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A large part of the population in many African countries lacks access to electricity, in contrast to the ambition of
reaching universal energy access as expressed in the Sustainable Development Goals. Off-grid electricity tech
nologies have been proposed as an important means to solve this challenge. It is uncertain, however, at what rate
these technologies can be deployed, to what extent they can help to increase electricity access, and how global
climate policy might affect their impact. We propose an approach to address these questions, combining insights
from geographic information system analysis (GIS) with integrated assessment modeling (IAM). We find that offgrid renewable energy technologies are essential to substantially increase electricity access in Africa, and – unlike
other recent publications – we conclude that targeted investment incentives can lead to near-universal access by
2050, including in countries in the center of the continent.

1. Preamble
Access to affordable, reliable and clean sources of energy is a major
goal of sustainable development [1,2]. Progress towards this goal,
however, has been uneven across African economies in the past decades
[2,3]. The majority of people living in North Africa has access to elec
tricity and clean cooking technologies. This stands in stark contrast with
the situation in Sub-Saharan Africa, where 43% of the population lives
without electricity [3], and over 700 million people cook on open fires
fueled by solid biomass [4]. Access to electricity is an important indi
cator for gauging how effectively developing countries are moving away
from energy poverty. Several studies have focused on specific subsets of
the numerous entangled aspects that determine current and future
development of electricity access levels in Sub-Saharan Africa. For
example, Alastone et al. [5] analyzed the potential for decentralized
electricity systems coupled with information technologies; Castán Broto
et al. [6] investigated obstacles to increasing the electrification of poor
urban areas; Szabó et al. [7] developed a sophisticated modeling
framework to identify low hanging fruits for boosting electricity access
in Africa. These are all important elements of the electricity access
challenge. But there is a need for tackling it with a more integrated
approach that allows for highlighting possible common strategies
among countries, as well as potential synergies and tradeoffs between
different Sustainable Development Goals (SDGs). An important

question, for instance, is whether climate action can be effectively
combined with promoting economic growth and increasing energy ac
cess. Most current energy system models, however, do not possess the
level of detail necessary for properly capturing the lack of electricity
access and low availability of energy services typical of developing
countries, as well as for accurately representing the dynamics behind
improvements herein [8], especially with regard to the potential
contribution of off-grid renewable energy solutions to substantially
enhance electricity access in Africa in the coming decades.
Building on, improving and generalizing the methodology first
introduced by Dalla Longa et al. [9] we propose a framework to use
Geographic Information System (GIS) datasets to: (i) increase our un
derstanding, at a macroeconomic level, of competition between
expanding the central electricity grid infrastructure versus deploying
off-grid or mini-grid solutions in Africa, (ii) create projections of resi
dential electricity demand, and (iii) apply the outcomes of this analysis
to enhance the representation of electricity access in an integrated
assessment model (IAM) to study the resulting energy system dynamics
in the presence (and respectively the absence) of stringent global climate
policies. Our methodology consists of using GIS analysis to determine
the demand for residential electricity as well as the maximum potential
of several electricity generation technologies in Africa, and subsequently
feeding these into an IAM to optimize the energy system as a whole. This
approach is complementary to those proposed by Dagnachew, Lucas and
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coworkers [10,11] – who link an electrification model with projections
of residential electricity demand obtained from an IAM – and by
Moksnes et al. [12] – who soft-link a spatially resolved least-cost elec
trification model [13] to an energy system model which optimizes the
electricity supplied through the grid in Kenya. The findings of our study
can serve as a blueprint for policy makers and project developers who
need to make decisions on where and how to stimulate and/or invest in
specific electricity technologies.

(ii) the amount they are willing to pay increases with GDP under
diminishing returns.
We refer to the amount of dollars per kWh that people are prepared
to spend for electricity consumption as the Willingness To Pay (WTP).
People whose WTP is lower than the cost of electricity available to them
(either through the grid or through off-grid solutions) remain excluded
from electricity access.

