates to be electrified
though the establishment of mini-grid technology rather than through national grid extension or the
implementation of solar home systems; (2) they are demographically comparable, with a recorded
population of between 1000 and 2000 inhabitants and existence of two schools and one health centre
(as signs of a relative importance of the village in its wider off-grid context); (3) the villages are located
near rivers or bodies of sweet water (given how most agri-processing activities require a stable water
source) and outside of national parks; (4) they are located in geographical zones where the farming of
potentially promising crops to be processed as part of a KMM are predominant. We then simulated two
versions of each village’s MG system (before and after integration of the KMM loads and business) and
derived corresponding financial models. To this end, we used HOMER software [38] for the MG power
generation assets design and optimization, while spreadsheet calculations served to derive the villages’
load profiles and the MG financial models. We used Google Earth to verify the villages location as
outlined above, structure and MG compatibility of the villages. The MG design process, which has
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been applied in this work is composed of five steps: (1) village load profile estimation, (2) MG project
cost estimation, (3) technical design of power generation assets in HOMER, (4) distribution grid cost
estimation, and (5) development of MG financial model. Figure 1 illustrates our approach. Firstly, input
variables such as villages’ solar irradiation levels, cost inputs for the MG components in the Nigerian
context, village electrical loads, as well as KMM business loads (for the second-round systems) have
been inserted in HOMER. The power generation assets are thus sized and optimized for each of the four
selected villages and fed into the spreadsheet-based financial models, where additional cost categories
that cannot be explicitly modelled in HOMER are contemplated, such as project development and other
soft costs, distribution grid and power house expenses, as well as project finance structure. At this
point, the main economic variables of each MG system are obtained, including LCoEs, project internal
rate of returns (IRRs) and grant requirement levels.
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Among the diversity of software tools available for the techno-economic optimization of hybrid
mini-grids, we have selected HOMER (in spite of the above mentioned limitations) for the following
reason: The aims of this analysis are (1) analyzing the economic viability of mini-grid projects,
(2) shedding light on the required levels of subsidization and (3) assessing how a business model such
as the KMM impacts the overall project economics, rather than performing an in-depth optimized
design from the technical perspective. A growing amount of literature is emphasizing the value
added of applying approaches such as centres of moments and annealing for power generation
asset sizing and grid structure optimization, respectively [39]. Domenech et al. [40] benchmarked
the advantages and limitations of traditionally optimization methods with multicriteria approaches,
while Liang et al. [41] combined the former with artificial intelligence approaches. Fioriti et al. [42]
applied stochastic modelling to isolated mini-grids. Although our method based on HOMER does
not account for social factors and detailed distribution grid sizing [40], the nature of our analysis
(with a focus on performing sensitivity analyses on how different variables affect the overall project
economics), the availability of literature in regards to distribution grid costs and the fact that HOMER
is the most widely used software across the mini-grid sector, have all contributed to its selection to
perform this analysis.



Energies 2020, 13, 6350 8 of 31

3.1. Development of Base-Case Scenarios

In order to assess each village’s load profiles, we identified estimates and assumptions regarding
village customer typology and actual electricity consumption patterns of each type of costumer in rural
settings, for which we relied on INENSUS’ field data obtained through the company’s involvement
in JUMEME, a Tanzanian mini-grid operator with a portfolio of 12 mini-grids across islands in Lake
Victoria. Further, we gathered data on population [36,37], regional average household sizes, population
shares across low-, middle- and high income levels, households appliance use and appliance power
ratings [43–48]. Tables A1 and A2 in Appendix A summarize the derived daily electricity consumption
levels for each costumer type and the main cost assumptions for the modelling purposes in HOMER,
respectively. The following components have been selected for the simulation purposes: (1) generic
flat plate PV modules with a lifetime of 25 years and an assumed derating factor of 80% connected
to the DC bus; (2) Surrette 6 CS-25PS deep-cycle lead-acid batteries (Surrette Battery Company Ltd.,
Springhill, NS, Canada) with nominal capacity of 6.91 kWh, minimum state of charge of 40%, lifetime
throughput of 6879 kWh and 20 years total lifetime [49] connected to the DC bus in 48 V strings of
eight batteries per string; (3) diesel generator component as on file in HOMER to allow for optimum
generator sizing; (4) a generic bi-directional system converter with 90% efficiency connecting the AC
and DC buses and functioning both as a rectifier (converting AC to DC) and inverter (converting DC to
AC); (5) two system controllers, one for each type of dispatch strategy, to simulate both load-following
and cycle-charging dispatch strategies. The optimization problem we solved using HOMER to design
MG systems is the following:

min(NPVC) =
x=N∑
x=1

Cc,x +
T=20∑
t=1

X=N∑
x=1

CO&M,x + CRep,x + C f uel,x −Rs,x

(1 + i)t (1)

s.t.
No capacity shortages :

∑
s

ys ≥
∑

d

yd (2)

Share of renewable energy of at least 70% of total electricity supply (the rationale behind a
minimum requirement of 70% renewable energy fraction is based on the objective of simulating
mini-grids that could be of interest to be developed from an environmental perspective as well,
achieving substantial reductions in CO2 emissions in relation to the case the same village loads were
powered entirely by diesel generators. The impact of variations on the renewable energy fractions on
the economics of the mini-grid project is assessed on the sensitivity analysis).∑

srenewable

∑
h

Psrenewable(h) ≥ 0.7·
∑

s

∑
h

Ps(h) (3)

