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Abstract: In order to successfully deploy a large number of decentralized energy systems in
developing countries, it is necessary to standardize effective methodologies and procedures to
develop off-grid/mini-grid systems. Considering that the energy need assessment provides inputs
and assumptions used in business modelling and mini-grid design, the accuracy of its results directly
affects the technical and financial feasibility studies. Thus, the approach for applying a proven
methodology for the energy need assessment of rural communities is aimed at obtaining reliable
input data for the mini-grid development. This helps in reducing both the financial challenges by
mitigating the uncertainties in electricity demand and the technical challenges by contributing to
adequately size off-grid power generation systems, with a view to boost toward a common overall
objective of mini-grid’s optimization methods and tools. Hence, taking into consideration that
target communities differ in terms of needs and context conditions, the proposed paper describes an
inclusive methodology that can be adapted case-by-case. It provides an effective applied solution
the lack of proven guidelines from project developers or literature, giving priority to data collection
methods able to achieve a large sample representative of the market, with high accuracy in estimating
the energy consumptions from electricity substitutes.

Keywords: energy need assessment; mini-grid; off-grid; rural electrification; methodology; rural
development; access to energy; data collection; energy consumptions; demand profile

1. Introduction

Energy is crucial for eradication of poverty through advancements in health, education, water
supply and industrialization, to combating climate change [1]. Notwithstanding progress in every
area of sustainable energy, energy poverty still involves a large proportion of the population living in
developing countries, mainly concentrated in Sub-Saharan Africa. The International Energy Agency
(IEA) estimates that currently 1.1 billion people lack access to electricity, with an electrification rate
in Sub-Saharan Africa of 43% [2]. Furthermore, it is estimated that 2.8 billion people still lack access
to clean cooking [2], and the use of traditional biomass cookstoves is responsible for approximately
4 million premature deaths every year, affecting women and children, due to the emissions of carbon
monoxide and particulate matter [3].
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To mention one of the largest global initiatives showing the international commitment to solve
the problem of energy poverty, the United Nations launched in 2011 Sustainable Energy for All
(SEforALL), having the core objective to assure universal access to modern and sustainable energy by
2030, improving the rate of renewables in the energy mix and promoting energy efficiency. Also thanks
to the high visibility being given to the initiative during the Rio+20 Conference, SEforALL embarked on
uncharted territory and rapidly generated momentum, clearly stating, inter alia, that the cooperation
among research, private and public sector is the key to achieve these goals [4].

According to SEforALL and other international programs, the approach to the problem of access
to energy has gone through a profound change in the last decade and, in particular, an actual turning
point in the implementation of policies and regulations in developing countries was noticed in the
last five years, enabling the rural electrification market to private actors. Accordingly, while before
cooperation development agencies only supported no-profit actors in rural electrification projects, in
the last years they have been allowing private investors to be eligible for funding as well (e.g., the 2016
and 2017 ElectriFI tenders financed from the EU, the RBF calls financed by the English cooperation,
the EEP fund financed by the governments of UK, Austria and Finland or the first tender for the profit
sector launched in July 2017 by the Italian Agency for Development Cooperation).

Considering that universal access to energy requires a mix of technical solutions, according to
the New Policy Scenario drawn in the World Energy Outlook 2014 [5], the IEA expects that by 2040
around 80 million people in Sub-Saharan Africa will gain electricity access through off-grid systems
(with the meaning of stand-alone systems for individual households or consumers) and around 140
million people through mini-grids (with the meaning of small grid systems linking households and
other consumers, but not connected to larger regional grids). This will require the development of
between 100,000 and 200,000 mini-grids [6].

These figures highlight the necessity for involving private capital to reach a wider impact of the
international action: in mini-grid projects, the ratio between project budget and beneficiaries is too high to
justify grant funding up to 70% on large scale programs of the total budget and no-profit actors cannot
afford a reduction of grant funding. On the other hand, private actors are able to invest in such projects
to open a huge potential market, even if they assume high financial and development risks. With this in
mind, the viability of business models and their long-term technical and financial sustainability become
fundamental aspects to face mini-grid projects and a special focus is on effective payment systems.

To successfully deploy a large number of decentralized energy systems, as required by the global
market analysis conducted by IEA [5], standardizing effective methodologies and procedures to
develop off-grid/mini-grid systems is fundamental. However, in order to develop financially viable
projects, there are various barriers that have to be overcome to create an enabling environment for such
investments that are related to the institutional and policy framework as well as to financial barriers
and technical challenges. Among others, a key barrier to mini-grid proliferation is the uncertainty in
predicting customer electricity consumption, which adds financial risk [7], and their willingness to
pay. In other words, since the profitability of a project is highly dependent on the amount of electricity
that is produced and sold, uncertainty regarding electricity demand in micro/mini-grids represents a
significant risk for investors [8].

Even if electricity demand is extremely hard to predict, especially in a village that has never had
access to electricity [9], adequate market assessment, mainly based on energy need assessment and its
outputs such as load profiling and demand forecasting, is feasible and it is essential to define the baseline
and deal with an effective project design as well as properly evaluate its impact. Thus, the approach for
applying a proven methodology for the energy need assessment of rural communities in developing
countries to obtain reliable input data for the mini-grid development provided in this paper can help
in reducing both the financial challenges by mitigating the uncertainties in electricity demand and the
technical challenges by contributing to adequately size off-grid power generation systems.

Furthermore, since the economic viability of mini-grid projects highly depends on the size of the
installed assets and the related investment, which needs to be backed by a payable demand in the years
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after commissioning, there is clearly a link between the energy need assessment, the load profiling
and engineering design of the off-grid systems: an undersized system will provide unsatisfactory
service and will cause consumers dissatisfaction, whereas an oversized system will not recover the
costs required to set it up [10].

In the development process of a mini-grid, several factors and data contribute to design a technical
solution that is considered financially viable and the electricity demand pattern is necessarily affected
by several factors including socio-economic and environmental factors by which the pattern forms
various complex variations. Thus, first and foremost, it has to be highlighted that every target
community differs from others in terms of needs and context conditions. Hence, the proposed paper
describes an inclusive methodology that can be used and adapted case-by-case in order to bridge the
gap between general recommendations and information provided by existing micro-grid literature
and the lack of detailed information and guidance from practitioners [9] to boost toward a common
overall objective of mini-grid’s optimization methods and tools.
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To analyze in depth the literature framework that support the actual need of an effective
methodology for the energy need assessment in rural electrification sector with a specific focus on to
mini-grid development, the following section provide a comprehensive literature overview composed
of the main issues behind this topic. Furthermore, a flowchart is reported below (Figure 1) where blue
color boxes represent area of direct influence for the proposed methodology to show the correlation
between the energy need assessment, the load profiling and engineering design of the off-grid systems.

2. Comparative Literature Overview

2.1. Load Profile as Input for Sizing and Optimization Models

With the objective of reducing the viability gap of micro-grids as a means to provide energy access
to communities which are not feasible to be grid connected, many models and software tools are being
developed to size optimally a micro-grid and to operate it to serve the demand while minimizing
running costs. A literature overview of the approaches used to optimize power systems with multiple
energy sources can be found in [11].

Among the commercial software available for this purpose, the most known and utilized is
HOMER [12], which can optimally size a mini-grid, simulate its operation, and perform sensitivity
analyses, considering technical, economic and environmental aspects [13]. HOMER can also be used
to evaluate poor design choices and operational issues in existing mini-grids [14]. Whereas HOMER
considers a single deterministic scenario of load and renewable energy generation, stochastic methods
to cope with load and generation uncertainties have been proposed by other applied studies [11,15,16].

All the aforementioned software and models require the community load profile as input in
order to run their algorithms. However, conducting surveys requires time, resources and specific
competences. The simplest way of deriving a load profile for an unelectrified community would be
that of combining data from other electrification projects in developing countries and adapting them
to the context of operation with a number of assumptions. An example of this approach is given by
Kolhe et al., [17], who investigated the optimal size of an off-grid energy system without conducting a
primary data collection [18].