2. Electricity access in Africa

3. Willingness To Pay for electricity

The power grid in Africa is currently underdeveloped, with large
parts of the continent completely excluded, as shown in Fig. 1 (a). Even
in countries where grid-coverage is quite extensive, electricity access
can still be low. For example, in Ethiopia the grid is relatively well
developed, but only 30% of the population had access to electricity in
2010 [9]. There are in fact drivers that affect electricity access other
than the presence of and proximity to the grid. Fig. 1 (b) shows the
correlation between residential electricity consumption and GDP per
person in African countries between 1990 and 2008 [14]. Each point in
Fig. 1 (b) represents a single year, and every country is color-coded.
While certain countries or years may present deviating behavior, the
general trend is clear: the higher the GDP the higher the electricity
consumption per capita. This plot does not necessarily imply a causal
relationship between electricity consumption and GDP. Yet evidence of
two-ways causality has been well documented in the literature [15,16].
The trend shown in Fig. 1 (b) is a nearly linear relationship between
electricity consumption and GDP on a log-log scale. Interestingly, the
slope of this trend is less than one, which indicates a diminishing returns
effect: for each doubling of GDP, electricity consumption increases by a
factor less than two. In other words, the value associated with electricity
is higher for the first few kWh that a person can afford – typically used
for basic needs such as lighting or charging a mobile phone – than for
subsequent amounts of electricity – associated with more luxury services
such as running a dish washer. This is in accordance with findings on
income elasticity of energy demand [17].
These dynamics can be summarized by two statements that consti
tute the basis of our analysis:

Fig. 1 (b) shows that residential electricity consumption is strongly
correlated to GDP. It is indeed commonly understood that the WTP for
electricity services is largely determined by economic drivers such as
GDP, income level and household budget. A plethora of additional fac
tors may influence the WTP, like electricity price, electrification level,
urbanization level, income distribution, availability of alternatives,
reliability of the service, value provided and weather conditions [18,
19]. In any given period and for any given location, each of these factors
may have a different weight, which makes the WTP a concept that
cannot easily be quantified.
Several attempts have been made to empirically measure the WTP by
means of surveys [20,21]. These are typically carried out with Stated
Preference or Revealed Preference methods. The former approach is
based on describing hypothetical or realistic electricity services and
having respondents express how much they would be willing to pay for
them. The latter approach estimates the WTP as the current electricity
price or the cost of alternatives. Based on these methods several case
studies have been carried out [22,23]. These studies describe some of
the WTP drivers for different levels of electricity consumption in e.g.
remotely located communities, and can help project developers cali
brating system design to sustainably provide tiers of services that are
affordable for these communities.
For our present purposes we need an estimate of the WTP that: (i) is
based on data that are available for every country in Africa, (ii) allows
for a comparison with costs of electricity services provided by different
technologies, and (iii) is compatible with other macroeconomic drivers
used to determine energy demand in IAMs, e.g. GDP. Relying on existing
surveys and case studies would yield data only for a handful of countries.
Building a complex WTP model that takes into account all identified
drivers would inevitably lead to data gaps, and would yield WTP that is

(i) people are usually willing to dedicate a fraction of their income to
pay for electricity;

Fig. 1. Electricity access in Africa. (a) Colorpleth map of Africa showing the share of people having electricity access in 2010. Indicated in blue are existing
transmission gridlines; (b) Scatter-plot showing the correlation between residential electricity consumption and GDP. Each color represents an African country and
each point represents a single year between 1990 and 2008. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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too detailed in comparison with the other macroeconomic drivers used
in IAM analysis (e.g. GDP is typically defined in IAMs at the level of a
single country, or multi-country regions). We choose therefore to adopt
a stylistic WTP estimate, based on a refined version of the model pre
sented by Dalla Longa et al. [9] – see Appendix A for a detailed
description. This yields the country-level WTP estimates shown in Fig. 2.
All WTP values in Fig. 2 fall in the range of 0.02–0.15 $/kWh, which is
representative of typical electricity tariffs in developing countries [24,
25]. From 2010 onwards we project the WTP forward to 2050 using GDP
as a driver, based on GDP growth projections from the African Devel
opment Bank [26] – see Appendix A. As stressed above, the WTP we
define in this article should be interpreted in a macroeconomic sense, as
an average quantity. By comparing the WTP to the average cost of
electricity production we attempt to capture the essence of the macro
economic trends that drive demand, with the aim of using them in an
energy-system model.