Operational reserve of at least 5% of electricity demand in each time step:∑
s

Ps(h) ≥ 1.05·
∑

d

Pd(h) ∀h (4)

Operational reserve of at least 40% of the PV feed-in in each time step:∑
s

Ps(h) −
∑

d

Pd(h) ≥ 0.4·
∑
ssolar

Pssolar(h) ∀h (5)

Total excess electricity lower than 20% of electricity demand:∑
s

∑
h

Ps(h) ≤ 1.2·
∑

d

∑
h

Pd(h) (6)
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Here, C represents capital and operational costs, R stands for revenue, T is the project lifetime,
N represents the total number of components, i is the real discount factor, y represents total installed
capacities, P the feed-in and demand power of electricity. The indices are defined as follows: index x
represents the components, c stands for capital, t is the index of years within the project’s lifetime T,
O&M stand for operation and maintenance, Rep refers to replacement, s refers to supply components
(with srenewable ⊆ s and ssolar ⊆ srenewable), d refers to demands, and h indicates the hours.

Going beyond the scope of HOMER, we included remaining cost categories in terms of
project development and soft costs, system O&M, powerhouse, auxiliary and installation costs.
Ohiare (2015) [50] undertook a detailed study modelling the least cost option for rural electrification
in Nigeria by 2030 proposing an average low voltage line length of 25 m per household connection.
ESMAP’s distribution grid cost estimates (including single- and three-phase cabling and poles) of
14.98 USD/meter are relied upon to estimate the low voltage distribution grid costs of each simulated
MG [50]. The same document estimates that MG distribution grid costs tend to fall on the range of 17%
to 25% of total capital investment costs [50]. Hence, we added distribution grid costs Cgrid as follows:

Cgrid[USD] = Z·25[m]·14.98
[USD

m

]
, (7)

where Z is the number of connections (customers). Further, we crosschecked that the resulting grid
costs do not fall below 17% nor exceed 25% of total investment costs. We used a spreadsheet-based
financial model tool to integrate all cost categories and the project finance structure (equity, debt and
grant components) as well as effects of system depreciation and the Nigerian tax regulatory context.
We focused the economic evaluation of each project on assessing the grant share ensuring (1) a project
lifetime IRR (including the remaining value of assets) of 20% and (2) an electricity tariff for customers
of 0.56 USD/kWh (which is the average tariff of developed MGs in Nigeria until now [3]). Given the
relatively high risk perceived in the Nigerian context in terms of average inflation rates of 11–12% [51],
the novelty of the MG sector in the country, generally unstable political and economic frameworks
and high costs of capital (with nominal interest rates often exceeding 20–30% [52]), a realistic project
would have to achieve a project IRR of at least 20% to compensate investors for the risk they face.
We calculated the project IRR as follows:

∑T=20

t=1

Rt,kWh + Rt, KMM pro f its −Ct

(1 + IRR)t −CC, t=0 +
Rs

(1 + IRR)20 = 0 [USD] , (8)

where Rt,kWh stands for revenues from electricity sold in year t, Rt, KMM pro f its stands for net profits
(before taxes) generated by the KMM (applicable only for the KMM-coupled MGs), Rs refers to the
remaining value of assets after the 20 years of the MG project lifetime, and Ct refers to all expenses
incurred in year t (namely operation and maintenance, component replacement costs, interests on loans
and taxes on income), and Cc refers to total required capital investment in both MG as well as KMM
agro-processing plant assets at the start of the project. The electricity tariff is assumed to be subject to
an inflation/indexing rate of 6.5%, considering that standard practice is based on keeping electricity
tariffs fixed for a range of 2–4 years and are adjusted for inflation after that period. Operational
expenditures, nevertheless, are indexed at the average national inflation rate of 11% (limitations of
this approach are further outlined in Section 5). Furthermore, single-phase and three-phase users
are subject to a connection and installation fees of 24 USD (8600 Naira) and 187 USD (67,400 Naira),
respectively, the payment of which is distributed throughout the first three years of MG operation.
Further assumptions on the financial model include: currency exchange rate of 1 USD = 360 Naira [53]
with an assumed annual indexation of 5%, a technical uptime of 99%, distribution grid losses of 8%,
an electricity demand ramp-up in the order of 60%, 80% and 100% on the first, second and third years
after MG commissioning and a constant diesel price of 0.69 USD/liter (250 Naira/liter) (with a 10%
mark-up to account for transport costs to remote areas) [54].
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While the grant component varies depending on the MG economics, the debt-equity ratio is kept
at 0.7 of the non-subsidized share for all projects. This ensures that the resulting project IRRs are
comparable. The loan is assumed to be borrowed in foreign currency (USD) at a nominal interest
rate of 7%, tenor of 10 years and grace period of one year. The assumed return on equity is 20%,
which results in a weighted average cost of capital (WACC) of approximately 11%. The annual net
operating profits are subject to 30% income tax, 5% VAT tax [55] and 1% communal tax, aligned with
the Nigerian corporate tax framework. The overhead costs, including the salary of the managing
director, management and technical staff, accounting, travel and vehicle costs, office costs, consultancy
cost and fees, company insurance and an additional miscellaneous category are assumed to remain
constant across all simulated villages. These have been assumed to amount to approximately USD
14,000 per year.