The effort of characterizing the load profiles of existing micro-grids to use as a improved input to
simulation tools like HOMER has been pursued in [19], with respect to 11 micro-grids installed by
Powergen in Kenya and Tanzania. Prinsloo and et al., developed a load profile “archetype” for rural
micro-grids in Africa, by combining a variety of datasets found in literature, for the same purpose of
improving inputs to computer models [20].

These approaches used to face the data input concerns are very valuable to gain a general
understanding of the micro-grid sizing. However, when it comes to actually deploy a micro-grid
project, with all its associated financial, technical and logistic concerns, a further deepening is required
to bear the development risks.

2.2. The Relevance of Accuracy in the Energy Need Assessment

Accurately estimating incipient electrical load of rural consumers is fraught with challenges. Load
estimation error is propagated through the design phase, potentially resulting in a system that is
unduly expensive or fails to meet reliability targets [21]. Thus, the proposed methodology aims at
increasing the accuracy by focusing on methods for data collection and data analysis, which are not
stand-alone activities, but they should be applied as part of the assessment process.

The relevance of the accuracy of surveyed data is widely recognized in the literature. In [22] the
authors compared load profiles and performance metrics based on interviews and on measurements
relating to a rural mini-grid in Tanzania, finding distinct differences between estimations and measured
data. The largest difference was in the calculated energy, which is also reflected in the load factor and
capacity factor, which are underestimated by 34–117% using the interview-based method, whereas
the estimate of the peak load shows a much smaller error (11%). The large overall differences in the
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performance metrics could have major implications for the dimensioning and operation of mini-grids.
Lastly, it must be reported that the authors claim that the performance metrics calculated from the
interviews are similar to those reported by other scholars.

In [21], instead, it can be found a discussion on the techno-economic consequences of estimation
errors on energy consumptions of seven small-scale off-grid solar-PV systems in Malawi. The results
show that PV array and battery sizing scale proportionately with load estimation error and that the cost
of load over-estimation is approximately US$1.92 to US$6.02 per watthour, whereas under-estimation
can precipitously degrade reliability. Thus, the economic merit of more accurate average daily load
estimates has been shown, but a methodology for improving the estimates is lacking and greater
discussion among the research and practitioner community regarding target reliability standards for
off-grid systems is needed, as the authors claim.

In [7], the problem of the inaccuracies of the primary input data for energy estimation is also
addressed by comparing pre-installation predictions and actual measured consumptions for eight
solar powered micro-grids in Kenya. The analysis shows that the ability to accurately estimate
past consumption based on survey or audit data, even in a relatively short time-horizon is prone to
appreciable error: the predicted total is more than four times the actual (426 Wh/day per customer vs
113 Wh/day). Thus, the study reveals that predictions were poor, with error arguably most influenced
by duration of use estimations and the general survey approach; furthermore, the authors state that
the general reliability and accuracy of surveys methods applied has not been demonstrated. It should
be reported that the one applied differs from that described in the proposed methodology on a crucial
aspect: the energy-use surveys were conducted by entrusting potential customers with prediction on
typical duration of daily use of each appliance whereas the proposed method is based on current use
of appliances and electricity substitutes estimated through an advanced data analysis (see Section 4.4)
and such results determine both current and forecast load profiles by applying correction factors to
willingness to acquire new appliances once they had electricity access.

The aforementioned studies focus on errors in load estimate as result of low accuracy in the
calculation of average consumptions coming from surveys. They do so disregarding a number of
factors that play an important role in the energy need assessment and, in addition to those mentioned
before, it should be also consider accounting for the probability of connection of new customers and
demand growth of the old ones, considering if there are any programs to facilitate the purchase of
appliances and the stimulation of productive activities [23]. This paper is not going to further discuss
reasons for these discordances, but it does aim to highlight that there are many factors coming into
play when explaining the discrepancy between the estimated energy needs and actual consumptions
as measured during the operational phase of the project and that, in any case, such discrepancy is
relevant enough to justify the real need for implementing more effective assessment methodologies.

2.3. Process of Load Profiling in Greenfield Projects

There are several references concerning how load curves are developed in greenfield projects to
design mini-grids. Here follow a couple of valuable examples with a view to mention the process of
load profiling applied by using survey to assess the energy needs as starting point. It should be noticed
that these studies, unlike those referred to in the Section 3.4, do not describe a tested and replicable
methodology but just the chosen method to handle the scope of work.

Camblong et al., [24] have reported in 2009 the use of surveys to assess the energy needs of
villages in three regions of Senegal to install micro-grids. The data collection campaign was conducted
by three teams composed of a supervisor, two interviewers and a data collector. Their action comprised
“village surveys”, made with people chosen by the head of village, “household surveys” and “technical
surveys”. The team compared the results in terms of Willingness to Pay and Substitutable Energy
Expenses and hypothesized different service levels for the households as well as consumption for
public services such as lightning or water pumping. The resulting load profile for a sample village is
reported in [25], along with a design proposal.
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More recently, Sandwell et al., [26] published in 2016 a survey of energy demand and usage
patterns in households in several unelectrified villages in Uttar Pradesh, India. By acquiring
demographic data and daily activities patterns of the respondents they obtained firstly the current
hourly demand profile of basic electricity demand (named “basic” demand) and secondly a forecast
demand profile (named “aspirational” demand), by combining the basic loads with aspirational loads,
formed of desirable devices, assuming their usage in line with census statistics and literature. Lastly,
they used a Monte Carlo simulation to highlight the daily and seasonal variation and design a solar
PV-genset (powered by diesel or biomass) hybrid system with battery storage to effectively satisfy the
energy demand.

Another relevant matter in deriving the load profiles is the energy equivalence given by the
different sources that are going to be substituted by the electricity supply. Such calculation is often
disregarded or approximate whereas it is considered as crucial in the proposed methodologies and the
data collection is structured to provide all the necessary data.

Even if non-electric lightning sources offer generally poor lighting levels, with low conversion
efficiency with respect to the fuel used [27] they represent the main sources of energy in unelectrified
communities and complementary sources in those electrified. In the literature, there are studies that
adopt this approach, such as a comparative analysis of the technology, economics and CO2 emissions
between kerosene-based lamps and modern bio-energy systems and solar photovoltaics, which
considered fuel consumption, power rating, luminous flux, efficacy and useful life of devices [28].

Another example is given by a paper on the energy profile of a South African off-grid village
where the sources of lighting were candles and paraffin lamps [29]. Overall energy consumption,
expressed in megajoule, were obtained by differentiating the energy sources, but without considering
explicitly which source could be substituted by electricity, so without estimating a possible electric
energy load profile.

2.4. Process of Load Profiling in Greenfield Projects

Among others, an important reference on survey methodology is the World Bank Living Standards
Measurement Study (LSMS), being amply proven and implemented in over twenty developing
countries. In the late 1970s, the lack for internationally comparable data to perform well-supported
statements about world poverty [30] led to the establishment of LSMS in 1980 to improve the type
and quality of household data collected by government statistical offices in developing countries [31].
The questionnaires inspected all major aspects of economic well-being at the household and community
level [32] and featured novelties such as multi-topic questionnaires, rigorous quality control procedures
and a pioneering use of computer software. The program also emitted specific guidelines on how
to customize the questionnaires based on the social, economic and political context of the target
country [32,33]. The work cycle devised by the method was of 4 weeks to survey two locations [34],
which makes LSMS questionnaires very time and cost intensive and as such not viable to conduct
extensive energy policy analysis [35]. In [35] a comparison between LSMS and specialized household
energy surveys can be found, highlighting how the latter are implemented to inform a particular
energy policy or investment. For example, they are used to assess the efficiency and efficacy of fuel
price subsidies or to establish baseline information and monitor rural electrification programs.

