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Abstract

The massive development of mini-grids (MGs) is seen as a promising alternative to the extension of
national grids to achieve universal access to electricity. MGs based on solar photovoltaic are often
recognized fully consistent with net-zero CO2 emissions objectives. However, if they have low or
even no direct emissions from diesel consumption, they embed indirect carbon emissions due to solar
panels and batteries manufacturing. Electrification policies, mainly based on the levelized costs of
electricity (LCOE), should likely account for the carbon footprints (CFP) of possible electrification
strategies.

In this work, we assess the CFP of hybrid MGs (solar, battery, diesel) for rural electrification in Africa.
We consider a large number of MG configurations for many locations across the continent. For each
location, we identify the lowest CFP and LCOE, and estimate their dependency to meteorological and
socio-economic factors.

Our results show that: (i) the lowest CFP depends on location and is around 200gCO2/kWh; (ii) it
can be higher than the CFP of certain African national grids; (iii) the CFP of hybrid MGs can be lower
than the CFP of MGs relying only on solar PV; (iv) for most techno-economic and environmental
assumptions, moderate LCOE increases allow significant CFP reductions.

Keywords: PV hybrid mini-grids, rural electrification, levelized cost of electricity (LCOE), carbon
footprint, Africa

List of abbreviations:

CF: Mean capacity factor of the solar production [-]

CFP: Carbon footprint [gco2,e¢/kWh]

CFP*: Mini-grid configuration with the lowest carbon footprint
DHI: Diffuse Horizontal Irradiance [W/m?]

DNI: Direct Normal Irradiance [W/m?]

GHG: Greenhouse Gases Emissions

GHI: Global Horizontal Irradiance [W/m?]

GTI: Global Tilted Irradiance [W/m?]

LCOE: Levelized Cost of Energy [$/kWh]

LCOE*: Mini-grid configuration with the lowest LCOE

MG: Mini-grid

NE: Nocturnal Energy consumption, mismatch indicator [kWh]
PV: Photovoltaic

SPC: Shadow price of carbon [$/tco2.eq]
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® dyirs: Mismatch indicator related to the daily difference in power between solar production
and electricity demand [-]

1. Introduction

According to the International Energy Agency, more than 40% of the sub-Saharan African population
does not have access to electricity [1]. Achieving Sustainable Development Goal 7, i.e., ensuring
universal access to reliable, affordable, and sustainable energy by 2030, would require providing
electricity to around 90 million more people on this subcontinent each year [2]. To reach this objective
at the lowest cost, the International Energy Agency estimates that one third of these future electricity
connections could be met by mini-grids (MGs), especially in remote areas, with the remaining two
thirds relying on grid extension and solar home systems [1].

This electrification must be compatible with the objective of the Paris agreement to keep global
warming below 2°C and as close as possible to 1.5°C [3]. Global pathways likely to limit warming
to 2°C require net-zero CO2 emissions to be reached by 2070-80 (respectively as soon as 2050 for
warming limited to 1.5°C). The power generation sector is the first that will have to be completely
decarbonized [4]. Some African countries, like Namibia and Nigeria, have submitted very ambitious
National Determined Contributions (NDCs) to the Paris Agreement aiming at net-zero emissions by
2050 and 2060 respectively [3]. A large literature focuses on how to reduce the greenhouse gases
emissions (GHG) and achieve these NDCs with economic instruments such as carbon taxes [5-9],
feed-in-tariffs [10, 11], subsidies on renewables installations [12, 13], green finance [14-17], clean
development mechanisms [18], etc.

The NDC objectives only cover territorial emissions, i.e. direct emissions from households and
emissions associated with production in the territory, but do not cover emissions linked to imports.
However, these indirect emissions can represent very significant levels of emissions compared with
local emissions [19]. For instance, the consumption-based emissions of the European Union are 65%
higher than the territorial emissions [20]. This may have consequences for the policies required: a
carbon border adjustment mechanisms (CBAM) has been recently adopted in Europe to target these
embedded emissions from imported goods [21].

Many recent studies have pointed out the embedded emissions in the power sector. They especially
demonstrated that renewable energy technologies [22] are not “equally low-carbon” [23]. For
instance, the electricity production from solar PV do not emit any GHG, but solar PV comes with
non-negligible indirect GHG emissions due to energy required for material extraction and for
manufacturing of PV panels [24-27]. The notion of carbon footprint (CFP) was introduced and is used
to estimate the amount of GHG emissions associated with all activities of a given entity. For the
electricity production sector, it includes direct emissions required for energy production (e.g. fuel
combustion), but also indirect emissions associated to supply chains and all energy transformations
upstream (e.g. manufacturing, transport, distribution) and downstream (recycling, dismantling, etc.).
The CFP of renewable energy technologies for instance depends on the electricity mix available for
their production [28]; it is much larger if the mix is mainly based on fossil fuel than if it is based on
renewable energy (hydropower, solar) and nuclear. The CFP also depends on the energy intensity of
material extraction and of components manufacturing [29]. This depends on the efficiency of
extraction / transformation processes and on material accessibility. The CFP could thus continuously
increase in the next decades, as a result of the continuous decrease of ore concentrations in ore
deposits worldwide due to the large amounts of materials and ores required for components
manufacturing [30].
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Many publications focus on the CFP of specific renewable energy technology (e.g., solar [31], wind
[32], hydro [33], biomass [34]). Nevertheless, there is a need to go a step further and consider the
CFP at a grid level. The massive introduction of renewable productions in the grid necessarily comes
with the provision of a number of flexibility means to balance the intermittency of the production
[35]. And the CFP of those flexibility means is not expected to be negligible. The needs for flexibility
means is even more crucial for off-grid systems. Solar hybrid off-grid mini-grids, i.e. systems that are
not connected to a national grid, have actually to deal with the solar resource variability at the local
scale which may be large. As they can often not benefit from flexible renewable sources like
hydropower, they typically need battery storage and/or diesel genset to deliver electricity in low
resource periods. A fair estimate of the CFP of renewable energy technology should thus ideally also
account for the CFP of the required flexibility means [27,36]. The CFP of 100% solar MGs in India
and Africa was actually shown to highly depend on the PV/battery configuration and can be quite
large [37,38].

MGs based on solar PV are promoted by international institutions as a “clean” solution to electrify
rural areas worldwide with several hundred million US dollars invested in Africa each year in the last
decade [39]. They indeed allow a large reduction of direct GHG emissions when replacing a diesel
generator with solar PV and batteries in areas far from the grid [40,41]. Most of the studies assessing
the GHG emissions of MGs however only consider direct GHG emissions [42-48] and conclude that
replacing diesel generators with PV/battery MGs would completely cut GHG emissions [41,49]. Not
taking indirect emissions into account however underestimates the GHG emissions associated with
MGs. To evaluate the real impact of developing solar MGs on GHG emissions, one should not restrict
the assessment to the MG direct emissions but should conversely consider the MG CFP [50].

A number of studies quantified the CFP of MGs for different locations in Tanzania [51], Greece [52],
Rwanda [53], Italy [54], Alaska [55], Colombia [56], etc. The CFP can significantly vary from one
location to the other, even at the country scale. These variations result from differences in the solar
resources or from differences in technical / socioeconomic features of the considered systems [57].
To our knowledge, continental scale assessments of the CFP of MGs are lacking. Lu et al. estimated
the CFP of PV production systems but which are grid-connected and thus they disregard the CFP of
flexibility means [58]. A continental scale assessment would help policymakers to adapt their policies
and electrification strategies.

Recent work to support policymaking primarily focuses on levelized costs of energy (LCOE). Many
different MG configurations hybridizing solar PV, diesel gensets and batteries can supply the
production required for a given community. As recent literature reviews have shown [59,60], most
studies seek to identify the lowest cost MG configuration and to assess the corresponding LCOE [49,
61-65]. In planning studies at the regional level, this lowest LCOE configuration is typically
compared to other rural electrification options (solar home systems, MGs, and grid extension) [66,67].
This is also the case in numerous studies dedicated to study cases for one or a few locations [60, 64,
66, 68].

The MG configuration with the lowest LCOE [53] is expected to differ from the MG configuration
with the lowest CFP [69]. The LCOE of the former is expected to be smaller than the LCOE of the
latter. Its CFP is conversely expected to be higher. The differences of LCOE and CFP between these
two “optimal” configurations can be large but a variety of configurations are likely to provide
reasonable trade-offs [70].