3.2. Development of KeyMaker Model-Coupled Mini-Grid Systems

We re-sized and re-designed each of the previously simulated and optimized four MGs to account
for the required power demand of the KMM food processing machinery. We further adjusted the
financial models correspondingly to integrate the KMM net profits as additional revenue streams for
the mini-grid investor. The coupling of the KMM on the MG has two main impacts on the financial
model: (1) it increases the annual MG revenues through a significant increase of electricity sold
(the hypothesis being that the more electrical energy intensive the KMM is, the more it benefits the
MG economics); (2) as long as the KMM and MG project accounts are merged (i.e., as long as both
projects are undertaken by the MG operator solely or through a joint venture with a local stakeholder),
a profitable KMM would strengthen the overall economics of the MG. In this work, a different KMM
has been selected for each village’s MG.

The Famine Early Warning Systems Network’s (FEWS NET) (2018) [56] extensive report covering
the livelihoods zone map for Nigeria served as starting point to selected the value chains serving as
KMM pilot cases. We then proceeded as follows: Firstly, we assessed the overall market conditions
and regulatory frameworks in Nigeria for the pre-selected crops. Secondly, we analyzed each potential
KMM’s project economics. To this end, we accounted for the purchase of equipment and machinery for
the specified processing capacities, building construction of the KMM factory, overall transport expenses
(from farm to factory and from factory to market, assuming a distance of 25 km), personnel/labor
costs, expenditures in O&M of the equipment (assuming 2% of the respective machinery costs),
depreciation, packaging, rent, utilities and taxes. Further, we developed financial plans for the selected
KMMs, and compared the resulting net operating profit margins to estimates available from the
literature review.

We prioritized value chains with net operating profits above 10–15% (after taxes), stability in crop
supply throughout the year and favorable market conditions. We focused on identifying potential
gaps that the implementation of the KMM could fill in terms of improving the productivity of the crop
processing, increasing the quality of the processed product and reducing the transport costs of delivering
the produce to the market. This implies identifying national market sizes of crops and their respective
processed products (in tons and USD), average market prices (season and off-seasonal) [51,54,57–69],
export potential, seasonality and yields of crops (kg/hectare of farm land/year), regulatory frameworks
and availability of tax incentives for the export of the processed products and import of required crop
processing equipment. The result of this analysis concluded in the following selected KMM processes:
processing of palm fruit to palm oil, processing of maize grain to maize starch in order to make ogi—a
widespread eaten fermented cereal pudding in Nigeria made from, among others, maize—processing
of cassava root to produce cassava flour, and finally, processing of fresh cocoa bean into cocoa butter
and cocoa powder. See Table 2 for further details on the regarding conversion rates.
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Table 2. Crop conversion rates from input to processed product.

Crop Processing Type Mass of Processed Product Obtained from
1 kg of Raw/Fresh Crop (kg) References

Palm oil 0.28 [70]
Maize starch/ogi 0.68 [71]

Cassava flour 0.2 [72]

Cocoa butter/powder 1.25 kg of cocoa bean yields 0.5 kg butter
and 0.5 kg powder [73]

Moreover, we analyzed the energy and water intensity of each process. Energy use in each
process has been split between electrical and thermal energy units, provided that the former is the
load that would eventually have to be supplied directly by the MG. In order to make the results of the
four villages comparable, we assumed an equal processing capacity of 200 kg of processed product a
day for the four prioritized KMMs. The mentioned processing capacity corresponds to a small- to
middle-scale processing business, which at an early stage of project assessment would be realistic and
easily absorbed by the recipient community. Additionally, such a small-scale KMM is expected to
source the required amounts of crop supply by farmers from the surrounding communities. Each KMM
alters the optimal MG design depending on the energy intensity of the specific process. All KMMs
have been assumed to operate 10 h a day, from 8 AM to 6 PM, coinciding with typical mill operating
hours in rural areas as well as with sunlight hours. Table A3 in Appendix A presents the annual hours
of operation for each KMM, conditioned mainly by the seasonal calendars of the crops. In Table A4,
we summarize the value chains of selected crops and relevant market characteristics. We adjusted the
respective financial models of the four MGs by adding the annual electricity demand of the KMMs.
We integrated the net annual profits estimated for each KMM in the financial model as an additional
revenue stream for the entire MG project. Given the relatively low capital expenditures of the KMMs,
the purchase of the processing equipment and machinery is assumed to be fully financed by equity,
resulting in zero expenses on interests. The MG electricity tariffs are kept at 0.56 USD/kWh as was done
in the first part of the analysis. Finally, we compare the resulting grant share levels required for these
newly modelled MGs in order to maintain a project IRR of 20% to those of the first round MG projects.

4. Results

Having introduced our methods, we now summarize our results. First, we demonstrate the
developed KMM value chains. We then compare both the technical and financial outcomes of the
base-case before introducing KMM value chains with the results of the second-round simulations
including KMMs that are based on rural electrification. Finally, we provide sensitivity analyses for main
influencing factors, comprising the diesel price, mini-grid tariffs, the costs of capital, the project IRR
requirements, the KMM product market price and future mini-grid capital and O&M cost reductions.