In the recent years, the Massachusetts Institute of Technology (MIT) launched an initiative,
the D-Lab, devoted to develop and advance collaborative approaches and practical solutions to
global poverty challenges [36]. In particular, D-Labs’ Off-Grid Energy Group focuses on providing
information and resources to design and implement programs that increase energy access for
organizations based in off-grid regions [37], following a bottom-up approach, where local organizations
active in a certain area or community drive the needs assessment, solution identification and project
implementation [38]. Among its activities, D-Lab developed an Off-Grid Energy Roadmap, which
first step consists in the assessment of energy needs and market opportunities [39]. At this scope
a specialized set of tools was developed and published in 2017: the D-Lab Energy Assessment
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Toolkit (EAT) [38] This toolkit aims to gather and analyze data about current energy access and
expenditures, aspirational energy needs, existing supply chain and community institutions and
stakeholders (private sector, government, NGO). Thus, such documents were taken as reference since
it deals with energy needs of off-grid regions in general (e.g., clean cookstoves) but it is not focused on
mini-grids, representing the first difference with the proposed methodology. The second one stands in
for whom it is intended: on one side EAT is designed for local organizations seeking to increase energy
access in their own communities and to make informed decisions about how to meet the specific needs
in their community through market based initiatives, on the other side the proposed methodology aims
to address the requirements of the mini-grid developers and meet constraints of the business-oriented
projects. In fact, D-Lab specifies that their community-based assessment approach is not intended to
replace studies that track energy access on a national level, or to generate market intelligence reports
for external organizations looking to expand their business or programs into new markets. However,
there are several similitudes between the two methodologies that come into the light also thanks to the
support document on user research framework [40]. Firstly, promoting an approach to illuminate needs
of stakeholders as a pillar of the data collection activities. Secondly, the importance of triangulation
given by the use of three data collection tools (even if the focus group is replaced by group-interview
in the proposed methodology): combining several methods can result in convergence (which adds
credibility to qualitative research and the results obtained) or divergence (which signals unrecognized
or unarticulated needs). Lastly, the emphasis on flexibility of tools to best suit the specific scope of
the assessment and the given context: even if both methodologies provide validated implementation
tools, they are only intended to be a guide, as it is assumed that the evaluation team is able to make
decisions about the scale and scope of the assessment and modify the questions accordingly.

The bottom-up approach promoted by the proposed study, according to guidelines by MIT D-Lab,
has already been pursued by a research team that published the results of a detailed field study of
rural energy consumption patterns dating back to 1976–1980, related to six villages in India having
already access to electricity [41]. It contains several methodological indications arising from the
experience of the researchers, such as the importance of (i) establishing a relationship with the villagers,
(ii) carrying out preliminary field activities and tests before conducting the data collection campaign,
(iii) cross-checking in-built consistency between data from different sources and (iv) training of field
investigators as added value to improve the reliability of the data collection’s results.

The application of proxy techniques to obtain some crucial indicators of energy need assessment,
as foreseen in the proposed methodology, is supported, among others, by a study on residential
energy use and costs in 2013 in Kenya, with particular regard to the willingness to pay for a given
service [42]. The survey did not, in fact, directly ask what the respondent would be willing to pay
for recharge portable battery kits service, whose answers are considered as uniformed, unrealistic
and inconsistent in areas without previous access to the proposed service, rather it was deduced from
current expense levels and feedback from the focus groups. Furthermore, the study also highlights
the use of surveys as tools to provide useful information for the sustainable design and operation of
energy development project.

3. Materials and Methods

3.1. Effective Methodology for the Energy Need Assessment

The paper objective aims at proposing an effective methodology for the energy need assessment
in rural electrification sector to obtain reliable inputs for load profiling and mini-grid sizing, with a
view to characterizing the community’s energy needs and exploring the viability of potential projects
as well as optimization of operational energy systems.

An accurate and reliable energy need assessment represents the preliminary and fundamental
activity to design a rural electrification project, including both technical solutions as well as other
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ancillary activities in order to enable local communities to properly manage the electricity service and
to boost their socio-economic development.

With a view to study all the factors affecting technical solutions, characterization of the
community’s energy needs is aimed at classifying the contexts of intervention in order to move toward
a common overall objective of mini-grid’s optimization methods and tools. The main community’s
features are defined so as to guide the energy need assessment methodology presented in this paper.
Such figures will be investigated through indicators and indexes that represent the objective of an
ongoing study aimed at finalizing such characterization of target communities.

In order to address the requirements of mini-grid developers, the proposed methodology is
specifically focused on the energy need assessment for rural electrification projects. This specification
is fundamental to point out how and why this methodology differs from others which deal with the
energy needs in general. In fact, taking as reference the Energy Assessment Toolkit developed by
MIT D-Lab, the main differences consist of the assessment’s focus on mini-grid and in for whom it is
intended (for further details see Section 3.4). That means that the methodology gives priority to (i) data
collection methods able to achieve a large sample representative of the market and (ii) high accuracy in
estimating the energy consumptions from electricity substitutes, which are crucial to provide reliable
data for load profiling.

3.2. Main Phases of the Methodology in Brief

In brief, the proposed energy need assessment uses different methods and tools in order to
apply a data collection methodology based on multi-source strategy, including both qualitative and
quantitative approach. Different tools are used for measuring the indicators identified whereas data
coming from different sources are compared and processed by using a weighed analysis.

To summarize the main activities that the energy need assessment is composed of, the methodology
can be divided into three macro-phases:

1. first phase: macro-data analysis and pre-assessment activities;
2. second phase: data collection campaign;
3. third phase: data analysis and reporting.

The first phase is focused on the review of conventional indicators and literature. The aim of this
phase is to analyze and describe the context of intervention, utilizing and comparing data already
collected by other related projects, relevant macro statistics and background data.

In the second phase, a field investigation is carried out in the villages of intervention and
surrounding areas. The overall objective is to provide a description of the population living in
the targeted villages with a view to assessing the electricity demand and the ability to pay of users
(potential or existing) by customer groups. A set of additional information is gathered to best suit
the specific objective of the assessment formulated on a case-by-case basis. The field investigation
was conducted by applying a multi-source data collection strategy in order to provide highly reliable
results. Furthermore, particular attention was paid to opinions and suggestions from population and
local authorities in order to promote a bottom-up approach and lay the groundwork for a participatory
project development.

In the third phase, data analysis of the inputs collected during the first and the second phase is
conducted, and a detailed report is instructed to show an evaluation and validation of the results,
including the main findings, the correlations among the main variables and recommendations for the
program interventions.

3.3. Macro-Data Analysis

As part of the first phase of the assessment, the aim of this activity is to examine and describe the
context which the data collection campaign is going to be built upon. Preliminary macro-data analysis
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based on literature, publications and reports by accredited agencies and institutions is carried out at
country, local level and sector level, such as off-grid systems and mini-grid outlook.

Specifically, the macro-data analysis is mainly focused on, but not limited to, relevant macro
statistics and background data concerning demographic dimensions, economic data, access to public
services, national grid masterplan, mapping of potential villages and their distance from the national
grid (for greenfield projects), business activities the local economy is based on, medium-large farms,
industries or companies (national or international), organizations active in the region (NGOs, UN field
offices, etc.) and energy projects realized in the region.

The main outputs the macro-data analysis should provide to move forward are the following:

• administrative framework
• map of potential villages pre-selected (for greenfield projects)
• list of local stakeholders to contact
• list of organizations active in energy sector
• list of energy projects realized in the region
• list of potential local partners

3.4. Pre-Assessment Activities

As part of the first phase of the assessment, defining the specific objective of the energy need
assessment and formulating the key results accordingly should be a priority before proceeding with
any practical activities. Such results in fact are given by the explanation of a set of key indicators,
coming from the data collection. That is why a review of the standard data collection tools on a
case-by-case basis is strongly recommended because questionnaires need to be checked before every
application in order to best suit the given specific objective, results and context of intervention.

Actually, depending on the type of project (potential, existent, on-grid, off-grid, etc.) some
indicators may be more relevant than others and some cannot be applied in a given context, such
as existing and potential anchor loads with productive use of electricity, public infrastructures to
be optimized through a reliable and/or more affordable electricity supply, market information and
access to microcredit and banking services. This is one of the reasons why classifying the contexts of
intervention with a view on the community’s energy needs mentioned before can boost toward an
optimization of methods and tools to develop rural electrification project.