Our work explores the trade-offs between CFP and LCOE of solar based MGs for rural electrification
in Africa, emphasizing the importance of including carbon footprint assessments in rural
electrification policies, rather than focusing solely on cost minimization. It explores the socio-
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economic and environmental drivers of CFP, possible levers for CFP reduction and possible trade-
offs between CFP and LCOE minimization. For this, we specifically answer the following questions:
» What lowest CFP values can be achieved with hybrid MGs across Africa?
» How these CFP values differ from the CFP of other MG configurations, especially that of the
lowest LCOE one or from the CFP of the national grids?
» What are the main technical, economic or environmental levers that can be used to lower the
cost and/or the CFP of solar based MGs?
» What are the possible trade-offs between the lowest LCOE and lowest CFP MG
configurations and are there trade-offs to achieve significant CFP reduction at low cost?

We first quantify the CFP and LCOE of a large number of MG configurations based on different
solar/genset/storage setups for a large set of locations spread over the continent. The CFP and LCOE
of each MG configuration is estimated from the simulation of the MG functioning over a full year
period, which allows to account for the sub-daily to seasonal variability of both the solar resource and
the demand (section 2). The simulations allow to identify the lowest CFP and LCOE configurations
for each location, and then to assess how these configurations depend on both the characteristics of
the resource and the demand. They also allow investigating different trade-offs between the lowest
LCOE and the lowest CFP configurations and estimating the cost of different CFP reduction
objectives (section 3). These results and their potential implications on future electrification policies
are discussed in section 4.

The contributions to the literature are the following. First, we develop a generic and reproducible
methodology to allow a continental scale assessment of the CFP of hybrid MGs. Second, we show
that hybrid genset/solar MGs can achieve smaller CFP than 100% solar MGs. Third, we highlight that
the CFP of MGs should be considered in environmental assessments instead of just direct GHG
emissions and that it can be higher than the CFP of the national grid in some countries. Finally, we
assess the LCOE increases required to achieve given CFP reduction levels in different climatic and
socio-economic contexts, which will help designing policies towards net-zero carbon energy systems.

2. Methods

We considered fictitious hybrid MGs using solar PV, diesel gensets and batteries to supply typical
load profiles for 93 different locations over Africa. We simulated the functioning of these MGs using
meteorological data to estimate the solar resource and PV production, and simple dispatch rules for
the use of the batteries and genset to ensure that supply always and fully meets electricity needs.
Simulations cover a full year and are performed at a resolution of 15min to account for the sub-daily
to seasonal variability of both the solar resource and the demand. Simulations are performed for a
large range of configurations (PV panels and battery capacities). For each configuration, the LCOE
and the CFP are estimated, allowing determining the configuration minimizing either the LCOE or
the CFP.

The methodology, data and models are summarized in Figure 1 and are described in the following
section and in Appendix A. All simulations and analyses are carried out using a script developed in
Matlab© (script core available in Supplementary Material).
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Figure 1: Methodology of MG modelling. The calculation of PV capacity and electric demand data are specified in Appendix A. The
loop on storage (Kyqt) and PV (Kpy) installed capacities with energy dispatch and LCOE and CFP calculation are detailed in sections
2.1and 2.2.

2.1. MG modelling

To simulate the functioning of MGs, two time-series are required: a time-series of the load and a time-
series of the production from renewable sources (only solar PV is considered here, but other sources
like wind power could be added). In this study, the production time-series is estimated from time-
series of local irradiance and local weather (extracted respectively from irradiance satellite products
and global atmospheric reanalyses). The time-series of the load is constructed from load profiles taken
from literature. Fifteen load profiles are used in this study to account for different seasonality and
sub-daily patterns of the load. For the sake of simplicity however, most results presented next
correspond to the so-called hybrid profile without seasonality. The load is assumed to result from a
mix of productive and domestic uses and to be the same each day of the year. Details on data are
given in Appendix A.

MGs considered in our work include a battery storage and a diesel genset. For our analyses, the
functioning of a MG is simulated with a simple model based on the following assumptions and rules.
The genset cannot be used to charge the batteries. The batteries can only be charged when solar PV
production is higher than the demand. When solar PV production is higher than the demand and
storage is full, the production is curtailed. When solar PV production is smaller than the demand, the
residual demand can be satisfied with the genset, with the batteries or with both at the same time. The
genset/battery energy dispatch rule is to maximize genset efficiency, i.e., the genset is used as closely
as possible to its nominal power. This allows minimizing genset consumption. The battery is,
therefore, used mainly during the lowest consumption hours. The battery efficiency for charge is
assumed to be the same than for discharge: 1, = 0.95.
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Figure 2: Simulation of solar, genset and batteries dispatching for three days in March. The graph shows the simulation when
maximizing genset efficiency. The y-axis corresponds to a normalized power: I corresponds to the mean power demand.

The power to be produced by the genset for each time of the simulation period (Figure 2) allows
estimating the total fuel consumption for the period, and in turn the direct emissions of the genset.
More details on the genset consumption are given in Appendix A. To make sure that the electricity
demand is always supplied, the genset installed capacity is set to the maximum value of the electric
load profiles.

2.2. LCOE and CFP calculation and envelope curve

For a given configuration, namely for a given installed capacity of battery (Kj,; in [kWh]) and a
given capacity of solar PV (Kpy in [kW,]), we simulate the functioning of the MG. This simulation
allows to compute the diesel consumption required over the project lifetime to fully and always satisfy
the electricity demand. The battery capacity Kj4¢, the PV capacity Kp, and the diesel consumption
allow to estimate the LCOE and CFP of the configuration. Equations as well as cost and carbon
footprint parameters required for calculations are detailed in Appendix A, sections A.3 and A.4.

In the following, the LCOE and the CFP are estimated for a wide range of storage/PV capacity
configurations. We consider storage capacities from 1hreD to 20hr<D with D [kW] the mean power
demand and solar PV capacities from 0 to 2.5K2,, where K2, [kW] corresponds to the PV capacity
that would be required to produce, over the one-year simulation period, an energy amount exactly
equal to the total energy of a constant demand D. In the following, the storage capacity is expressed
n [hrseq]. One hrs,, corresponds to the energy required to satisfy one hour of the annual mean

power demand D. K, Sy is related to CF, the so-called mean capacity factor of PV panels as K9y, - CF =
D

To ease the comparison between sites, we use the normalized PV capacity defined by the ratio
Kpy /KPSy, as shown in Figure 3. Two configurations are considered in the following: the LCOE*
configuration that minimizes the LCOE, and the CFP" configuration that minimizes the CFP of the
MG. These configurations are estimated by selecting, from the simulated configurations, the pair
(Kpae, Kpy) with the minimum LCOE or CFP respectively.
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Figure 3: Lowest LCOE (LCOE") and lowest CEP (CFP") configurations in a LCOE vs. CFP graph. The black line is the envelope
curve. The colour shows the normalized PV capacity installed (dark dots refer to configurations with low penetration of solar, and light
dots to high penetration of solar) while the size of the dots reflects the normalized storage capacity installed. Each U-shape line depicts
a given storage capacity (only one out of three storage capacities simulated is represented). Each dot of each line corresponds to a
given PV capacity. Each dot reflects a given genset production, i.e., the production required to satisfy the demand throughout the
period. The storage capacity, the PV capacity and the genset production allow to estimate the CFP and the LCOE of the configuration.
This graph is obtained for a location in Angola (-12.5°N,; 17.5°E) with a hybrid load profile.

The LCOE and CFP values obtained for all simulated PV capacity/storage configurations can be
presented in a (CFP, LCOE) graph. As illustrated in Figure 3 for a given location, not all (LCOE,
CFP) MG combinations are possible: it is not possible here to have a LCOE below 0.37 or a CFP
below 200gco,/kWh. In the remainder of the paper, the limit between the (LCOE, CFP) values that
are possible and the ones that are not defines a so-called envelope curve. In practical, it is determined
by selecting for each CFP value the lowest possible LCOE value.

This curve has two parts. The first goes from the diesel-only configuration to the LCOE*
configuration. In this part, an increase in the PV capacity allows for a reduction in both the LCOE
and the CFP. The second part joins both LCOE* and CFP* configurations, corresponding to the Pareto
front between the LCOE and the CFP. This envelope curve shows the impact of the gradual integration
of solar energy on LCOE and CFP.

3. Results

The first section shows the impact of considering CFP instead of focusing solely on direct GHG
emissions. The second and third sections show the influence of the solar resource and its mismatch
with electricity demand on CFP and LCOE values. The last section proposes different trade-offs
between the CFP* and the LCOE* configurations. Most of the figures in this section illustrate the
results for the mean values of technical, economic and environmental parameters. Other set of
parameter values as well as other load profiles are additionally used to assess the robustness of our
results (cf. figures in Appendix B).