options were affordable. In other words, green areas can turn into
green-orange hatched areas, but orange areas cannot, at least not in the
time horizon considered in this study.
Assumptions underlying the results reported in Fig. 3 are that the
costs of off/mini-grid PV decrease between 2010 and 2050 following a
20% learning rate that reflects recent trends, while the costs of more
established diesel and hydro power production options remain constant
- see Fig. H1 in Appendix H for details. The costs of PV and wind-based
off-grid processes also include markups for battery systems to provide
suitable levels of storage [9]. Under these assumptions we project that
large areas in the North, West and East of Africa will gain near-to-full
access between now and 2030. For many countries in these regions
the grid is already well developed, and it can expand significantly
beyond its current reach in the future. This expansion is partly
happening in competition with off/mini-grid options. In case both al
ternatives become affordable at the same pace, people can in principle
choose between grid connection or an off/mini-grid solution, which may
create novel market models and opportunities for developers. The maps
clearly highlight how off-grid and mini-grid solutions are essential to
increasing electricity access in remote (mostly rural) areas.
As can be seen, by 2050 a large portion of the African continent has
gained access to grid or off/mini-grid electricity. A significant part of
Africa, however, remains excluded from this positive development even
by then: a ‘corridor of darkness’, without basic electricity services for e.
g. lighting for the majority of the population, extending from Chad to
Mozambique with the Democratic Republic of Congo at its center. Other
countries with incomplete electricity access include Liberia, Sierra
Leone, Burkina-Faso and South Africa. In these countries off-grid solu
tions remain too costly for at least a fraction of the population. While
this is compensated to some extent by a relatively well-developed grid in
many coastal nations, countries in the center of the continent remain
plagued by unaffordability of off/mini-grid options and absence of
suitable grid infrastructure.
The maps in Fig. 4 present the same projections as those in Fig. 3 but
under a hypothetical scenario in which two simultaneous interventions
are provided in every country to stimulate off/mini-grid renewable en
ergy technology deployment: investment subsidies and financial in
centives. We implement the former by lowering the capital costs of off/
mini-grid renewable energy technologies by 50%. For the latter, we
apply a 50% reduction in the Weighted Average Cost of Capital (WACC)
of the same technologies, as done in a similar way by Sweerts et al. [28].

4. Electricity access projections
With our WTP estimates for African countries between 2010 and
2050, and the high resolution maps of electricity costs from off-grid PV,
hydro and diesel generators developed by Szabó et al. [27], we can
follow the procedure proposed by Dalla Longa et al. [9] to create pro
jections for the number of people that have access to either centralized
or off-grid electricity, or a combination thereof. The procedure is based
on a pixel-by-pixel comparison of the WTP and the costs of deploying
off/mini-grid solutions and/or extending the grid (see Appendix B). The
results are depicted in the maps of Fig. 3. Each 1 km2 pixel in the maps is
green if electricity access is only possible through off-grid solutions,
orange if access is only possible through the grid, hatched in
green-orange if both options are possible, and white if no access is
projected. The zoom-ins of Fig. 3 are enlargements that include Benin,
Togo, and parts of Ghana, Nigeria and Burkina Faso. Zooming in on this
sub-region allows for more clearly observing how the different
color-coded areas develop throughout the years. In particular, the full
orange segments that arise in 2020 around existing grid-lines persist in
following decades. This reflects our underlying assumption that once the
grid has expanded into a certain area it becomes the undisputed way of
providing electricity: this incumbent is thus not displaced by possibly
competing off-grid options (a so-called ‘grid lock-in effect’). On the other
hand, the grid can still expand into areas where originally only off-grid