Lastly, the pre-assessment activities are also focused on conducting a preliminary stakeholder
consultation at national and local level to pave the way for the data collection campaign.

Particularly in rural areas of developing countries, consultations are an essential step to increase
local understanding of the action, favoring a trustfully environment and collaborative approach and
consequently and enhancing the reliability of assessment’s results. Here follows a list of potential
stakeholders to be contacted beforehand:

• political authorities at village/county/district level
• technical persons of relevant national agencies or local administrations
• representatives of local associations and financial institutions

3.5. Data Collection Campaign

The objective of this second phase of the assessment is to properly collect data from direct sources
in order to provide a description of the population living in the targeted villages with a view to
assess the electricity demand and the ability to pay by customer groups in terms of existing and
potential demand.

Thus, the energy consumption modelling coming from the proposed assessment methodology is
based on a bottom-up approach, which is used to model consumptions of each end-use and hence
to identify areas for efficiency improvements at user level and is based on statistical or engineering
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models [43]. Current and forecast data are fundamental for the mini-grid development, as highlighted
in literature, since power system engineering refers to load forecasting as the domain of models able to
provide data for setting the best planning and operating of grids [44].

Furthermore, the methodology emphasizes the importance of carrying out data collection activity
with a focus not only on statistical results but also gathering opinions and suggestions from population,
local authorities and stakeholders in order to promote a bottom-up approach and lay the groundwork
for a participatory project development.

In fact, community engagement strategies can draw together various elements that can maximize
sustainability and transformative potential of mini grids, even if it requires time and budget allocated,
that have been to date underrepresented in the literature on mini grid deployment models [45]. Much
of the literature focuses on a top-down approach rather than bottom-up approach and practitioners
should consider a shift in rhetoric and conceptual approach to community engagement by recognizing
its added value for the project impact [45].

Thus, pursuing the assessment of the entire community, particularly in terms of energy needs
and potential increasing demand, the proposed data collection campaign is structured to provide
disaggregated results on stakeholder consultation, household survey and business activities survey.
For avoidance of doubt, please note that these survey types differ from the three data collection
methods explained below.

In order to explain how this phase is developed, the following are the key features of data
collection methodology required to be defined before proceeding:

• target areas of intervention: the ground is divided into sub-areas to apply the defined
sampling strategy;

• cluster sampling: target market is classified into customer groups, such as households, small
businesses and anchor loads (however, if any context’s peculiarities, the classification may be
revised, and questionnaires updated accordingly);

• data collection methods: multi-source data collection strategy represents an essential aspect of the
proposed methodology; three methods should be applied in order to achieve high accuracy of
results: (1) face-to-face interviews with stakeholders, (2) group interviews and (3) door-to-door
interviews; each method is described in detail in the following sections;

• GPS mapping: to mainly record main potential customers, village boundaries and distance from
the national grid.

Depending on the data collection method, different sampling procedures should be applied. They
are reported below at the end of each method’s explanation.

3.5.1. Data Collection Method 1: Face-to-Face Interviews with Stakeholders

The first method to be applied is the face-to-face interview, which is a qualitative data collection
method. It is applied at least to the following stakeholders: local authorities, technical officers at village
and district level, representatives of local associations, representatives of financial institutions, owners
or managers of the main business activities. Special focus is on anchor users and productive users
of electricity.

Interviews with key stakeholders should be conducted in order to detect the general perspective
of the market from their point of view, the community background, needs and potential constraints
(e.g., access to credit constraints) as well as aggregate data on current energy sources used, relative
expenditure and price of key products available in the local market (e.g., fuel). The interview also
aims at identifying the main business activities, anchor loads, current or potential productive use of
electricity as well as public institutions and existing infrastructures requiring reliable electricity supply.

A guiding questionnaire is prepared for interviews that should also take into consideration all
inquiries based around the main questions, depending on the specific case study, as well as additional
probing questions added as needed.
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Sampling strategy: Qualitative interviews should be conducted with at least one representative
for political sector, local associations, whereas the target is to reach 100% of the main business activities,
productive users of electricity and financial institutions.

3.5.2. Data Collection Method 2: Group Interviews with Population

The second method applied during the data collection campaign is the group interviews, which
is a hybrid quantitative and qualitative data collection method. It is targeted at household’s level to
collect mainly quantitative data through a survey by using closed-ended questions but also qualitative
data through a short discussion stimulated by open questions at the end of the session to let personal
opinions and concerns come to light.

The strength of this method is that it is efficient and time saving: it allows collection of a large
sample of data at once, from up to 25 participants per group. It is also a good tool for the community
engagement, even if it requires to be properly carried out by an expert evaluation team.

Sampling strategy: A random sampling procedure is used in each site of intervention with the
support of the chairperson to collect the people. The only selection criteria is that under 18 are not
admitted. Three group interviews per site should be conducted in order to reach the target number
calculated by applying Equation 1 reported below.

3.5.3. Data Collection Method 3: Door-to-Door Interviews with Small Business Activities and
Households

The third method applied during the data collection campaign is the door-to-door interview,
which is a quantitative data collection method. It is targeted at households and small business activities,
recorded separately, through a short-structured survey questionnaire.

The strength of this method is that it allows the evaluator to visit each building sampled, implying
high reliability of the data source on energy issues and collection of GPS coordinates with a view to
allow the project developer to lay the groundwork for a remote monitoring & evaluation framework
over the project life.

Sampling strategy: The sampling procedure applied in each site of intervention consists of two
stages: in the first one, a section of the target area depending on the sub-villages or the organization of
the targeted village according to local authorities; in the second one, a simple random sampling from
each section. It must be specified that households and small business activities are recorded separately.
Sample households size for method 3 are based on Equation (1) [46]:

n =
p(1 − p)× N

p(1 − p) +
[(

d
Z

)2
(N − 1)

] (1)

where p = 0.5 (for maximum variability in normally distributed attributes)
N = population (i.e., number of households in this case)
d = level of precision (10%)
Z = Z – value (1.96 for Confidence interval of 95%)
Considering that number of existing business activities is not usually available in advance,

it should be estimated to plan the field mission on the basis of previous experience in the area or census
statistics, if any, or alternatively literature reference. For instance, based on their extensive experience
in rural areas of East Africa, the authors consider a ratio between small business activities and total
households of 6–8%. With the aim of visiting all of them, the evaluation team should target to reach at
least 80% of the total estimated number.

3.5.4. GIS Mapping

A GPS mapping of the main potential customers and village boundaries is carried out by using
GIS software, guaranteeing the quality of the geolocation with a high degree of confidence. Particular
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attention must be paid to the distance from the national grid and between villages. Among the
geo-localized items, the following should be ensured within the area of intervention: infrastructure,
social institutions, existent anchor loads and main business activities. Additionally, GPS coordinates
of sample households and business activities as explained above in the door-to-door method should
be collected.

3.6. Data Analysis and Reporting

The data analysis of the inputs collected during the second phase of the energy need assessment
should be conducted in order to compare and process input data coming from different sources
by using a weighed analysis. The analysis should consider appropriate sampling weights for the
estimated parameters to reflect the probability of sampling households and businesses from different
sources as well as adjustments for non-response. Cross-checking should be carried out in order to find
out discordances between data.

The different data sources are at first managed separately to observe disaggregate data. At the
same time, since the market is divided into customer groups during the data collection campaign, data
analysis is carried out using different data categories.

The process mainly consists of five phases:

• Data entry and processing: to get raw data organized into different data sources and different
customer categories;

• Analysis of raw data: raw data are studied question by question;
• Cross-checking: results of disaggregated data analysis are compared;
• Aggregation: data from different sources, already processed in previous phase, are aggregated to

obtain final results;
• Modelling and algorithms: final results represent variables to calculate all the indicators reported

in this assessment by applying algorithms.