3.1. Carbon footprint vs. direct GHG emissions of a mini-grid

We select one location in Angola (-12.5°N; 17.5°E) for illustration (green dot in Appendix A, Figure
A.l), but similar results are obtained for other locations. To better understand the impact of
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considering indirect emissions, Figure 4 shows for this location a comparison between the envelope
curve including both direct and indirect emissions, and another envelope curve based only on direct
emissions. This latter curve only considers GHG emissions produced by the genset consumption of
diesel. It does not include the CFP from PV panels and batteries. When disregarding indirect
emissions, a 100% solar system appears as a zero emission MG. Yet, indirect emissions are far from
negligible. Even with a 100% solar system, they reach ~200gCO2/kWh, which is almost 20% of the
CFP of a 100% genset MG configuration.
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Figure 4: Envelope curves reflecting CFP and direct emissions only for a location in Angola (-12.5°N; 17.5°E) with a hybrid load
profile. Dots correspond to the whole CFP, including both direct and indirect emissions; diamonds depict direct GHG emissions only.
The lowest CFP (CFP*), lowest GHGuireet (GHG *direcr) and lowest LCOE (LCOE*) configurations are indicated. Note that the LCOE™
has the same (PV/storage/genset) configurations for both curves; only the level of GHG emissions differs.

Figure 5 details the decomposition of the CFP into direct emissions from genset and indirect
emissions induced by PV panels and storage. This decomposition is given for all configurations
located between the economic optimum LCOE* and the carbon optimum CFP*. The LCOE*
configuration corresponds to a solar penetration of 60% of the production mix, while indirect
emissions from solar power represent 15% of the CFP. Moving from the LCOE* to the CFP*
configuration along the curve in Figure 5 leads to an increase in the penetration rate of solar and in
the capacity required for storage. The part of the CFP per kWh due to solar thus increases while the
part due to genset decreases. Note that for high shares of solar in the mix, a part of the solar production
is curtailed when the demand is satisfied and the storage is full. The solar share in the CFP is growing
faster than its share in the energy supply because of this curtailement. The CFP* configuration thus
corresponds to a compromise between lower diesel consumption and higher CFP due to higher solar
and/or battery capacities. Hence, in the CFP* configuration, diesel is still used to supply a very small
part of the energy (around 1% for this location, Appendix B Figure B.1).
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Figure 5: CFP decomposition for a location in Angola (-12.5°N,; 17.5°E) with a hybrid load profile for all configurations on the left-
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and a CFP = 210gCO2/kWh, of which 22% is attributable to the genset, 54% to the batteries, and 24% to solar PV.

This small part of diesel allows to fully supply the demand. A large part of the CFP of MGs is in fact
due to the low resource days, those days requiring either large storage capacities or backup production
means [71,72].

Reducing this part of diesel to approach a solar share close to 100% of the energy supplied can lead
to a large increase of the CFP as it requires to install much larger battery capacities (Appendix B
Figures B.2 and B.3). For instance, the lowest CFP of configurations with at least 99% (resp. 99.9%)
solar production in the mix are up to 30% (resp. 50%) higher than the CFP of the CFP* configurations
(cf. Appendix B Figure B.2).

3.2.  Theinfluence of solar resource on LCOE* and CFP* values

The LCOE* and CFP* values vary across the African continent (Figure 6) with similar spatial
patterns. Regions far from the equator (Maghreb and the east coast of South Africa) and regions in
Central Africa have higher LCOE* (~0.43$/kWh) and CFP* (~230gco2/kWh) than other regions. In
the Sahara for instance, LCOE* values are around 0.35$/kWh and CFP* approximately
190gco2/kWh. For comparison, the genset-only configuration has a CFP equal to 996 gco>/kWh and
a LCOE equal to 0.46$/kWh.

In almost all cases, when compared to a genset-only configuration, CFP* configurations lead to a
large CFP reduction, at least 75%. Note that LCOE* configurations, which result in a 15% LCOE
reduction, already lead to a significant CFP reduction, from 50 to 65% (Appendix B Figure B.4).

For the CFP* configurations, whatever the region, the genset is still required to supply a low but
significant percentage of the energy, up to 6-8% in some specific locations (Figure 6, bottom). The
renewable fraction, i.e., the percentage of energy supplied by solar PV (or batteries), is high (from
92% to 99%). For the LCOE* configurations, the genset has a much higher contribution (from 20%
to 50%), and the renewable fraction is much lower (from 50% to almost 80%). These LCOE values
are in the upper range of what can be found in the literature as we consider mean current values of
costs without including potential costs decrease in the future. Regarding the CFP values, our estimates
are rather similar to what was already presented in the literature [54, 56, 73]. The same applies for
the renewable fractions obtained for the LCOE* configuration.
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Figure 6: Lowest LCOE (top left) and lowest CFP (top right) for all locations with a hybrid load profile. LCOE and CFP for a diesel-
only configuration are respectively equal to 0.468/kWh and 996gco/kWh. The renewable fraction (bottom chart) corresponds to the
proportion of the energy demand supplied by solar and batteries.

The LCOE* and CFP* values and configurations are expected to depend on the characteristics of the
resource and on its temporal adequation with the load. For illustration, the CFP* and LCOE* values
obtained for the 93 locations and 15 load temporal profiles are presented as functions of different
variables in Figure 7: CF, ouiff and NE. CF corresponds to the mean annual solar resource,expressed
with the annual capacity factor. caifr is the day-to-day resource/demand mismatch and it is computed
as the standard deviation of the day-to-day resource /demand difference (cf. Appendix A, section A.2)
[74]. N.E. is the the so-called nocturnal energy (N.E.), a measure of the fraction of the daily energy
to be satisfied each day at night when the solar resource has gone (cf. Appendix A, section A.2) [74].

Both CFP* and LCOE* values are significantly correlated to these three variables. CFP* and LCOE*
are higher when the mean annual resource is lower, when the day-to-day resource/demand mismatch
is higher or when the nocturnal energy is higher. The correlation is very high with the nocturnal energy
(0.97 for CFP*; 0.89 for LCOE*), much lower but still important with the day-to-day mismatch (0.39
for CFP* and 0.49 for LCOE*) or with the capacity factor (-0.22 for CFP* and -0.39 for LCOE*).
The most impacting factors for both CFP* and LCOE* are thus related to the mismatch between the
resource and the demand. The important mismatch features are first related to the sub-daily profile of
the demand, which determines the amount of storage required to shift part of the within day solar
production to evening or night hours. They next correspond to the day-to-day resource/demand
adequation, which depends on both the mismatch of seasonal variations and on the meteorological
variability of the resource. These day-to-day variability leads to low-resource days of potentially high
impact for the system as explained in [71, 74]. In our context, CFP* and LCOE* are for instance
globally much smaller when the demand has no seasonality (a demand without seasonality makes
here the day-to-day mismatch much lower for most locations (see the g5 axis of Figure 7).
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As shown in the supplementary material, these results are robust and do not depend on the socio-
economic and environmental assumptions required for calculations (Appendix B, Figures B.5).
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Figure 7: Lowest LCOE (top) and lowest CFP (bottom) for all locations and 9 demand profiles as a function of the mean capacity

Jactor (CF) (lefi), the day-to-day mismatch (o4;55) (middle) and the nocturnal energy (right). The colour corresponds to a seasonality

(blue: no seasonality, for other colours, the demand is seasonal with the highest demand in June and December for yellow and green
respectively). Different markers account for different sub-daily load profiles: squares for domestic, circles for hybrid and diamonds for
productive.

3.3. Distance between the LCOE* and CFP* configurations

The distance between the LCOE* and the CFP* configurations depends on location and on the
demand profile. It also significantly depends on the resource/demand mismatch features (Figure 8).
Switching from LCOE* to CFP* configuration allows for a reduction of 20% to 60% of the CFP but
at the cost of an increase in LCOE of between 10% and 70%. In sites with a higher mean capacity
factor and lower mismatch (og4;7 and N.E.), the LCOE* configuration is closest to the CFP*
configuration. In sites with a lower mean capacity factor, the distance between both configurations is
greater, leading to higher CFP reduction potential.

For locations with similar mean capacity factor, a higher mismatch leads to relative changes that are
larger in LCOE and smaller in CFP. The locations with higher mismatch are typically located far from
the equator. Their solar resource has a greater seasonality, which requires increased PV capacity to
deal with periods of low solar resource.
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The increase in LCOE required to move from the LCOE* to the CFP” configuration is over 20% in
most cases. This increase can be considered prohibitive in the context of rural electrification, as the
local population cannot afford high electricity tariffs. However, many other MG configurations can
serve as trade-offs between the CFP* and the LCOE* configurations.