Fig. 2. Willingness To Pay for electricity in African countries in 2010.
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Fig. 3. Projections for electricity access under our baseline cost assumptions. Access via the grid is color-coded in orange and access through off-grid and minigrid solutions in green. Areas where on- and off-grid options can develop in competition are shown in hatched green-orange. White areas represent regions where the
WTP is too low to allow electricity access. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Projections for electricity access under investment incentives. Access via the grid is color-coded in orange and access through off-grid and mini-grid
solutions in green. Areas where on- and off-grid options can develop in competition are shown in hatched green-orange. White areas represent regions where the
WTP is too low to allow electricity access. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

The reduction of capital costs increases the immediate affordability of
these technologies. The reduction of the WACC decreases the required
return on the initial investment, thereby increasing the ease of access to
the necessary capital.

These interventions accelerate the development of electricity access
in most countries, but Fig. 4 shows the persistence of a corridor of
darkness until 2040. This is mainly due to the fact that in these regions
enhanced WTP growth is hindered by an insufficient rate of overall
5

F. Dalla Longa and B. van der Zwaan

Renewable and Sustainable Energy Reviews 136 (2021) 110399

economic development. This analysis, even while based on rather sty
listic assumptions, highlights a few interesting phenomena. First, in
many countries tailored support programs may be more effective in
promoting electricity access than generic incentives such as those
considered in Fig. 4. Second, in many cases a substantial budget will be
needed to bridge the gap between WTP and the cost of electrification.
Third, in order to accelerate progress towards universal electricity ac
cess before the middle of the century – that is, turning the corridor of
darkness into one of light – technology subsidies are not enough. These
should probably be complementary to policy programs focusing on e.g.
fostering economic development.
By comparing the zoom-ins of Figs. 3 and 4 one can appreciate how
lowering the costs of renewable energy based off/mini-grid options can
lead to quite different electricity access dynamics, at least in some
countries. In Fig. 4 the whole of Benin can afford off-grid access already

in 2020, while in Fig. 3 this is limited to only a portion of the country.
This means that, under more optimistic cost assumptions, the grid in
Benin does not have a chance to become the incumbent option, and has
to co-develop in competition with off-grid technologies, as indicated by
the growing hatched buffers and the absence of thickening orange seg
ments in the zoom-ins of Fig. 4.
By superimposing a population density map [29] to the maps in
Figs. 3 and 4, we are able to estimate the number of people living in the
green, orange and hatched areas in all decades. This can be done at
different levels of geographical aggregation. In Fig. 5 (a) and (b) we
depict Africa-wide projections for electricity access, without and with
investment incentives respectively (for country-level overviews see Figs
E1 and F1 in Appendixes E and F). These projections are split into the
three categories introduced in Figs. 3 and 4: the green portion of the bars
represents the number of people connected to off/mini-grid options, the