3.7. Outputs of the Energy Need Assessment

The assessment provides the following overall outputs:

• GPS mapping of the target area, showing its borders, distances from the national grid, positions
of the productive or commercial activities and sampled households: this output resumes key data
for the distribution grid design and evaluation of the best cost-effective technical solution.

• Summary and preliminary assessment of the different institutions, organizations, business
leaders, or leading members of the community who may help organize the finance, maintenance,
and operation of the mini-grid: this output is relevant to design ancillary activities to support the
socio-economic environment of a rural electrification project.

• Assessment of current and potential anchor loads: these customer group are crucial to ensure
the project sustainability and their energy needs significantly affect the load profiling and,
consequently, the mini-grid sizing.

• Average consumptions and expenditures for electricity substitutes per each customer group:
it represents the key set of indicators to obtain a reliable load profiling.

• Willingness and ability to pay for electricity supply per each customer group: these indicators are
particularly relevant to set electricity tariff plan.

• Load profiling of current and forecast electricity demand: this is considered one of the most
important output of the energy need assessment and its reliability is based on accuracy of results
given by data collection and data analysis, representing the core phases of the energy need
assessment. It must be specified that forecast load curve is not included in this paper since the
optimization of its method of calculation represents an on-going research of the authors.
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• Suggestions and recommendations for the project developers on (i) business model design,
(ii) engineering design of energy management systems and (iii) formulation of supporting
activities for socio-economic development.

4. Results

4.1. The Methodology Validation: Case Study in Rwanda

The presented methodology for energy need assessment has been tested and improved time
since 2012. So far, it has been applied in 9 data collection campaigns for a total of 42 villages assessed
in Central America and East Africa. More than a mini-grid has been already realized based on its
results. The presented case study, held in May and June 2018, was carried out with the purpose
of validating the methodology. The evidence of its reliability is given by comparing a key output
of the energy need assessment with the actual value adopted in the mini-grid implementation: the
willing to pay of potential customers. It is a very sensitive and representative indicator since it directly
affects the project sustainability and it comes from other outputs such as the average consumption and
expenditures and the assessment of current and potential anchor loads. With reference to the Village A,
the assessment returns a flat tariff of 2940 RWF/month to reach the higher penetration rate of potential
market. The actual flat tariff negotiated between the mini-grid developer, local communities and
authorities was about the same: 3000 RWF/month.

A comprehensive market assessment has been conducted in three villages in a rural area of
the Eastern Province of Rwanda, where three mini-grids are planned to be developed. The specific
purpose of the market study was to assess the electricity demand and the ability to pay by households,
businesses, social institutions and anchor customers.

Potential customers living in the target areas were categorized into four customer groups and
other minor sub-groups: households (domestic use of electricity), small business activities (commercial
and artisan use of electricity with appliances requiring power up to 5 kW), public services (use of
electricity for public benefit) and anchor loads (productive use of electricity or other businesses with
appliances requiring power over 5 kW and at least a consumption of 2 kWh/day), which are considered
as stakeholders in the Table 1, whereas Table 2 summarizes the main survey figures considering gender
balance and the sampling size.

The assessment is described by using disaggregated results for every surveyed village in order to
highlight differences among potential markets for each mini-grid. The study analyzed all the direct or
indirect aspects related to the energy needs from greenfield projects up to operating mini-grids.

Table 1. Main survey figures of the data collection.

Demographic Data Survey Main Figures

Eastern
Province of

Rwanda

Total
Population

Total
Households (HHs)

Survey Method
1 Stakeholder
consultation

Survey Method 2
Group

interviews

Survey Method 3
Door-to-door

interviews

Village A 3850 950 12 101 101 HHs +
35 Small Bus

Village B 4456 991 29 90 107 HHs +
46 Small Bus

Village C 3804 877 19 104 97 HHs +
38 Small Bus

Total 12,110 2818 60 295 305 HHs +
119 Small Bus
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Table 2. Main survey figures considering gender balance and the sampling size.

Data Collection Campaign Total Method 1 Method 2 Method 3

Villages A-B-C Sampled data * Stakeholder
consultation Group interviews Door-to-door

interviews
Male 369 35 199 170

Female 77 10 96 135
Households surveyed 600 45 295 305

% of total HHs 21% n.a. 10% 11%
Male 89 n.a. n.a. 89

Female 30 n.a. n.a. 30
Small businesses surveyed 119 n.a. n.a. 119

% of total Small bus 69% n.a. n.a. 69%
Male 15 15 n.a. n.a.

Female 0 0 n.a. n.a.
Anchor businesses surveyed 15 15 n.a. n.a.

% of total Anchor bus 100% 100% n.a. n.a.

* Stakeholders are not included in the sampling size calculation.

4.2. Results on Socio-Economic Concerns

Local economy is based on farming and related commercial and productive activities, coupled
with small livestock. Main crops cultivated are maize, beans, bananas, peanuts, manioca and sorghum,
among which only maize and sorghum are currently processed by milling services.

Seasonality of business activities reflects dry seasons, which are harvest seasons as well: the “high
season” periods, meaning when the business revenues are high, are from January to March and from
June to August.

With regards to households income, population living in the targeted villages works 7.2, 7,0 and
7.7 hours per day on average in village A, B and C respectively, to earn 20,770 RWF, 26,256 RWF and
32,354 RWF per month on average.

Considering that access to microfinance is an essential factor to evaluate potential increase in
energy demand and room of improvement of business activities, there are several saving groups in the
targeted area (5, 23 and 13 in village A, B and C respectively).

The field mission disclosed a lack of access to water: the main water sources are unprotected
springs (improperly called well or dam, or ibinamba in local language) that do not respect sanitation
standards, and only few protected springs. However, during the dry season, the available water supply
is not able to satisfy the needs of the entire population.

Furthermore, there is a fully convergence of data on sanitation concerns: 90% of the population
uses private covered pit latrines (90%, 100% and 95% in village A, B and C respectively) with minor a
percentage using uncovered pit latrines.

Additionally, a housing assessment was conducted to verify whether buildings meet the minimum
safety criteria to be connected: spread of construction techniques with limited durability such
as unburnt bricks with mud (representing 35%, 78% and 30% of buildings in village A, B and C
respectively) suggests to verify case by case their eligibility for electricity connection.

Lastly, transports and energy used for cooking were investigated: the main mean of transport
present is bicycle (owned by 70%, 60% and 54% of people in village A, B and C respectively) whereas
only a few own motorbikes. Main cooking fuels are firewood and charcoal.

4.3. Results on Energy Concerns

In order to provide the detailed results given by the most important indicators about energy
concerns, the following description and figures are only related to village A, located in the Eastern
Province of Rwanda.

First of all, considering that rural electrification projects might only address the needs for lighting
and electrical devices, the energy consumptions for cooking are analyzed separately from other
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sources of energy mentioned below: Almost all the people living in the targeted villages use firewood
corresponding to 9102 Wh/day and related average monthly expenditure of 11,035 RWF per household.

The current sources of energy for lighting and appliances used in the community, including
sources of electricity and electricity substitutes, are given in Figure 2. Data analysis results show the
exclusive use of a source and the mixed use of different sources. That is important firstly for the
estimation accuracy of the average consumptions and expenditures in energy per customer group and
secondly to identify potential customers within a given customer group, which might be supported by
specific project activities, especially among small businesses.Energies 2019, 12, x FOR PEER REVIEW 16 of 30 
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Figure 2. Sources of energy current used per cluster of customers. (a) Sources of energy currently used
by households. (b) Sources of energy currently used by small businesses.

Electrical appliances usage and their dissemination in the communities represents an indicator
for household wealth. Regarding the energy need assessment, analysis of current electrical devices is
crucial to estimate the energy load profile of the community and to provide reliable input data for the
mini-grid design, especially considering that the appliances absorbed power is quite higher than the
one required by lighting products.

Current energy consumption and expenditures for lighting and electrical devices per customer
represent two crucial indicators of the energy need assessment, which are calculated separately per
each customer group to favor the undertaking of specific actions (see Table 3 and Figure 3).