3.4. The possibility for trade-off configurations between LCOE* and CFP*

The distance between LCOE* and CFP* configurations can be rather large, making the promotion of
CFP* configurations rather unrealistic. Trade-off configurations could present more reachable targets.

Looking at Figure 9, the slope of the envelope curve for different locations on a North-South transect
(blue dots in Appendix A, Figure A.1) is very steep near the CFP* configuration. Near this point,
substantial LCOE increases are required to achieve only small CFP reductions. Conversely, the slope
is slight around the LCOE* configuration. The shape obtained for these curves (i.e., a slight linear
decrease of costs when integrating renewable followed by a large increase for very high renewable
fraction) is very similar to previous works carried out for specific case studies [56, 73, 75] or for
national grids [76]. Near the LCOE* point, significant CFP reductions can be obtained with low or
moderate LCOE increases.
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Figure 9: Envelope curves for the N-S transect locations (Longitude 17.5°E, blue dots in Appendix A, Figure A.1). Each curve represents
a different latitude: red for the northernmost location of the transect and blue for the southernmost.

This highlights the potential for significant reductions of the CFP of MGs with only moderate
additional costs compared to the lowest cost configuration. Figure 10 shows the reduction in CFP
from the LCOE* configurations that can be achieved for the 93 locations with different predefined
levels of LCOE increase (Figure 10 left), and, from another point of view, the increase in LCOE
needed to achieve different predefined levels of CFP reduction (Figure 10 right).
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Figure 10: Left: Reduction of the CFP from the LCOE* configuration with different levels of LCOE increase. Right: Increase in LCOE

from the LCOE" configuration for different objectives of CFP reduction. In both graphs, “Max" corresponds to the relative changes in

CFP and LCOE obtained with the CEP" configurations.

The CFP reduction achieved with only a 5% (resp. 10%) increase in the lowest LCOE value is
between 25% and 40% (resp. 40% to 50%) in most locations. A 20% increase in the LCOE allows
lowest CFP values to be reached in many locations, with some exceptions far from the equator and in
Central Africa (in the equatorial zone). Relative changes in LCOE to achieve 30% CFP reduction are

much lower (<10%) and less sensitive to latitude than those required to reach the lowest CFP values
(17%-50%).

These results depend on the techno-economic and CFP assumptions retained for the analysis. Values
of CFP, costs and lifetime are highly variable depending on the installation and the components
chosen [27]. For instance, the cost of fuel in Nigeria is around 0.6$/L, whereas it is approximately
1.3$/L in Rwanda [77]. The CFP of a kW, of PV produced with a decarbonized electricity mix is half
that produced with an electricity mix with a high proportion of coal [29]. The socio-economic context
modifies the shape of the envelope curves (Appendix B, Figures B.6 and B.7), and thus, the level of
CFP reduction that can be achieved with moderate additional costs. Our simulations performed with
many different scenarios of cost, CFP and lifetime assumptions (Appendix A, section A.5) tend to
slightly modify the high level of CFP reductions obtained here.

Among the different scenarios simulated, a 10% LCOE increase leads to a CFP reduction of over
40% in only 20% of cases (Appendix B Figure B.8). This lower CFP reduction is partly due to a lower
CFP distance between LCOE* and CFP* configurations that limits the possibility of emission
reductions. The number of cases where the CFP reduction is over 40% almost double when removing
the cases where this CFP distance is below 40% (Appendix B Table B.1).

Our method allows to identify the set of socio-economic and environmental contexts for which it is
the most difficult to achieve significant CFP reduction. Low CFP reductions are mostly the result of
a low fuel cost (Appendix B, Figure B.9) when combined with other factors (e.g., high cost of solar
PV and batteries, load profile without seasonality; Appendix B, Tables B2 and B.3).
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All in all, a significant CFP reduction can be obtained with moderate additional costs in most cases.
When this is not the case, it is typically because the CFP distance between the LCOE* and CFP*
configurations is already small or because a combination of socio-economic factors strongly
disadvantages the use of solar PV and batteries.

4.  Discussion and policy implications

4.1. Potential levers to reduce the CFP and LCOE of MGs

As explained in the methodology (cf. section 2), simulations have been performed for a large set of
CFP, costs and lifetimes assumptions allowing us to explore the sensitivity of LCOE and CFP values
to these different parameters. More details on this global sensitivity analysis are given in Appendix A
[78].

The sensitivity of CFP (resp. LCOE) to a given parameter X is estimated from the relative slope of
the function CFP(X) (resp. LCOE(X)) when only this parameter X is modified. For instance, a 0.3
sensitivity value for CFP* to X means that the value of CFP* increases by 30% if X increases by
100%. One value of sensitivity is computed for each scenario of location, demand profile, discount
rate and parameters related to components (cost, CFP, and lifetime), resulting in distributions of the
sensitivity values associated to each parameter (Appendix A). These distributions are summarized for
the LCOE and for the CFP of the CFP* and LCOE* configurations in Figure 11.
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Figure 11: Distribution of LCOE and CFP sensitivities to each parameter for LCOE* and CFP* configurations. The lines correspond
to the distribution between the 10" and 90™ percentile; the square is the value of the median. For sensitivity related to locations and
load profiles, three variables were computed to characterize the variations in solar resource and in the mismatch of this resource and
power demand: the mean capacity factor, the first mismatch indicator oq;rf and the nocturnal energy (Appendix A). Results were
obtained for the 8 locations on the North-South transect (blue dots in Appendix A, Figure A.1).

The results of this sensitivity analysis allow to study the robustness of results, but also to identify the
levers on which public policies can act to reduce the LCOE and CFP of MGs.

As shown in section 3.2, LCOE and CFP values are very sensitive to the solar resource and its
mismatch with the electric demand (CF, day-to-day mismatch and NE). However, it is not possible to
modify the solar resource and it is difficult to deeply modify the load profile even with demand-side
management.

If we consider that MG developers usually supply electricity at the lowest cost [79-81], policies

should first focus on the reduction of CFP and LCOE for the LCOE* configuration. These CFP and
LCOE values are especially sensitive to the fuel cost, but with opposite effects. Subsidizing the fuel
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cost would decrease the LCOE but increase the CFP and vice versa. On the contrary, subsidizing solar
PV allows to decrease both the LCOE and the CFP. The efficiency is a bit lower but still higher than
subsidies on batteries for both the LCOE and the CFP.

Reducing the CFP of PV panels and batteries would have a relatively low impact on the CFP of the
LCOE* configuration. This would conversely have a high impact on CFP* values, especially when
reducing the CFP of batteries. However, PV panels and batteries are to date produced out of Africa,
making African countries dependent on decarbonization policies chosen elsewhere. One lever would
be favouring the importation of MG equipment from producers with low carbon electricity. This
would however be likely accompanied with significant cost increase. Another lever for African
countries with low carbon electricity mix (e.g., Ethiopia, Zambia [82]) would be to develop their own
local productions.

The CFP and LCOE are less sensitive to the other parameters considered here. However, some of
these parameters have a large range of variations which may lead to relatively large changes of the
LCOE and the CFP. As an example, the LCOE and CFP sensitivities to battery lifetime or discount
rate are relatively small but battery lifetime fluctuates from 2 to 10 years (x5) (due to maintenance,
temperature, humidity conditions or overuse [83]), and the discount rate varies by 8% to over 30%
(x4) (due to funding type or risk level [84]).

Policies should especially focus on the MG longevity. Whatever the MG configuration, increasing
the project and battery lifetimes for instance can significantly decrease both the CFP and LCOE of
MGs. Increasing MG longevity requires the development of technologies that are more robust to the
African temperature and humidity conditions. This also requires extensive capacity building and
improved governance to reach efficient maintenance as well as sustainable operation and
development of the systems [85-88].

4.2. Estimating the cost of a CFP reduction policy

The previous sensitivity analysis highlighted the LCOE* and CFP* impacts of modifying technical,
environmental or economic parameters. However, it does not inform on the economic efficiency of
possible policies. As the financial resources for rural electrification and climate change reduction can
be very limited in Sub-Saharan countries, investment should be prioritized. Looking at the economic
efficiency of climate mitigation projects (i.e., how much it costs to avoid a ton of CO.) allow to select
the most economically relevant investments. This section illustrates how to estimate the economic
efficiency of a CFP reduction through the concept of the shadow price of carbon (SPC).

This investment analysis method puts a virtual cost on the carbon emissions related to a project. This
means that projects are penalised according to their GHG emissions. This approach is now a corporate
commitment for all IBRD/IDA investment projects that are subject to GHG accounting (IBRD:
International Bank for Reconstruction and Development, IDA: International Development
Association) [89].