4.1. Analysis of KeyMaker Model (KMM) Value Chains

We found that the first key impact factor for a successful KMM application is securing the supply
of crops in the required quantities for the business to operate at its designed capacity. Two additional
fundamental factors for the KMM selection are the market price of the processed products as well
as the number of months per year throughout which raw crops can be supplied to the processing
factory, delimited by the respective crops’ harvesting seasons. The next step in the selection of suitable
KMMs involved the analysis of the energy intensity levels of the processing of each type of crop.
Figure 2 outlines the significantly higher (electrical) energy requirements for the processing of cocoa
bean to cocoa butter and powder. For every ton of processed cocoa butter and powder, approximately
1537 kWh of electricity are needed, according to literature [73]. The three remaining selected value
chains are at comparably lower levels, with the processing of ogi, cassava flour and palm oil at
147 kWh/ton [71], 21.6 kWh/ton [74] and 64.29 kWh/ton [70], respectively. Among the analyzed crops,
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the processing of cocoa is expected to favor the MG project most substantially due to its high electricity
intensity. Nevertheless, the fact such a KMM would only operate during five months a year prevents
that this advantage is realized throughout the whole year. Therefore, the question arises as to whether
the additional revenues from electricity compensate for the required upsizing of a MG powering a
cocoa-based KMM.Energies 2020, 13, x FOR PEER REVIEW 12 of 32 

 

 
Figure 2. Electricity intensity levels (kWhelectric/kg of processed product). 

The financial assessment of the processing business for the four selected value chains is 
presented in Table 3. Each village has been assigned a KMM based on the respective crop 
predominance in the region, thus ensuring stable crop supplies by local farmers. The corresponding 
KMM annual net profits have assumed to be achieved after a ramp-up phase of three years and have 
accordingly been included in the MG projects financial models. 

Table 3. Summary of economic results of selected KeyMaker Models. 

 Selected Villages and KeyMaker Models 
 Itamapako Mambe Anwain Apapa 

KMM value chain Palm oil 
Maize 

starch/pap 
Cassava 

flour 
Cocoa butter/cocoa 

powder 
Annual net profits (after taxes) 

(USD) 
14,500 10,500 3300 38,000 

Net operating margins 21% 13% 11% 21% 

The results prove that the high market prices of cocoa butter and powder are sufficient to offset 
the business’ higher initial capital expenditures, shorter harvesting seasons and higher energy 
intensity levels. The annual net profits (before taxes—in order to prevent double-taxing) of the four 
selected value chains have been introduced in the financial models of the second round of simulated 
MGs. The power required to run the KMM equipment is introduced in the four previously derived 
village load curves, as presented in Table 4. 

Table 4. Power requirements of each KMM with processing capacity of 200 kg/day. 

Itamapako—Palm 
Oil 

Mambe—Maize 
Starch/Pap 

Anwain—Cassava 
Flour 

Apapa—Cocoa 
Butter/Powder 

1.27 kW 2.94 kW 0.43 kW 30.74 kW 

4.2. Technical Design of Base-Case vs. Second-Round Mini-Grids 

As expected, adding the KMM loads to the base-case MGs causes the system size to increase. 
The increase proves to be roughly proportional to the (electrical) energy intensity of the four selected 
value chains. This pattern can be seen in Figure 3. Coupling a palm oil and cassava flour processing 
factory with a daily capacity of 200 kg leads to an increase in the MGs output power by 2% and 4%, 
respectively. This is in line with the relatively lower electrical energy intensity (see Figure 2). The 
MG’s output power increases by 12% for Mambe due to the integration of the maize processing 
factory, which is aligned with an intermediate electrical energy intensity in relation to the other three 
value chains. Finally, the size of the MG has to increase by 79% in order to ensure stable power supply 
for the cocoa processing factory, which corresponds to the high electrical energy intensity of this 

Figure 2. Electricity intensity levels (kWhelectric/kg of processed product).

The financial assessment of the processing business for the four selected value chains is presented
in Table 3. Each village has been assigned a KMM based on the respective crop predominance in
the region, thus ensuring stable crop supplies by local farmers. The corresponding KMM annual net
profits have assumed to be achieved after a ramp-up phase of three years and have accordingly been
included in the MG projects financial models.

Table 3. Summary of economic results of selected KeyMaker Models.

Selected Villages and KeyMaker Models

Itamapako Mambe Anwain Apapa

KMM value chain Palm oil Maize starch/pap Cassava flour Cocoa butter/cocoa powder

Annual net profits
(after taxes) (USD) 14,500 10,500 3300 38,000

Net operating margins 21% 13% 11% 21%

The results prove that the high market prices of cocoa butter and powder are sufficient to offset
the business’ higher initial capital expenditures, shorter harvesting seasons and higher energy intensity
levels. The annual net profits (before taxes—in order to prevent double-taxing) of the four selected
value chains have been introduced in the financial models of the second round of simulated MGs.
The power required to run the KMM equipment is introduced in the four previously derived village
load curves, as presented in Table 4.

Table 4. Power requirements of each KMM with processing capacity of 200 kg/day.