Table 3. Average consumptions and expenditures for electricity substitutes per customer.

VILLAGE A

Customer Group

Average Daily
Consumptions from

Electricity Substitutes
per Customer (Wh)

Average Monthly
Expenditures for

Electricity Substitutes
per Customer (RWF)

Average Cost of
Electricity Unit
(RWF/kWh) *

Households 156 3856 824
Small Businesses

Retail shop 550 5988 436
Bar 1111 8869 319

Barber shop 2799 13,601 194
Tailoring 0 0 0

Bicycle mechanic 350 4908 561
Anchor loads

Mills 7245 78,800 435

* Assuming 30 days per month for HHs and 25 days per month for businesses.
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Figure 3. Correlation between Current Electricity Unit Cost and Consumptions.

The first part of the energy need assessment focuses on the current demand for electricity so
the substitution potential for the mini-grid, whereas another relevant part concerns the potential
unexpressed demand for electricity that would arise in case a mini grid was available.

Demographic growth together with increase of business activities represent two indicators of
the potential increase of energy demand. In fact, according to the Fourth Population and Housing
Census of Rwanda, performed in 2012 (RPHC4) [47], projections of rural population claim an increase
of the size of rural population by 23.2% to 35% between 2012 and 2032. In contrast, the survey results
reveal that 54% of small business started up less than one year ago. Considering this general foreword,
the assessment of potential energy demand is mainly based on (i) the willingness of acquiring electrical
devices in the future, divided into customer groups, and (ii) potential business opportunities.

A preliminary identification of potential opportunities was conducted: the general perception
is that there are no relevant opportunities for strong anchor loads, however, there is a clear business
attitude and intention to start new small business activities.

Among potential business opportunities raised as result of direct questions to people interviewed,
the most promising businesses result to be selling refrigerating products and bakery. Furthermore,
even if 5 entrepreneurs are willing to activate new milling service, the milling market seems to be
saturated with 6 mills already existing for 950 households. They currently operate for a couple of
hours per day and it would be preferable to optimize such activities instead of opening new ones.
With reference to the forecast of how many new devices will be acquired for business purposes,
it must be noted that results only represent a preliminary estimation of the number and type of
potential businesses, since an in-depth analysis, which includes real financial capability and business
sustainability, should be conducted case-by-case to both optimize the plant sizing and eventually
select business activities to be supported by the project. In other words, it is assumed that, in rural
contexts, the more vibrant is the current economy the more extensive is the room for improvement
in the upcoming future, whereas a lower economic development would require a stronger action
on improvement of socio-economic environment, including capacity building and access to finance,
among others.

Due to the lack in quantity and quality of measured data in greenfield projects, surveys are
required to assess the Willingness To Pay (WTP), considering that previous studies have warned
against the tendency of rural households to overstate their WTP, as mentioned in [48].

In order to clarify the meaning given in this paper, WTP is the maximum price at or below which
a consumer will definitely buy or consume one unit of a good or services [49], which is represented
by the electricity tariff in this case. There are different methods to evaluate the WTP. Considering the
most common ones, WTP can be obtained either by asking directly how much an individual is willing
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to pay for a service, resulting in an ‘expressed’ WTP, or by calculating the current energy expenditures,
resulting in a ‘revealed’ WTP [50].

In the rural context, as users move from basic lighting to paying for additional services, the slope
of WTP reduces as income poverty appears to come into play. In fact, beyond the basic level of services,
WTP become a factor of income elasticity meaning, in other words, affordability [51]. This specific
aspect can be quantified by considering the Ability To Pay (ATP), which is a parameter dependent on
the income level of the interviewee, and it is directly related to the affordability of the tariff for the
users [52]. WTP and ATP of rural household consumers are closely related since a higher (or lower)
rate of willingness to pay is strongly affected by the share of disposable income assigned to electricity
as a service in the overall household income [52]. That is why it should be taken into account, what
is the percentage of household budget devoted to energy consumption versus other development
priorities, such as education or water.

As explained in the previous sections, the potential marked was divided into three main customer
groups in order to better analyze, among other, the revealed WTP of each group, which results to be
fundamental to set the electricity tariff plan.

4.4. Current Energy Load Curves

The energy load profiling, which is considered as the current energy demand, and a detailed load
profiling on possible sub-scenarios was carried out considering tentative electricity tariff plans. It must
be specified that forecast load curve is not included in this paper since the optimization of its method
of calculation represents an on-going research for the authors.

To profile the load curves, a market penetration was assumed depending on the willingness to
pay as well as to change from SHS or PV panels with battery to reliable 24/7 energy supply. However,
the penetration rate should be adjusted taking into consideration financial variables in predicting
economic activity of the mini-grid (e.g., multi-phase construction, grid layout and related access to,
taxes and inflation rate, etc.), which are typical of the business planning and not part of this study.

The energy demand was calculated by using the equation (2), in which two correction factors
have been considered: the SHS Correction Factor (C1) and the Commercial Demand Factor (C2), taking
as a reference the guidelines issued by GIZ [53]:

Et = Eh × C1h × C2h + Eb × C1b × C2b + Ea × C1a × C2a (2)

where:
Et = Total Daily Energy Consumptions for Electricity Substitutes at a given Flat Tariff Threshold
Eh, b, a = Total Daily Energy Consumptions for Electricity Substitutes of Households (h), Small

Businesses (b) and Anchor Loads (a)
C1h, b, a = SHS Correction Factor for Households (h), Small Businesses (b) and Anchor Loads (a)
C2 h, b, a= Commercial Demand Factor for Households (h), Small Businesses (b) and Anchor

Loads (a).
First was shown the number of people using SHS that do not consider to improve their quality of

life through a reliable electricity supply and their related current energy consumptions. Thus, the SHS
Correction Factor (C1) in the equation (2) reflects such component of SHS users and decreases the total
estimated daily consumptions. In this case, C1 for households is 98.5%, C1 for small businesses is
98.0% and C1 for anchor loads is 100%.

Second, the commercial demand was worked out by classifying different consumer categories,
as defined in the rest of the study: three thresholds were identified among the estimated monthly
expenditures and how many users were able to pay at least such values, representing the percentage
of potential market intending to apply for connection at a given electricity tariff. Thresholds are given
in the Table 4 below in terms of monthly flat tariff, whereas percentages represent the Commercial
Demand Factor (C2) in the Equation (2).
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Table 4. Market penetration considering the willingness to pay (WTP).

Market Penetration Considering the Willingness To Pay: Commercial Demand Factor (C2)

Flat Tariff Thresholds (RWF/month)

Customer groups 10,035 7000 2940
Households 24% 24% 38%

Small businesses 39% 66% 73%
Anchor loads 100% 100% 100%

The table above shows that the poorest part of the population, given by the first quartile of data
analysis on the average monthly income, have a low current energy consumption as well and therefore
willingness to pay. In other words, it is unlikely that they will apply for electricity connection.

Lastly, the study also focused on getting to know what are the current electrical devices in use
and for how long they are used, in order to model load evolution, based on possible additional devices
that customers may plan or wish to have. Thus, the demand assessment focused on the time of use
of electrical appliances, the distribution of the energy demand throughout the day, the peak power
demand and the number of customers in each category.

The Table 5 summarizes variations of energy consumptions depending on the flat tariff applied.

Table 5. Current energy demand by type of consumer.