We estimate the shadow price of carbon required to move the LCOE* configurations to lower CFP
configurations. It is defined as the carbon price that would have to be charged for direct and indirect
emissions to ensure that the CFP* configuration, or any other configuration that reduces the CFP by
a certain level (determined a priori) compared to the LCOE* configuration, minimizes the LCOE.

This is achieved by introducing into the LCOE calculation equation (Appendix A, section A.4) a

shadow carbon price (SPC [$/tco,eq]) on the diesel consumption and on the CFP of the different
components (equation 1). The updated LCOE, to be minimized, then reads as follows:
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LCOEspc = LCOE + CFP * SPC (1)

Figure 12 shows the values of the SPC corresponding to specific levels of CFP reductions. The
shadow carbon prices needed to move from the LCOE* to the CFP* configuration are exorbitant,
reaching several thousand $/t¢o, .4 (Figure 12 left). To give orders of magnitude, to limit warming
to 2°C, the SPC for 2030 estimated by the IPCC (2022) would need to be between 60$/t¢o, ¢q and
120 $/t¢o, eq- To limit warming to 1.5°C, it would have to be around 170-290%/t¢0, oq [4].

For the MG context considered here, smaller but still significant CFP reductions are achievable with
these smaller shadow prices. For instance, a shadow price of 120 $/t¢(, . is sufficient to reduce the
CFP of the LCOE* configuration by more than 10% and, at 290$/t¢, ¢4, this reduction reaches
between 30% and 40% (Figure 12 right, Appendix B, Figure B.10). Similar but smaller values are
already in use: the European Investment Bank has used a SPC of 80$/t¢(, .4 for energy projects in
Senegal and Kenya in 2020 [90].
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Figure 12: Left, map of SPC (shadow price of carbon) required to go from LCOE™* to CFP*. Right, value of SPC for all locations and

for different objectives of CFP reduction. Both graphs are obtained with a hybrid load profile and using the reference values for all

parameters.

Note that the high SPC estimates obtained in our work were obtained including the indirect emissions
in the scope of the carbon price, whereas World Bank estimates, as many others funding agencies or
institutions, only consider direct GHG emissions. In our configuration, when considering only direct
emissions, the SPC values required to go from the LCOE* to the CFP* configurations are divided by
2 to 4 (Appendix B Figure B.11). Achieving a real carbon neutrality at the global scale requires to
consider the whole carbon footprint of energy systems in the design of policy, and the development
of carbon border adjustment mechanism as in Europe shows the importance to know the indirect
emissions embedded in energy technologies.

4.3.  Grid vs. MGs from a CFP point of view

Planning studies presented for rural electrification have usually considered the lowest cost option
between the development of MGs and that of the main national grid. They usually neglect GHG
emissions. These studies indeed consider that MGs based on renewables are emissions-free, and thus,
that they are better than the national grid on this aspect. However, including the CFP into this
comparison would make this analysis less straightforward. The CFP of the main national grid may
indeed be lower than the CFP* values of MGs for certain countries (Figure 13). This would be the
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case for almost one fourth of the 93 locations studied in this paper, mostly located in countries with
high hydropower potential such as Ethiopia or Democratic Republic of Congo.

40 |

204

%]
=}
=}

CFP [gco,/kWh]

Number of locations

o
L
=]
L

Latitude [°N]

—20 -

w
=}
=}

20 0 20 40 60 - 100 o : : :
Longitude [°E] -600 —-400 -200
CFP difference [gco,/kWh]

Figure 13. Comparison of the CFP of MGs and of the national grid. Green dots (left) and bars (right) correspond to locations where
MG CFP is lower than grid CFP. Red ones correspond to locations where MG CFP is higher than grid CFP. The black and white scale
corresponds to the median of the grid CFP on the last 30 years extracted from [82].

The comparison between the CFP of national grids and of MGs should also considered the
geographical distribution of people without electricity. The largest potential for MG development can
be found in countries with a low electrification rate, a large population growth and rural areas with
growing energy demand for productive uses (e.g., mining, forestry) [1]. However, the CFP of national
grid is lower than or close to the CFP of MGs in many of these countries (e.g., Democratic Republic
of Congo, Ethiopia, Uganda). On the contrary, countries like South Africa, Algeria or Morocco where
the CFP of national grid is high (cf. Figure 13) have a lower potential for MG development as their
electrification rates are high, and their population and economy are growing slower than in Sub-
Saharan Africa.

As Figure 13 does not include the carbon footprint related to the grid extension, it has to be treated
with caution. Moreover, the data related to the CFP of national grids need to be consolidated. But
this first step in the analysis shows that the CFP of MGs cannot be neglected.

The CFP of national grids may also be strongly modified in the next years depending on the resources
available in each country and on the vision of the energy mix supported by policymakers [1]. In a
scenario where fossil fuels are developed (e.g., oil in Uganda, gas in Senegal), the CFP of national
grid could increase and become much higher than the CFP of MGs. The reverse could occur if
renewables (hydropower in west and central Africa, wind in South Africa and/or solar) and/or
international connexions (e.g., West African Power Pool) were actively developed. To a lesser extent,
the CFP of MGs could also be reduced, for instance by developing MGs that combine multiple sources
of energy (e.g., wind power, biomass) to produce energy from other renewable sources in low
resource days.

5. Conclusion

The recent literature on MGs shows that renewable energies are still considered to be GHG emission-
free, but they are not if indirect emissions are taken into account. Our work highlights that including
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indirect emissions, MGs could have a higher CFP than national grids. To truly achieve carbon
neutrality and be consistent with the Paris Agreements, policy makers need to take into account the
CFP of the different electrification strategies and not only direct emissions.

We show that indirect emissions of PV panels and batteries have a non-negligible contribution to the
CFP of MGs with high shares of solar production. They represent 15% of the CFP in systems where
60% of the demand is supplied by solar energy. Indirect emissions prevent the CFP from going below
a certain CFP threshold. In the configurations that achieve the lowest CFP values, part of the CFP is
due to the genset consumption (between <1% and 8% of supplied energy) still required to fix some
low-solar resource periods.

In Africa, with the current mean costs, lifetimes, and CFP values of the different MG components,
this lowest achievable CFP value varies from 180 gco, eq/kWh to 250 gco,,eq/kWh for a hybrid

load profile, depending on the location. Beyond the energy efficiency and the energy mix used for the
extraction of materials, manufacturing processes and disposal of solar PV and batteries, the lowest
achievable CFP values for MGs depend on the mean solar resource and of the mismatch between the
resource and the electricity demand. Regions with a lower solar resource (e.g. Central Africa) or with
a higher resource seasonality (Maghreb, South Mozambique) will have more difficulty to lower the
CFP of MGs than regions with all the year abundant resource (e.g. Sahelian region).

When compared to a genset-only configuration, the lowest LCOE configuration allows for a decrease
in both the LCOE (by around 15%) and the CFP (by more than 50%) of the MG. Moving further to
the lowest CFP configuration increases the LCOE (often >20%) which may be an issue considering
the scant ability to pay of many rural communities in Africa. However, smaller LCOE increases allow
for significant CFP reductions. In many cases, a 5% LCOE increase is enough to reduce the CFP of
the lowest LCOE configuration by more than 25%, and a 10% LCOE increase by more than 40%.

These results inevitably depend on several factors, such as the electricity demand profile, costs, CFP,
and lifetimes of each MG component. Special attention should be paid to parameters with high
impacts and high uncertainties, such as the electric load profiles [91-93], or the batteries and project
lifetimes that have sometimes been observed at below two [83, 94] and six years [85,86] respectively.
The results are also sensitive to the discount rate, which varies greatly depending on project risks and
the profitability expected by the investors [84]. Policies could thus focus on how to decrease risks
related to MG projects and how to improve the longevity of MGs to reduce both their CFP and their
LCOE.

According to the International Energy Agency [95], MGs are expected to supply 160TWh in 2040. A
20% reduction in the CFP of future installed systems would lead to more than 13Mt, ., avoided

each year, more than the yearly GHG emissions of a country such as Gabon (excluding land use
change) [96]. Such estimates, although rough, show how important it is to guide MG developers
toward low CFP configurations using incentives or a regulatory framework. These issues call for more
research to design suitable policies.