Itamapako—Palm Oil Mambe—Maize
Starch/Pap Anwain—Cassava Flour Apapa—Cocoa

Butter/Powder

1.27 kW 2.94 kW 0.43 kW 30.74 kW

4.2. Technical Design of Base-Case vs. Second-Round Mini-Grids

As expected, adding the KMM loads to the base-case MGs causes the system size to increase.
The increase proves to be roughly proportional to the (electrical) energy intensity of the four selected
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value chains. This pattern can be seen in Figure 3. Coupling a palm oil and cassava flour processing
factory with a daily capacity of 200 kg leads to an increase in the MGs output power by 2% and 4%,
respectively. This is in line with the relatively lower electrical energy intensity (see Figure 2). The MG’s
output power increases by 12% for Mambe due to the integration of the maize processing factory,
which is aligned with an intermediate electrical energy intensity in relation to the other three value
chains. Finally, the size of the MG has to increase by 79% in order to ensure stable power supply for
the cocoa processing factory, which corresponds to the high electrical energy intensity of this process.
The more (electrical) energy intensive a given KMM is, the higher its impact on the MG project.
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4.3. Financial Analysis of Base-Case vs. Second-Round Mini-Grids

Figure 4 shows the initial capital expenditures as well as annual village loads (kWh) and the
LCoE (USD/kWh) for the base-case and second-round MGs of the four villages. The required capital
investments for the base-case scenarios vary from USD 251,000 to USD 467,000 according to the
size of the respective systems; the LCoEs range from 1.15 USD/kWh in Apapa (where initial capital
expenditure are the highest) to 1.42 USD/kWh in Anwain. Capital investments range from USD 272,650
to USD 562,747 for the second-round simulations. An interesting finding is that in spite of a drastic
increase in the capital expenditures to develop the significantly larger MG in Apapa, the resulting
LCoE decreases by 13% in that village more than in any other site.

We find the following pattern across the four villages: in spite of an increase in the initial capital
expenditures, corresponding to the upsizing of the MG to power the KMM loads, the LCoEs for all MGs
decrease, thus proving that the positive impact of the integration of the KMM through an increase in
units of electricity sold offsets its negative impact through requiring higher initial capital expenditures.
This sheds light on the important role that the amount of electricity produced (and sold) in a MG has
to improve the economics of the overall project. Larger villages (in terms of loads) generally imply
better returns for MG project developers rather than small population clusters.

At constant tariffs, the coupling of the palm oil KMM allows for a reduction in the grant share
of the total project capital investment from 86% to 60%. The integration of the KMM based on the
processing of maize starch, which is simulated in Mambe village, leads to grant requirement reductions
from 99% to 63% of total project costs. The KMM based on processing cassava root to cassava flour
presents more modest results, provided it cannot reduce the grant requirement level below 87%. Finally,
the most favorable results are experienced for the MG system in Apapa, due to the integration of the
cocoa processing KMM. In this case, the grant requirement level experiences a tremendous reduction
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from 82% of total project cost to 18%. This implies an attractive business case that can change not only
the financing of a specific project, but the MG sector as a whole.
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4.4. Sensitivity Analyses

In order to assess influences of parameter variations on our findings, we conducted a set of
sensitivity analyses investigating the impact of: (1) the price of diesel, (2) MG tariffs, (3) the cost of
capital, (4) project IRR requirements, (5) varying KMM processed product prices, and (6) reductions in
MG capital and O&M costs on the overall project economics. Table 5 outlines the ranges for which
each parameter has been assessed:

Table 5. Sensitivity analyses.

Parameter Assessed Values

Diesel price (USD/litre) 0.46/0.56/0.66/0.76/0.86
Mini-grid tariffs (USD/kWh) 0.33/0.56/0.83

Cost of capital (%) 5/7.5/10/12.5/15
Project IRR requirements (%) 12/20/28

KMM product market price (% increase/decrease) 20% decrease/5% increase
Mini-grid capital and O&M cost reductions 2030 scenario



Energies 2020, 13, 6350 15 of 31

We found that under none of the developed scenarios across the sensitivity analyses did any of
the four base-case MGs (i.e., without KMM) reach grant requirement levels below 53% of the initial
investment. This can be seen across the figures outlined in Appendix B. Among the variables assessed
throughout the sensitivity analyses, the first-round MG systems are concluded to be most sensitive to
electricity tariff variations, with an increase from 0.33 USD/kWh to 0.86 USD/kWh in the tariff leading
to an average grant requirement reduction of 38 percentage points (see Figure A5). Further, we find
the simulated MG projects to be particularly sensitive to potential reductions in capital and operational
expenditures (see Figure A11). We assessed this sensitivity by repeating the undertaken simulations
for a potential 2030 scenario, with the corresponding component cost reductions that are forecasted to
take place. In this case, grant requirements of the simulated MGs have resulted in average reductions
of 27 percentage points between the 2019 and 2030 scenarios.