Village A 1-Flat Tariff 2940 RWF/month 2-Flat Tariff 7000 RWF/month 3-Flat Tariff 10,035 RWF/month

Type of
customer

Consumptions
[Wh/day]

Percentage of
total energy [%]

Consumptions
[Wh/day]

Percentage of
total energy [%]

Consumptions
[Wh/day]

Percentage of
total energy [%]

Households 48,405 34% 30,403 26% 30,403 30%
Small business 49,783 35% 44,862 38% 26,510 26%
Anchor loads

(mills) 43,469 31% 43,469 37% 43,469 43%

Total 141,657 100% 118,734 100% 100,382 100%

In conclusion, taking into account the market penetration reported in Table 4, the recommended
flat tariff should be set below 2,940 RWF/month. The daily load profiles of the community with this
flat tariff applied (Figure 4) shows that domestic loads reach their peak during the evening, between
7 p.m. and 11 p.m., while business activities reach their peak between 5 p.m. and 6 p.m. that is
when the mills operate. During the rest of the day business activities’ total consumption is lower than
households since the present businesses are mainly small commercial or artisan activities and do not
represent a productive anchor load.
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4.5. Sizing of Mini-Grid Based on Assessment Results

Based on the output from the load profiling, the authors sized a mini-grid for the assessed village.
HOMER Pro Microgrid Analysis Tool 3.11.6 [54] is the simulation tool adopted for the optimization

of the plant. This simulation tool assists in the planning and design of renewable energy based
multi-source generation systems.

Power plant configuration, life-cycle cost (excluding dismantling) and the energy and
economic comparison were carried out using the two main operations of the software: Simulation
and Optimization.

In the Simulation area, HOMER Pro determines technical performance, feasibility and life-cycle
cost of a system for every hour of the year.

In the Optimization section HOMER displays each feasible system and its configuration in a
search space sorted by the least cost depending on the total net present cost. In this way, we can find
the optimal configuration which satisfies the constraints imposed in the model. The description of
economic output is set out in the following section [14].

Detailed description on HOMER PRO software can be found in [12].
The authors considered solar irradiation as the only renewable source. The solar irradiation and

surface annual solar radiation data have been obtained from an average of 20 years of NASA data,
which interpolate data of available weather stations to infer specific location [55]. The average annual
of daily solar radiation in this region is 5.02 kWh/m2. The average clearness index is 0.50. Based on
these data, assumptions for the different months are represented in Figure 5.
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Figure 5. Assumed average daily solar irradiation and clearness index for the plant location.

It was assumed to size a hybrid mini-grid composed by a PV plant, a Battery Energy Storage
System (BESS) and a diesel generator (Figure 6).

The considered PV system and replacement cost is 2,200 $/kWp. The O & M cost is set to 10
$/kWp/year. The solar module type is a polycrystalline PV panel with efficiency 15%. Costs include
purchase, transportation and installation of modules, all balance of system components like cables and
structures (excluding the inverter) and the security system.

The cost of the inverter is set to be 300 $/kW, and the efficiency is assumed to be 95%.
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For the BESS the authors consider a Li-Ion battery, with round trip losses of 8%, an estimated cost
of 600 $/kWh, an O & M cost of 10 $/kWh/year, and a connection on the DC bus [14].

The cost of the diesel Generator is set to 500 $/kW and the fuel price is set to 1.4 $/l, data collected
during the site visit.

The optimal configuration proposed by Homer is formed by 29.4 kWp PV generator, with a 15 kW
converter, a 110 kWh BESS, and a 36 kW diesel generator.

The PV total energy production would be 59.3% of the total annually energy needs, with a COE
of 0.447$/kWh (382.53 RWF/kWh) with a project lifetime of 25 years, it should be noticed that this
value, excluding bar and barber shops, is under the Average cost of electricity paid by villagers.

5. Discussion: Reliable Input Data for Load Profiling and Mini-Grid Sizing

5.1. Strengths of the Proposed Methodology

The strengths of this methodology are that the use of different data sources:

(i) increases the results accuracy
(ii) allows an expert consultant to immediately bring to light relevant discordances and points of

investigation to clarify during the field mission.
(iii) supports in defining the current energy sources and expenditure for electricity substitutes by

using a large sample size of the potential market (a crucial indicator to evaluate the real ability to
pay of customers)

(iv) helps to record perspective and detailed information from stakeholders and anchor users
(fundamental qualitative data to customize the mini-grid project development).

(v) allows the project developers to lay the groundwork for a remote monitoring & evaluation
framework over the project life, thanks to the use of GPS coordinates.

Lastly, it is important to highlight that it is based on the assumption that the key indicators are
given by proxy variables since people that never had access to electricity and do not have regular
income have little reliability in estimating their consumptions and expenditures as well as in predicting
their future appliances purchases and their pattern of us [21], as recommended in the literature focused
on mini-grid development [56].
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5.2. Mini-Grid Sensitivity to Inputs and Assumptions Coming from the Energy Need Assessment

The energy need assessment is particularly important in the development of rural electrification
project, especially in mini-grids, both from (i) a business perspective, which allows for reducing
the investment risk and from (ii) a technical perspective, which allows for developing reliable load
profiling and optimize the energy management systems. It follows from this that the accuracy of
inputs used as well as assumptions selected directly affect the technical and financial feasibility studies.
Results of the energy need assessment represents such inputs and provide most of the assumptions
used in business modelling and mini-grid design.

The effects of uncertainties in load profiles have in fact a huge impact on the sizing, cost and
reliability of off-grid systems, as discussed in [21], where the authors argue that the estimation of
average daily load as the starting point for intuitive design approach is not satisfactory, and that
alternatives for improving such estimates is not available. This issue has been investigated in detail
also in [57], but the authors did not tackle the uncertainties in primary data acquisition and used a
proxy method for getting “typical” classes of users based on their observations on already electrified
peri-urban areas of Uganda. The same authors proposed a method to formulate load profiles for
expected new customers in off-grid rural areas without prior access to electricity [44]. The method
employs a bottom-up stochastic approach to take into account the variability of the overall time in
which an appliance is functioning in a day and its functioning windows; but there is no insight on how
to acquire the input data for it, and the model is validated on an already electrified site.

Another example of a tool dedicated to generating load profiles and estimate demand diversity is
given in [58], but again the availability of reliable survey data is taken for granted. Thus, this study
aims to contribute in bridging the gap between the development of modelling tools and the field
challenges with a focus on uncertainties of remote communities.

5.3. Estimation of Current Average Consumptions and Expenditures for Electricity Substitutes

The estimation of current average consumptions and expenditures for electricity substitutes
represent two key indicators of the energy need assessment since consumptions are the basis for
profiling the energy load curves and expenditures are crucial for evaluating the willingness to pay and,
consequently, the electricity tariff plan as well as the level of service quality.

With respect to the literature, [59,60] mainly reporting on linear regression method and inverse
matrix calculation which needed a comparative case study, the novelty here is based on the analytical
calculation of the current average energy consumptions of a typical user per each customer group.
This approach considers each source used differentiating the exclusive use of a source and the mixed
use of different sources. The matrix used to calculate average daily consumptions for electricity
substitutes is reported in Table 6 while the matrix used for the related monthly expenditure is reported
in Table 7.
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Table 6. Calculation of the average daily consumption from electricity substitutes per customer.

Households
% of

Current
Users

Max
Power
(W)

Lighting
from

(time)

Lighting
to

(time)

Lighting
(hours/

day)

Electrical
Devices

from
(time)

Electrical
Devices

to
(time)

Electrical
Devices
(hours/

day)

Number
of

Bulbs
(n◦)

Number
of Units/

Day
(Liters,

Batteries,
etc)

Capacity
Per

Unit
(Wh)

Mobile
Phone

Charging
(charges/

day)

Mobile
Phones
(% of
Total

Customer
Group)

Radios(%
of Total

Customer
Group)

Other
Devices
(n◦ of

Devices/
Customer)

Power
Assumed

for
Lighting
(W/bulb)

Power
for

Mobile
Phone

(W)

Power
for

Radio
(W)

Power
Assumed
for Other
Electrical
Devices

(W)

Energy
for

Lighting
(Wh)

Energy
for

Electrical
Devices

(Wh)

Total
Daily

Energy/
Customer

(Wh)

Total
Daily

Energy/
Customer

Group
(Wh)

Solar Home
Systems 50.0% 50 18.0 26.5 8.5 12.5 22.0 9.5 2.2 - - 0.4 100% 75% 0.50 8 6 10 50 146 311 457 915