The methodology we presented for estimating the CFP of MGs is rather generic and it could be easily
applied elsewhere or extended to other MG configurations with other energy sources such as wind,
hydro, biomass or other load scenarios. It can next be easily integrated in future research and / or
decision support tools related to electrification planning. The methodology could be also extended to
account for other design criteria, such as environmental ones. For instance, the use of diesel may have
other environmental and health impacts (e.g., air and soil pollution, resources depletion [97,98]).
Disposal of batteries and other electronic equipment may also lead to soil and water contamination
[99]. The focus on GHG emissions chosen for this study could be extended to account for these other
environmental impacts.
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Appendix A. Methodology

A.1 PV production

The solar PV production is estimated at 15-minute resolution using global horizontal irradiance (GHI)
from Heliosat SARAH 2 [100] and the air temperature from ERAS reanalysis [101]. These data are
collected for 93 locations over two years (Figure A.1).
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Figure A.1: Mean annual GHI over the 2008-2015 period from Heliosat SARAH2. The dots are the locations used in the study. The
blue ones give a transect and are used in sections 3.3 and 4.1. The green one is used in section 3.1.

First, a decomposition model [102] is used to compute the direct (DNI) and diffuse (DHI) irradiance
from global horizontal irradiance (GHI) and solar angles. Then, the global tilted irradiance (GTI) is
calculated using equation A.1.

GTI = DNI - cos(0) + DHI (A1)

Where 6 is the “effectiveness” angle, a function of solar angles and panel inclinations and orientation.
For this study, we assume that PV panels have a tilt angle equal to the latitude [103] and are oriented
towards the south in the northern hemisphere and vice-versa. Then the estimated solar PV production
is estimated by equation A.2 as in [104]:

GTI
P = nPV " (1 + a(Tm - 25°C)) - KPV "

U — A2
1000 W /m? (A-2)

Where Kpy [W,] is the peak power of installed PV panels, 1000 W/ m? corresponds to the irradiance
at standard conditions, « is the sensitivity of panel efficiency to the module temperature T,,, which is
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computed by equation A.3 and 71py, the panel efficiency that accounts for inverter efficiency and
losses of the PV production system.
T = Tomp +v - GTI (A.3)

Where T,,,,p 1s the ambient temperature (air temperature at 2m from ERAS) and v is a parameter
related to the mounting type of the system. A mean value: y = 0.04°C.m?2/W is considered, and
the value for crystalline silicon cells: @ = —0.0035/° C is taken for the sensitivity of the panel
efficiency to temperature [104].

A.2 Demand data

Figure A.2 shows three different daily load profiles that are estimated from the literature for a

fictitious community [105 - 108]. The mean power demand D is the same for the three profiles to
allow the results to be compared. Productive uses (e.g., mills, pumps, dryers) consume mostly during
the day, whereas a domestic load profile is characterized by a high peak demand in the evening and
electricity consumption at night. The hybrid load profile stands for a community where both
productive and domestic uses can be found.

——Domestic

——Productive

3D+ Hybrid 1
©
c
£
o 2D
a
o
=
£ D . v 1

0 5 10 15 20

Time [hrs]
Figure A.2: Three daily load profiles used in the study.

In African rural areas, electricity can be used for agricultural activities like irrigation or post-harvest
processing [109], which implies that the load profile is different from one season to another. The
revenue and expenditure of the population may also vary from one season to the other, impacting the
load profile. To account for these seasonal variations, we use sinusoidal yearly load profiles with an
amplitude chosen at half of the mean yearly electricity demand (Figure A.3 and equation A.4). Four
yearly load profiles are used to account for different periods of high demand, and a yearly profile
without seasonality, i.e., the same daily demand throughout the year, is also taken into account.

— d—d
D;=D (1 + Acos (Zn an)) (A.4)

Where Dy [kW] is the daily mean power demand of calendar day d, D[kW] is the annual mean power
demand, 4=0.5 is the half amplitude of seasonality and dy.» is the calendar day for the maximum.
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Figure A.3: The five seasonal patterns considered for the electricity demand. ‘Mar,” ‘Jun,’ Sep, ‘Dec’account respectively for ‘March,’
June,” ‘September’and ‘December’ and correspond to the months with the highest demand. ‘None’is a yearly demand profile without
seasonality.

Power Demand

Thus 15 different load profiles are considered.

As will be shown later, the seasonality of the demand, and more generally the demand/production
mismatch (i.e., how these vary from one another), has a significant effect on the results. To
characterize this mismatch, we use two indicators as in [74]. The first one, og4irf, is used to
characterize the daily temporal mismatch of the solar resource and the electric demand, and is defined
as stated in the equation A.5:

Ndays

(Dg — P3)?

i A5
D 7 Ndays

Oaiff =

Where Ngqy s 1s the number of days for the simulation period, Dy is the demand per day & and Pl is
the mean PV production that would be obtained per day d for a system with a PV capacity K2, [k%].
The mean capacity factor (CF) of PV panels, Ky is defined as K9y - CF = D. This corresponds to
the capacity that would be required to produce, over the simulation period, an energy amount exactly
equal to the total energy of a constant demand D.

0qirs depends on both the seasonal profile of the demand and the variations of the solar resource

which derives from top-of-atmosphere (TOA) radiation and atmospheric characteristics (e.g.,
nebulosity, aerosols).

The second index, nocturnal energy (NE), is used to describe the infra-day mismatch between the
solar resource and the power demand. It is based on the statistical distribution of the nocturnal energy
difference E,, . [kKWh] estimated each day between the load profile and the PV production profile of
said day P°(t). For any given day, this nocturnal energy difference reflects the energy that must be
delivered by the storage or the genset during night-time. The nocturnal energy difference is calculated

between midday the day before and midday the day after, by using the equations below.
t=12

Enoct(d) = Z Pr?oct(t) - 1hr (A.6)

t=-12

Where P2,..[kW] is the nocturnal power difference for each hour t defined as:
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D(t) — P°()ifD(t) — P°(t) = 0

PT(l)OCt(t) = { OifD(t) — Po(t) <0

(A7)

The nocturnal energy indicator is then taken as the 75" percentile of the E,, . (d) distribution: NE =
p75(Enoct(d)). For more details on these two indicators of the temporal mismatch between solar
resource and electric demand, please refer to [76].

The fuel consumption f s, (t)[L]at time # is estimated as:

Egen(t)
fconso (t) = g
HV. « Pyen(t) (A.8)
f ngen< ngn

Where Egqn(t)[kWh] is the electrical energy to be supplied by the genset at time f, where
Pyen () [kW] and n4ep, [-] are the genset power and efficiency, and K., its nominal power, and where
HVy = 10 kWh/L is the heating value of diesel. Following [110,111], the genset efficiency is

. . . P, en .
considered as a function of its load factor “;’(—(t) (Figure A.4).
gen
0.3

0.28

]

o
)
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Efficiency [-
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N
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0.18 : :
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Genset load [% of nominal power]

Figure A.4: Genset efficiency N genas a function of its load factor Pyey /Kgen. This efficiency is the ratio of the electricity output of the
genset on the thermal energy from the fuel.

A.3 CFP calculation

The CFP is calculated per kWh of supplied energy. This encompasses the emissions related to the
whole life cycle of the components, from the mining of the material needed and the manufacturing to

the end-of-life of the components. The total CF P, [tcoz] of the MG is estimated from the CFP values
of the different MG components:

L L
CFPtot = KbatCFPbat Lb + KPVCFPPV + ngnCFRgen L + CFPfuechonso (A.9)
at gen

Where K, . [kWh], K, pV[kWp], Kgen[kWT] are respectively the capacity installed for the batteries, the
PV panels and the genset; CFPbat[tCOZ/kWh], CFPgen[tCOZ/kW], CFPrye [tcoz /L] and
CFPPV[tCO2 /kWp] are respectively the CFP associated to 1kWh of installed batteries, 1kWW, of
installed PV, 1kW of genset power capacity and 1L of fuel; F,,,s,[L] is the fuel consumption over
the lifetime of the project L[yrs] ; Lyq¢[yrs] and Ly, [yrs] are respectively the lifetime of batteries
and genset. We consider a project lifetime of 15 years, so that the PV panel does not need to be
replaced. The genset lifetime in years Ly, is derived from a lifetime expressed in functioning hours
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Lgen,nrs[hrs] using equation A.10 with Fys[hrs] as the number of the genset use hours over the
whole project lifetime:

L hrs
Lgen = —— A.10
gen F‘LLS@/L ( )
Finally, the CFP per kW h of energy supplied CFP is given by equation A.11:
CFP;y;
CFP = (A.11)
Esuppiy

Where Egypp1, [KWh] is the energy supplied over the project lifetime. As the demand must be met at
all times, E,pp1, corresponds to the total energy demand over the project lifetime.