The extent to which fluctuations in the price of diesel, required project IRRs and assumed cost of
capital alter the shares of subsidies in the overall project financing, although prevalent, have proven
to be of lesser significance, with grant requirements varying between 9 and 10 percentage points
among the respective best-case and worst-case scenarios (see Figures A5, A7 and A9 in Appendix B,
respectively). The role of varying cost of capital is particularly reflected on the optimized MG technical
configurations, rather than on the capability to reduce the dependence on grants, with renewable
energy fractions increasing as the cost of capital decreases (see Figure A8 in Appendix B). Not even for
the lowest assumed cost of capital at 5% is a subsidy-free MG obtained that is able to achieve a project
IRR 20%, as outlined in Figure A7 in Appendix B. Furthermore, decreasing the required project IRR to
12% does not substantially alter the share of subsidies of the simulated first-round MGs, with two of
the four villages having grant requirement levels above 92% (see Figure A9 in Appendix B).

The extent to which the KMM load positively impacts the MG project’s economics has been
clarified further during the sensitivity analysis which aimed to capture seasonal variations in the
market prices of KMM processed agricultural products. Even in those cases when the price reduction
of the processed product lead to (almost) zero annual net profits for the KMM business (as outlined
on Table A6), the grant requirements of the MG integrating the KMM load (without including the
additional revenue stream implied by processed product profits), have proven to still be lower than
the grant requirements of the respective base-case simulations (without the KMM systems) for the
four villages (see Figure A10 in Appendix B in contrast to grant requirements as outlined in Figure 5).
While the potential of the KMM profits to positively impact the MG economics are likely to be subject
to significant variances across months and years, the positive influence implied by the KMM load
is a form of “risk coverage”, as long as it is assumed that this load does not fluctuate in response
to changing KMM product market prices. The analysis furthermore shows that the more electrical
energy-intensive the selected KMM is, the higher is the drop in grant requirement levels between
the base-case scenarios without KMM systems and the case where KMM systems are coupled to the
mini-grid project. This pattern applies both, during the preliminary analysis as well as during the
sensitivity analysis assuming a market price reduction of the KMM processed product of 20%.

In all cases, however, it is of high importance to correctly select the value chain that is to enable
the implementation of the KMM, given the sensitivity of the MG project economics to the KMM
project characteristics. As captured in Figure A10, the grant requirement levels of the MG projects
increased on average by 27 percentage points from the scenario when the perceived market price of
the processed product experienced a reduction of 20% to the scenario when the same product was
assumed to experience a 5% increase in relation to the base case scenario prices. Finally, an additional
advantage of the KMM-coupled load is its ability to increase the renewable energy fractions of the
simulated optimized MGs, as outlined across Figures A3 and A8 of Appendix B. This is expected to be
mainly due to the “deferrable load” effect implied by the agro-processing machinery, which across all
simulated cases is assumed to run during day-light operation hours, when it is relatively cheaper to
produce electricity, and thus contribute to a higher share of the PV system’s installed capacity.
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5. Discussion

The outcome of the presented work is necessarily bounded to the Nigerian rural context. To the
extent that framework conditions of an alternative region such as macroeconomic context, price of
diesel and solar energy potential are comparable to those assessed in this study, the results could
be generalized. We coupled the KMM businesses with the respective MGs by assessing the average
electrical energy intensities of the assessed agro-processes. In this regard, it is important to note that a
lack of literature regarding the energy and water intensities of the analyzed agro-processing value
chains has been identified. Hence, the energy intensities used in our study are subject to possible
variations. Furthermore, our finding that more electrical energy-intensive KMMs more positively
influence the entire mini-grid project economics should be assessed further by comparing value chains
that, while having significantly different energy requirements, have similar net profits (in our case,
the more electrical energy intensive KMM, cocoa processing, is also the most profitable one).

In our work, a constant KMM load is assumed for the 10 h of operation during daytime. In reality
and in spite of a comparable daily power consumption between both approaches, a more accurate
assessment would lead to a fluctuating power load across different times of the day, corresponding to
the part of the process taking place (peeling, drying, grinding, etc.) at a given time step. A consequence
of this simplification is that the stability of the KMM and, in turn, its capability to smoothen the overall
village load are possibly overestimated. This effect is mitigated as long as the simulated KMM is of
small-scale processing capacity, as has been the case in this work. Additionally, it is worth noting that
agricultural crops are known for their high price variability across the year. The financial plans of the
respective KMMs have considered an average of the seasonal and off-seasonal market prices. This can
be seen as a limitation of our study. To capture this fact, price variations have been assessed in the
previously presented sensitivity analysis.

The presented research has assumed constant tariffs across all mini-grid customer categories,
while the work could as well be extended to assess the role of cross-subsidization between productive
users (e.g., KMM) and household customers in the overall project economics. Further, the conservative
approach applied to the financial modelling of this research in regard to inflation indexation of revenue
and cost streams ought to be highlighted. While the mini-grid project revenues via the electricity tariffs
have been subjected to an assumed inflation rate of 6.5% (to capture the fact that tariffs are generally
not adjusted for inflation on a yearly basis but rather adjusted every two to four years), we assumed
the operational costs to be subject to the average national inflation rate of 11%, as these variables
are understood to be determined by the market. This fact (negatively) affects the project IRRs of the
simulated systems in a substantial manner, since the nominal cost streams increase substantially more
with time than the nominal revenues do. We have opted for this approach to ensure a conservative
estimation given the unpredictability of the Nigerian economic environment. An extension of the
sensitivity analysis, part of future work, could assess the role of varying levels of cost and revenue
indexing on the obtained IRRs.