PV panels
(without battery) 0.8% 35 17.9 22.9 5.0 13.3 20.0 6.7 3.0 - - 0.3 57% 27% 8 6 10 - 118 20 137 1067

PV panels with
battery 1.4% 35 17.9 22.9 5.0 13.3 20.0 6.7 3.0 - - 0.3 57% 27% 0.62 8 6 10 35 118 166 284 3669

Solar lanterns 16.3% 12 17.9 22.9 5.0 13.3 20.0 6.7 3.0 - - 0.3 57% 27% - 8 6 10 12 118 20 137 21,335
Rechargeable

torches 8.7% - 17.9 22.9 5.0 13.3 20.0 6.7 3.0 0.1 12.2 0.3 57% 27% - - 6 10 - 1 20 21 1699

Torches with
battery 27.3% - 17.9 22.9 5.0 13.3 20.0 6.7 3.0 0.1 12.15 0.3 57% 27% - - 6 10 - 1 20 21 5318

Candles (only
considering energy

for lighting)
4.7% 4 17.9 22.9 5.0 13.3 20.0 6.7 - 2.0 - 0.3 57% 27% - - 6 10 4 40 20 60 2670

MIX 2: SHS + PV
Panels 0.4% - - - - - - - - - - - - - - - - - - 236 318 554 2.148

MIX 2: SHS +
Solar lanterns 0.4% - - - - - - - - - - - - - - - - - - 236 318 554 2.148

MIX 2: SHS +
Torches with

battery
3.7% - - - - - - - - - - - - - - - - - - 119 318 437 15.246

MIX 2: SHS +
Candles 0.4% - - - - - - - - - - - - - - - - - - 158 318 476 1.845

MIX 3: PV Panels +
Solar lanterns 0.4% - - - - - - - - - - - - - - - - - - 236 39 275 1.067

MIX 6: Solar
lanterns +

Rechargeable
torches

0.8% - - - - - - - - - - - - - - - - - - 236 39 275 2.133

MIX 6: Solar
lanterns + Torches

with battery
0.8% - - - - - - - - - - - - - - - - - - 119 39 158 1.226

MIX 8: Torches
with battery +

Kerosene lamps
3.7% - - - - - - - - - - - - - - - - - - 1 20 21 717

MIX 8: Torches
with battery +

Candles
7.9% - - - - - - - - - - - - - - - - - - 41 39 80 6.006

No source of
electricity 0.5% - - - - - - - - - - - - - - - - - - - - - 0

Not answering 2.5% - - - - - - - - - - - - - - - - - - - - - 0
check 100.0%
Average daily consumption from ELECTRICITY SUBSTITUTES per customer (Wh) 156
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Table 7. Calculation of the average monthly expenditure from electricity substitutes per customer.

Households Total Number of
Current Users Unit Unit Cost (RWF)

Monthly
Consumption -30
Days Considered-

(n◦ of units)

Asset Costs
Splitted Over 36
Months* (RWF)

Total Monthly
Expenditure/

Customer (RWF)

Total Monthly
Expenditure/

Customer Group
(RWF)

Solar Home Systems 184 average monthly fee* 10.970 1 0 10.970 2.019.116
PV panels (without battery) 8 lump sum 1 1.944 1.944 15.086

PV panels with battery 13 lump sum 1 4.131 4.131 53.412
Solar lanterns 155 lump sum 1 472 472 73.276

Rechargeable torches 83 per charge 200 2,2 440 36.414

Torches with battery 259 per disposable
batteries 200 2,2 440 113.983

Candles (only considering energy for lighting) 45 pieces 50 60.0 3.000 134.483
MIX 2: SHS + PV Panels 4 - - - - 12.915 50.101

MIX 2: SHS + Solar lanterns 4 - - - - 11.443 44.389
MIX 2: SHS + Torches with battery 35 - - - - 11.410 398.379

MIX 2: SHS + Candles 4 - - - - 13.970 54.195
MIX 3: PV Panels + Solar lanterns 4 - - - - 2.417 9.375

MIX 6: Solar lanterns + Rechargeable torches 8 - - - - 944 7.328
MIX 6: Solar lanterns + Torches with battery 8 - - - - 912 7.078

MIX 8: Torches with battery + Kerosene lamps 35 - - - - 440 15.362
MIX 8: Torches with battery + Candles 75 - - - - 3.440 258.000

No source of electricity 4 - - - - - -
Not answering 23 - - - - - -

check 950
People Charging Mobile Phone at kiosk 281 charge 100 10.1 1.009 283.109

Average MONTHLY expenditure for ELECTRICITY SUBSTITUTES per customer (RWF) 3856
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5.4. Next Steps

The authors plan to validate further the exposed methodology by analyzing the nexus between the
results of the assessments and the evolution of the load curves over the operational phase electrification
projects. The purpose is to understand which factors affect the households’ connection trend (in other
word, the market penetration rate) and their electricity consumption over the operational phase of a
rural electrification project.

Then, the accuracy of forecast load curves will be evaluated on the basis of actual monitoring data
collected and examined in order to optimize the prediction calculation process, which is currently an
ongoing study. As for the assessment methodology described in this paper, an approach to define a
standardized method is going to be outlined with a view to actually take it into consideration in the
project development, as already pursued by previous studies [56].

The methodology described in this paper could be applied to brownfield projects as well
to optimize operational mini-grids, upgrade the electricity tariff plan and/or explore room for
improvement of services. Such application requires a general review of tools and methods as well as
testing and validation phases in operational environment, which are currently in progress.

At the same time, with a view to study all the factors affecting the technical solutions in both
greenfield and brownfield, the authors are also focused on the characterization of the community’s
energy needs, aimed at classifying the contexts of intervention in order to boost toward a common
overall objective of mini-grid’s optimization methods and tools. The main community’s features are
defined in order to guide the energy need assessment methodology presented in this paper. An ongoing
study are analyzing such figures through indicators and indexes to finalize this research.

6. Conclusions

The paper proposes an effective methodology for the energy need assessment in rural
electrification sector to obtain reliable inputs for load profiling and mini-grid sizing, with a view
to characterizing the community’s energy needs and exploring the viability of potential projects as
well as optimization of operational energy systems.

Summarizing the highlights of an in-depth comparative literature overview, the paper points out
(i) how the load profile represents an input for sizing and optimization models, (ii) the relevance of
accuracy in the energy need assessment, (iii) the process of load profiling in greenfield projects and (iv)
the main references to structured survey methodologies for developing countries.

Hence, the proposed methodology can be used and adapted case-by-case in order to provide
an effective applied solution to general recommendations and information from existing micro-grid
literature and the lack of proven guidelines from project developers with a view to boost toward
a common overall objective of mini-grid’s optimization methods and tools. In order to address
the requirements of mini-grid sector, the proposed methodology gives priority to (i) data collection
methods able to achieve a large sample representative of the market and (ii) high accuracy in estimating
the energy consumptions from electricity substitutes.

The evidence of the methodology’s reliability is given by comparing a key output of the energy
need assessment with the actual value adopted in case study used for the validation: the willing to
pay of potential customers. It is a very sensitive and representative indicator since it directly affects
the project sustainability and it comes from other outputs such as the average consumption and
expenditures and the assessment of current and potential anchor loads. With reference to the Village A
(Table 4), the assessment returns a flat tariff of 2940 RWF/month to reach the higher penetration rate of
potential market. The actual flat tariff negotiated between the mini-grid developer, local communities
and authorities was about the same: 3000 RWF/month.

Considering that the energy need assessment is particularly important from both business
perspective, allowing to reduce the investment risk, and technical perspective, allowing to develop
reliable load profiling and optimize the energy management systems, the accuracy of inputs used as
well as assumptions selected directly affect the technical and financial feasibility studies. Results of
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the energy need assessment represent such inputs and provide the most of the assumptions used in
business modelling and mini-grid design. Thus, this study is aimed at contributing to bridging the
gap between the development of modelling tools and the field challenges with a focus on uncertainties
of remote communities.
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