Values taken for the different parameters used in this calculation are given in Table A.1 and
correspond to the mean values estimated by Besseau [27] who compiled the results of multiple life-
cycle analysis mostly from the Ecolnvent Database.

Table A.1: Parameter values used for the CFP calculation. CFPpy and CFPgy; also include the CFP for inverters.

CFPyat[tco,/kWh] | CFPpy[tco,/ kW] CFPyen[tco, /KW | CFPrye[tco, /L]
0.3 1 0.02 2.6x103

Llyrs] Lyqat[yrs] Lgen,nrs[hrs]

15 7 25000

A.4 LCOE calculation

The cost related to the distribution system is not included in the LCOE calculation. As for the CFP,
total system costs are estimated using costs by unit of installed component and by litre of diesel fuel

consumption (equation A.12).
L
Fconso,yr

A +d)"
yr=1

Ceot = Kpat®par + Kpyapy + ngnagen + Cfuel (A.12)

Where Cryyei[$/L] is the cost of 1L of fuel, Fzops0,r[L] is the fuel consumption for one year; d is the
discount rate and dapq; [-], @py [-] and @geyp [-] are the costs related to installation, replacement and
maintenance of the components over their lifetime, as shown by equations A.13, A.14 and A.15.

L
1— (1 +d)t+hoa) Pom,pat
®pat = Coat- ((1 + d)L — (1 + d)THLvar) + & (1+ d)x (A.13)
=P
OM,PV
Apy = CPV- (1 + m) (A.14)
k=1
1— (1 + d)(F+Lgen) - P
Ogen = Cgen- ( ) + —OM,genk (A.15)
(1+d)t— A +d)Ereen) L (1+d)

Where Cyq[$/kWHh], Cpy[$/kW,], Cyenl$/kW] are respectively the installation costs associated to
1kW h of installed batteries, 1kW, of installed PV and 1kW of genset; and Pypy pas [-], Pom,pv [-] and
Pom,gen [-] are proportionality coefficients between investment and maintenance costs related to each
component. Maintenance and operation costs are assumed to be time invariant and proportional to
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the investment cost of each component. The mean values considered for the different parameters are
given in Table A.2 [112-114].

Table A.2: Parameter values for the LCOE calculation, lifetimes of components are given in Table A.1, Cpy and Cgqp also include the

costs of inverters.

Cbat [$/kWh] CPV [$/kVVp] Cgen [$/kW] Cfuel[$/L]
350 1900 500 1

Pom,pat [%] Pom,pv [%] Pom,gen [%] d [%]

3 2 10 10

Finally, the LCOE is computed with equation A.16:

Ctot
LCOE =
L Esuppy (A.16)
k=1(1+ d)k

A.5 Sensitivity Analysis

Scenarios considered for the analysis:

The goal of this sensitivity analysis is to see how variable are the results found in section 3 when
modifying the discount rate d, the costs (Cpar, Cpys Cryer), the CFP (CFPyqr, CFPpy, CFPrye;) and
the lifetimes (Lpqe,L, Lgennrs) r€lated to each component. For each of these parameters, 3 values are
taken: the reference value (Table A.1 and Table A.2) and variations of £50% from this reference value
(with two exceptions for CFPrye; : +£10% and L : +£33%). These variations are representative of the
variability for these parameters as described in [27,112-114]. The analysis is performed on the 8
locations of the NS transect presented in Figure A.1 and for the 15 load profiles presented in section
A.2 (Domestic, Productive, Hybrid with or without seasonality). Thus, it allows us to estimate the
sensitivity of the results related to the mean capacity factor and the mismatch indicators between the
solar resource and the demand. Combining all these variations give us around 7 million different
scenarios for which we compute lowest LCOE and lowest CFP configurations.

To summarize the results of this sensitivity analysis and to better see the impact of each parameter, it
is possible to look at the relative difference of CFP and LCOE results when modifying only one
parameter. The calculation of the sensitivity for each parameter is made for the 8 N-S transect
locations, for each demand profile and for each scenario of cost and CFP related to component. Table
A.3 gives an example of how to calculate the sensitivity for some scenarios, a location in Angola and
a hybrid demand profile without seasonality.

‘ Scenario for other parameters Sensitivity to Cpy
[d; Lpas; L; Lgen,nrs; CEPpae; CEPpy; CFPryer;Cryers Cparl | -50% 0% 50% Sensitivity
value
[0%, 0%, 0%, 0%, -50%, -50%, -10%, -50%, -50%] -17% +6% | +6% | 0.23
[0%, 0%, 0%, 0%, -50%, -50%, -10%, -50%, -25%] -12% +4% | +4% | 0.16
[0%, 0%, 0%, 0%, -50%, -50%, -10%, -50%, 0%] -10% +3% | +3% |0.12
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[0%, 0%, 0%, 0%, +50%, +50%, +10%, +50%, +50%)]

-18%

+1%

+16%

0.34

Table A.3 : Calculation of the sensitivity of the lowest LCOE when changing Cpy for different scenario. Values in bold corresponds to
the relative change of the lowest LCOE value compared to the mean of these 3 LCOE values. The sensitivity is then the slope of the

linear regression between these relative changes and the Cpy variations.

This sensitivity calculation is done for the performance (LCOE and CFP) of the lowest CFP and
lowest LCOE configurations leading to 4 distributions of sensitivities for each parameter. These

distributions are reported in Figure 11.
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Appendix B. Supplementary figures

B.1 Supplementary figures for section 3.1: Carbon footprint vs. direct GHG emissions of a mini-grid

5 Normallzed PV productlon [- ]
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Figure B.1: Distribution of the solar capacity factor (top) and of the genset use timestep (bottom) over the two years used in the
simulation. The genset is mainly used when the daily solar resource is low (days 0 to 120, 300 to 450 and 250 to 730) and at the end
of the night (around 6 am).
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Figure B.2: Distributions of the relative difference between CFP* and the configurations with lowest CFP that satisfy a constraint of
diesel supply (<1%, <0.5% or <0.1%). The total number of values per histogram is 1395 and corresponds to the simulation for 93
locations and 15 different load profiles. Imposing a strong constraint (>99%) on the proportion of energy covered by solar PV increases
the CFP of MG compared to the CFP* value.
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Figure B.3 : Configurations (PV and storage capacities) for the CFP* configurations (red) and configurations which supply more than
99% of the energy with solar PV (blue). This figure shows only the result for a hybrid load profile without seasonality. Imposing a
strong constraint (>99%) on the proportion of energy covered by solar PV increases the storage capacity, whereas the PV capacity
stays similar.
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B.2 Supplementary figures for section 3.2: The influence of solar resource on LCOE* and CFP*
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Figure B.4: LCOE and CFP of the lowest LCOE (left column) and lowest CFP (right column) configurations obtained for a hybrid
load profile without seasonality. LCOE and CFP for a diesel only configuration are respectively equal to 0.468/kWh and
996gCO2/kWh. The CFP of the LCOE* configuration is around twice the CFP of the CFP* configurations. The CFP* configurations
increase the LCOE by 25 to 50% compared to the LCOE* configurations.
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Figure B.5: Distribution of the coefficient of correlation between the solar and demand characteristics (CF, oaifrand NE) and the CFP*
values (left) or the LCOE* values (right). Each coefficient is computed on the 93 locations and 15 load profiles, and one scenario of
CFP, costs and lifetimes per components. All the coefficients have a p-value below 0.001. Boxplots show the distribution for 27
scenarios of costs (LCOE*) or 27 scenarios of environmental parameters (CFP*). The LCOE* and CFP* values are strongly correlated
to the mismatch between the solar production and electric demand even if the economic and environmental assumptions are different.

B.3 Supplementary figures for section 3.4: The possibility for trade-off configurations between
LCOE* and CFP*

Figures B.6 and B.7 show that the shape of the envelope curve can strongly vary when modifying
the socio-economic, environmental and technical assumptions. The common shape presented in
section 3.4 (Figure 9) and also presented in different articles [56, 73, 75] is not always valid.

28



O O©oo~NOOTRW

o
~

LCOE [$/kWh]
© o o
£ w <]

bt
w

0.2
200 400 600 800 1000

CFP,,

o
13

LCOE [$/kWh]
o
I~

o
w

0.2

200 400 600 800 1000

<
N

LCOE [$/kWHh]
© o ©
BN (6] o

o
w

200 400 600 800 1000

0.2 :
200 400 600 800 1000

CFP .