A limitation and recommendation for future research would be to perform the analysis by relying
on the modified internal rate of return (MIRR) instead of the IRR as well as expanding on the net
present value (NPV) analysis. This would be of particular relevance, if the investment in one of the
presented projects were to be seriously considered. The logic of setting the focus on the IRR over the
NPV is due to the diverging size of the benchmarked projects in terms of energy requirements and the
question we aimed to answer [75]. Our research question did not relate to the project that maximizes
the value of the investment (i.e., achieving a higher NPV) but rather focused on (relative) reduction
potentials for subsidies. The analytical accuracy of MIRR over IRR justifies the analysis to be extended
in this regard [76]. At this stage, IRR was selected provided the body of literature this paper aimed to
contribute to and benchmark results with generally applies IRR analysis.
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6. Conclusions and Outlook

Our aim was to contribute to the body of knowledge regarding current financial viability of
mini-grids (MGs) for the purpose of rural electrification of remote areas. Hence, we assessed the
potential of newly developed business models such as the KeyMaker Model (KMM) leveraging on the
value added of electricity supply in rural areas to positively transform the economics of the MG sector.
Unlike alternative business models identified in the literature, the KMMs’ core characteristic resides in
its understanding of electrical power not as the end-product but as a means to untap local rural value
chains. Effectively, the proposed local business models overstep the rural electricity supply business:
they provide management structures and networks to enter a local agro-processing market, thus not
only ensuring a reliable off-taker for the farmers’ production (which contributes to their stable incomes
throughout the year), but as well an additional revenue stream to the MG operator implied by selling
locally processed crops to nearby and foreign markets.

In order to explore the extent to which the KMM impacts the overall MG project economics, we
selected four villages in rural Nigeria and two versions of the MG (without and with KMM loads),
which we simulated and optimized using HOMER software. The results regarding grant requirement
levels for the eight simulated MGs have been subject to sensitivity analyses. In these, we assessed
the role that variables such as the price of diesel, established MG electricity tariffs, required project
IRRs, cost of capital, potential reductions in MG CAPEX and OPEX and variations in the market price
of KMM-processed products have in altering the obtained grant requirement levels for each project.
Based on our results, we derive several conclusions as follows:

• High grant requirement levels across all base-case scenarios: Across the first round of simulations
(without the KMM), the four MG systems proved to require high grant finance shares between 82%
and 99% of total initial capital expenditures (see Figure 5). Our sensitivity analyses underpinned
this finding, as none of the first-round MGs simulations throughout reached grant requirement
levels below 53%, a case that took place only at a very optimistic electricity tariff of 0.83 USD/kWh
(see Figure A5 in Appendix B).

• Potential of KMM to reduce grant requirement levels through two channels: Firstly, net annual
profits from the agro-processing KMM business substantially improve the annual cash flows of
the MG project. Secondly, the load implied by the KMM’s agro-processing machinery contributes
to an increase in the annual electricity sold by the MG. Our analysis verifies that the increase in
electricity revenues implied by the KMM load more than off-sets the increase in required initial
capital investments to up-scale the MG power generation assets, since both the grant requirements
and LCoEs of the second-round simulations across the four villages have significantly decreased
in relation to their respective base-case scenarios, as outlined in Figures 4 and 5.

• Relevance to apply well-selected KMMs: Although the KMMs based on palm oil, cassava flour
and maize starch processing improve the economics of the MGs, only the cocoa butter/powder
business proved to effectively free some of the simulated MGs from external subsidies in the cases
(see Figures A5, A9 and A11 in Appendix B).

• Benefit of prioritizing electrical energy intensive KMMs: From the perspective of the MG operator,
and unlike initially expected, more electrical energy intensive KMMs impact more positively the
overall MG business in relation to KMMs that are not as electricity-intensive. We showed that,
due to the positive effect of additional electricity loads, the grant requirement levels of even those
second-round simulations having close to zero KMM net profits (see Figure A9 in Appendix B),
still proved to be lower than the grant requirements of the respective first-round simulations for
the four villages, as outlined in Figure 5.

• Positive impact of KMM on the share of renewable energy in electricity supply: The KMMs
proved to increase the renewable energy fractions of the simulated optimized MGs, as outlined in
Figures A3 and A8. This is expected to be mainly due to the discussed “deferrable load” effect.
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The presented work concludes that the potential of the KeyMaker Model is certainly high enough
so as to encourage further research to assess additional agricultural value chains, as well as to investigate
synergies and complementarities between possible KMMs following the seasonality of different crops,
and their application of these to other Sub-Saharan countries whose governments are betting on the
scale-up of MGs to ensure the electrification of part of their rural population.
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Abbreviations
AC Alternating current
DC Direct current
i Interest rate
IRR Internal rate of return
KMM KeyMaker Model
MG Mini-grid
MIRR Modified IRR
Indices
d Demand
s Supply
t, T Time
NPC Net present cost
NPV Net present value
O&M Operation & maintenance
OPEX Operational expenditures
SDG Sustainable development goal
WACC Weighted average cost of capital
n, N Number of components
x MG system component
Formula Symbols

CC Capital investment
CS Capacity shortage
CO&M O&M costs
CF Cost of fuel
Ci Expenditures in interests
CGrid Cost for the distribution grid
CRep Replacement costs
EE Excess electricity
h Hours
L KMM plant load
P Power
RS Revenues from salvage value
y Installed capacity
Z Customer connection
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Appendix A. Background Information

Table A1. Daily electricity consumption of each customer type across selected villages (kWh).