200 400 600 800 1000

200 400 600 800 1000
CFP [g 5o, /KWh]

fuel

200 400 600 800 1000
CFPfuel

200 400 600 800 1000

200 400 600 800 1000

Figure B.6: Envelope curves for different scenarios of costs, CFPs and lifetimes of a location in Angola (-12.5°N,17.5°E) and for a
hybrid load profile without seasonality. The Cpy graph represents the variation of the Envelope curves when changing the value of Cpy,
the red colour corresponds to an increase of 50% of the Cpy value whereas the blue one corresponds to a decrease of 50% and the
purple one is obtained with the reference value of Cpy. The area represents the variations of this curve when modifying the other
parameters as specified in Appendix B. The upper limit of the area is the 90" percentile of values and the lower limit is the 10"
percentile. The same applies to the other graphs, apart for CFPg,e where variations are only of £10% and for L with variations of

+33%.
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Figure B.7 : Envelope curves for different load profile of a location in Angola (-12.5°N,17.5°E). Each graph corresponds to a daily
load profile: Domestic, Productive and Hybrid and colours account for the seasonality: blue, red, yellow and purple corresponds
respectively to a peak consumption in March, June, September and December. The black one is obtained for load profiles without
seasonality. The area represents the variations of this curve when modifying all the costs and CFP as specified in section Appendix B.
The upper limit of the area is the 90" percentile of values and the lower limit is the 10" percentile.

Considering a hybrid load profile with the mean values for economic, technical and environmental
assumptions as in section 3.4, we found that a small or moderate increase in LCOE relative to LCOE*
can achieve a significant reduction in CFP (Figure 10).

1 T T T

LCOE increase
—5%

o —10%
g 08 15(%
o —20%
©
>
306
k]
c
o
3 0.4 - 1
j—
®
©
Lo2 - 1
©
o }
£
=} :

-100 -80 -60 -40 -20 0

CFP reduction [%]

Figure B.8: Cumulative distribution of the CFP relative change from the LCOE* configurations related to all the scenarios (8 locations
x 15 demand profiles x 59 049 sets of technical, economic and environmental assumptions) of the sensitivity analysis. The different
curves correspond to different levels of LCOE increase from the LCOE* configuration. This figure is built as follow: for each
combination of location, demand profile and scenario, the LCOE* configuration is identified. Then, the configurations with a higher
CFP or a LCOE higher than X% (5, 10, 15 or 20) are excluded. Among these configurations, the one with the lowest CFP is identified
and the CFP reduction from the LCOE* configuration is calculated. Each distribution contains all these CFP reductions calculated
for each combination of location, demand profile and set of assumptions.

In the following, we use the term “scenario” to refer to a combination of a location, a load profile and
a set of economic, technical and environmental assumptions.

This result, however, does not necessarily hold true for all possible costs, CFP, lifetimes, and load
profile scenarios. Among the different scenarios considered for the sensitivity analysis, a 10% LCOE
increase leads to a CFP reduction of over 40% in only 20% of cases. This result may seem
disappointing at first. Note, however, that the CFP distance between LCOE* and CFP* configurations
depends greatly on the scenario and that, for certain scenarios, this distance limits the possibility of
emission reductions. A 10% increase in LCOE would, for instance, lead to a CFP reduction of less
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than 20% in around 30% of cases. However, this 30% of cases decreases to 12% if we remove the
configurations in which the CFP distance between the CFP* and the LCOE* is below 20% (Appendix
A, Table A.1). Thus, even if this mean CFP reduction (20%) is considerably lower than that presented
in the Results section (40%), it is still significant for most of the scenarios considered here.

Note that the configurations that only allow for a small CFP reduction correspond to low fuel costs
(Appendix A, Table A.2). For a domestic profile, low CFP reduction potential corresponds to short-
lifetime, high-cost batteries. For productive and hybrid load profiles, it corresponds to high PV costs
and a high discount rate. However, scenarios with a low fuel cost, a high cost for PV and a high
discount rate do not automatically lead to a low CFP reduction. In the results of our analysis, only
50% of these scenarios lead to a CFP reduction below 20% for a 10% LCOE increase (Table A.2).
More details can be found in Appendix A, Tables A.2 and A.3.

CFP reduction from the LCOE* configuration [%]
10 20 30 40 50 60
| 5 7.8 36 71 90 95 97
Accepted LCOE | 10 | 1.4 12 35 65 84 90
increase [%] 15 ]0.20 4.9 18 42 68 81
20 | 0.041 2.1 9.9 27 52 71

Table B.1 : CFP reduction from the LCOE* configuration when allowing an increase of LCOE. These numbers refer to the sensitivity
analysis (Figure B.10) and are given in %. Scenarios where the CFP relative change between LCOE* and CFP* is lower than the CFP
reduction wanted are excluded. For instance, the 12% (red value in the table) means that, when excluding all the scenarios where the
CFP* and LCOE* configurations have a CFP relative difference below 20%, a 10% LCOE increase gives a CFP reduction lower than
20% in 12% of the scenarios.
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Figure B.9 : Proportion of scenarios (all combination of location, demand profile and set of technical, economic and environmental
assumptions) with the different parameters values for a 10% LCOE increase and a CFP reduction lower than 10%. Scenarios where
the CFP relative change between LCOE* and CFP* is lower than 10% are excluded. Left and right legends are different. On the left
graph, the ‘low’, ‘'medium’ and ‘high’ values corresponds to the value given in Appendix A.5. ‘Low’ corresponds to a decrease of the
mean value by 50% (33% for Lpro and 10% for CFPel). ‘High’ corresponds to a decrease by 50% (33% for L and 10% for CFPjel) of
the mean value. On the right graph, the colours refer to the load profile characteristics and location of the N-S transect (Figure A.1).
For the Seasonality, from left to right, colours correspond to ‘No seasonality’, ‘March’, ‘June’, ‘September’, ‘December’ (month of
the highest demand). For the Infra-day load profile, they correspond to ‘Domestic’, ‘Productive’, ‘Hybrid’. For the Location, they
correspond to the 8 locations of the transect (17.5°E) from -27.5°N to 25°N with a step of 7.5°N.

Combination of parameters CFP reduction [%]
Cruet | Cpy d Cpat Lyq: | Infra-day | Seasonality | 10 15 20
Low 2.9 9.6 17.7
Low High Low 8.0 26 42
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Low High High High Low 18 50 69
Low Hybr/Prod | None 9.6 20 26
High Hybr/Prod | None 9.4 18 23

Low High High 14 37 53
High High Hybr/Prod 7.1 17 24

Low High High Hybr/Prod | None 63 93 95
Low Dom None 5.9 16 30
Low | Dom None 7.9 22 36

Low High Low 9.5 30 45
High Low | Dom 7.6 28 46

Low High Low | Dom None 44 76 88

1 TubleB.2: Proportion of scenarios that give a CFP reduction lower than 10, 15 and 20% for a LCOE increase of 10% for different
2 combination of parameters value. For instance, the 8.0% (red value in the table) means that, on all the scenarios with a low value of
3 ¢ Fuel and Lyqe, and a high value of Cpy, 8% of scenarios give a CFP reduction lower than 10%. ‘Low’ corresponds to a decrease of
4 the mean value by 50% (33% for Lyw and 10% for CFPje). ‘High’ corresponds to a decrease by 50% (33% for Ly and 10% for
5 CFPue) of the mean value.
6
Combination of parameters CFP reduction [%]
Cfuel Cpy d Cpat Lpqt | Infra-day Seasonality | 20 30 40
Low 3.7 13 26
Low High Low 10 30 43
Low High High High Low 19 57 74
Low Hybr/Prod None 5.5 15 25
High Hybr/Prod | None 5.1 14 19
Low High High 9.2 33 56
High High Hybr/Prod 3.8 13.5 23
Low High High Hybr/Prod | None 36 71 82
Low Dom None 11.5 29 54
Low | Dom None 15 31 35
Low High Low 19 39 45
High Low | Dom 20 39 41
Low High Low | Dom None 67 82 69

7 Table B.3 : Same table as Table B.2 with a 20% LCOE increase.

8 B.4 Supplementary figures for section 4.2: Estimating the cost of a CFP reduction policy
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Figure B.10 : CFP reduction from the LCOE* configuration as a function of the latitude when adding different values of shadow carbon
prices (SPC) taken from the IPCC report [4]. To limit warming to 2°C, the SPC for 2030 estimated by the IPCC (2022) would need to be
between 60S/tCO2 and 1205/tCO2. To limit warming to 1.5°C, it would have to be around 170-2905/tCO2. The lowest value of
605/tCO2 already allows a 5 to 10% reduction of the CFP compared to the LCOE* configuration. The low SPC value to limit global
warming to 1.5°C (1705/tC0O2) allows a more than 20% reduction of the CFP.
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