Types of Consumers 1. Itamapako,
Ogun State

2. Mambe,
Niger State

3. Anwain,
Edo State

4. Apapa South,
Oyo State

Low-income households 0.81 0.7 0.45 0.67

Mid-income households 1.44 1.25 0.99 1.08

High-income households 2.07 1.77 1.99 2.99

Health centers 16.34

Schools 9.44

Commercial customers
(1-phase power supply) 15.43

Productive customers
(3-phase power supply) 24.88

Table A2. Mini-grid project cost assumptions.

Cost Category Capital Investment
(USD/kW) O&M (USD/kW) Replacement

Costs (USD/kW) Lifetime (years)

Power Generation Assets

PV panels and mounting 493 9 493 25

Lead acid battery [49] 149 USD/kWh 21 137
20

(6879 kWh
throughput)

Genset 354 13.8 354 20,000 h

Inverter/Converter 505 10 505 10

Charge Controller 220 4.4 220 25

Power Distribution Assets

Distribution grid (incl.
cabling, poles

and installation)

14.98 USD/meter of
cabling. 25 m of

cabling/customer [50]

2% of capital
investment

Same as capital
investment 20

Customer connections 14 USD/connection - Same as capital
investment 12

Powerhouse [77]

Assumed to account for 7% of total initial capital expenditures

Auxiliary costs (including wiring, breakers and protection) [77]

Assumed to account for 3% of total initial capital expenditures

Soft costs (project development, logistics, site-visits, customs duties and taxes) [77]

Assumed to account for 20% of total initial capital expenditures, taking into account project development costs of USD 645/kW.

Table A3. KMM operational parameters used for the adjustment of the village loads.

Prioritized KMM KMM Operational
Days a Week

Operational
Months a Year

Operational Days
a Year

Yearly Electricity
Consumption by

KMM (kWh)

Cocoa butter/powder 7 5 150 46,110

Cassava flour 7 10 300 1296

Pap/Maize starch 7 10 300 8820

Palm oil 5 12 240 3072
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Table A4. Selected crops’ value chains and market characteristics.

Palm Oil Maize Starch (pap) Cassava Flour Cocoa Butter/Powder

Crop national market
size (million USD) 1005 [78] 6000 [65] 8028 [59,79,80] 698 [81]

National market
size (tons) 1.9 million [78] 12.1 million [82] 45 million [83] 488 thousand [84]

Average market price in
Nigeria (USD/kg) 1.56

1.46 [66] (assumed 70%
of stated price for

rural markets)
0.56 [80,85] 7.5 (butter)

5.5 (powder) [86]

KMM net profit
margin (%) 21% 13% 11% 21%

Harvesting season [56] November–March Throughout all year October–August November–June

Yield (tone/ha/year)

Unimproved seed:
0.75–0.13

Improved seed:
0.38–0.45 [87]

1–5 [88] 11.7 [79] 0.35–1.5 [84]

Geographical production
of crop [56] South, South-East Country-wide, focus in

Center and North
South and central

Nigeria South-West

Import taxes/duties [89] 10% + 25% levy 10% 20% Prohibition of import

Value chain stage
of relevance

Crude palm oil
production

Pap/ogi processing,
animal feed,

maize storage

Cassava flour, gari,
animal feed,
bioethanol.

Bean drying not profitable.
Potential in cocoa

butter/powder processing.

Investment required in
machinery per output

capacity (USD)

21,316 (capacity of
2000 litres/day) [90]

35,222 (capacity of
3 MT/day) [91]

37,855 (capacity of
3 MT/day) [92]

37,977 (capacity of 100 kg
cocoa bean/hour) [92]
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Table A5. Livelihood zone map Nigeria (legend of Figure A1).
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 NG20 Central yams and maize belt, with cassava, rice, and soybeans 

 NG21 Niger and Benue rivers flood plain rice with maize, vegetables, and livestock 

 NG22 Cassava dominant with maize, yams, and tree-crops 

 NG23 Citrus fruits with tubers, cereals, soybeans, and groundnuts 

NG8 Lake Chad fishing, maize, wheat, cowpeas, and vegetables
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Figure A2. Effect of varying diesel price on grant requirement levels of analyzed mini-grids.
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Figure A3. Effect of diesel price on renewable energy fractions (%) of analyzed MGs.
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Figure A5. Effect of varying mini-grid electricity tariff (USD/kWh) on grant requirement levels for the analyzed mini-grids.
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Table A6. Variation in KMM annual net profits with a 20% decrease and 5% increase in processed products’ market price. (Thousand $).

Assuming 20% Decrease in Price Original Price Assuming 5% Increase in Price

Itamapako (palm oil) 4.7 14.5 16.9
Mambe (maize starch/ogi) 311 10.5 13

Anwain (cassava flour) 0 3.3 4.4
Apapa (cocoa butter/powder) 17 38 43.2
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