Fig. 5. Electricity access projections. Plots (a) and (b): projections for the number of people gaining access to electricity in Africa between 2010 and 2050 without
(a) and with (b) investment and financial incentives for renewable energy based off/mini-grid technologies (color-coding like the maps in Fig. 3). Plot (c) and (d):
comparison between our projections, without (c) and with (d) investment and financial incentives, and those of the IEA [4] for Sub-Saharan Africa. Plots (e) and (f):
demand projections for residential electricity in Africa without (e) and with (f) investment and financial incentives. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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orange portion the number of inhabitants connected to an expanded
grid, and the hatched portion those who can choose between grid and
off/mini-grid options because of the competition between these two
alternatives. While in Figs. 3 and 4 the hatched areas constitute a rela
tively small fraction of the territory for most countries, we can see in
Fig. 5 (a) and (b) that they represent a large portion of the population.
This is consistent with the fact that the current grid is developed around
the most densely populated regions, hence the hatched areas that
develop around the gridlines cover a relatively large number of people.
The green areas, on the other hand, enclose quite a small portion of the
population: these are mostly sparsely inhabited rural areas in which only
off/mini-grid solutions can provide access to electricity.
In Fig. 5 (c) and (d) we compare our electricity access projections of
Fig. 5 (a) and (b) with those reported in the 2014 Africa Energy Outlook
[4]. The two projections show the same qualitative trend, but our esti
mates are quite a bit more optimistic than those of the IEA in terms of the
number of people who can gain access to electricity. This is a result of
the GIS-based assessment carried out in our analysis, which builds on a
very detailed representation of individual locations across the African
continent and the costs of several of the main off/mini-grid technologies
prevailing at them.
Up to this point we have been treating access to electricity as a binary
variable: a person either has access or not. The quantity that drives
demand, however, is how much electricity every person has access to. In
order to account for this in our analysis we assume that average per
capita electricity consumption is driven by GDP growth. In other words,
as the GDP of countries increases, their inhabitants gradually use a
larger amount of electricity and shift from basic energy services to more
luxurious ones. We use our projections for the number of people that
have access to electricity (depicted in Fig. 5 (a) and (b)) and our GDP
growth assumptions [26] to estimate the total electricity demand in the
residential sector (see Appendix C). Fig. 5 (e) and (f), summarize our
aggregated results for the entire African continent for our baseline cost
assumptions and the investment and financial incentives case, respec
tively. Country-level projections can be found in Figs. E2 and F2 in
Appendixes E and F.
The gradual GDP-driven shift towards more luxurious electricity
services can be interpreted in the framework of the electricity con
sumption tiers introduced by the World Bank [30]. By dividing the
projected demand in each country by the total number of people with
access to electricity, we obtain country-specific projections for the
average per capita electricity consumption. We then count the number
of countries whose average per capita electricity consumption falls
within each electricity tier to obtain the distributions shown in Fig. 6.
The average per capita consumption throughout Africa shifts steadily
towards higher tiers as average GDP increases. These are of course
aggregate trends that do not reflect possible local disparities and/or
inequalities in access level, both within and across countries.

improve the representation of electricity access in an energy system
model. We choose for this purpose the well-established global integrated
assessment model TIAM-ECN, because it currently represents Africa
with more detail and a higher level of disaggregation than any other
member of this family of models (see Appendix D for a description). By
aggregating the country-level data underlying Fig. 5 (e) we obtain
projections for residential electricity demand for each of the 17 African
regions in TIAM-ECN [31] (see also Fig. I1 in Appendix I). Electricity
demand is split into three categories [9]: off/mini-grid (green segments
in Fig. 5 (e)), grid (orange), and one in which off/mini-grid and
grid-connected options develop in competition (hatched, which we refer
to as competition demand). With TIAM-ECN we analyze the system dy
namics between these three types of residential electricity demand
across six scenarios, summarized in Table 1.
Our scenarios differentiate across three dimensions. The first reflects
whether one single residential electricity demand is simulated or
whether it is split into the three categories of Fig. 5 (e and f), which
allows for investigating the effects of implementing a more detailed
demand representation in our model. The second addresses the absence
or presence of investment and financial incentives for renewable energy
based off/mini-grid technologies (see Fig. 5 (e) resp. (f)). The third
represents whether or not climate policies are introduced to keep the
global average temperature increase below 2◦ C.
Fig. 7 presents the main outcomes of our model runs for these six
scenarios. Panels (a) and (b) show TIAM-ECN projections for residential
electricity supply. Dark orange portions correspond to grid-connected
technologies that fulfil demand segments of the same color in Fig. 5 (e
and f). Likewise, dark green portions in Fig. 7 (a and b) correspond to
off/mini-grid options that fulfill demand segments of the same color in
Fig. 5 (e and f). Light orange and light green segments indicate the
portion of competition demand that is fulfilled by, respectively, gridconnection or off/mini-grid technologies. The split of competition de
mand between grid and off/mini-grid options is determined by TIAMECN purely based on system-costs minimization.
By comparing the bars for the BASE and SPLIT scenarios in Fig. 7 (a),
we can see that the explicit inclusion of additional demand components
in the SPLIT scenario induces higher electricity consumption in all time
periods. In the SPLIT scenario the grid provides more electricity, in
absolute terms, than in the BASE scenario up to 2050 (dark plus light
orange). This increase of electricity supply through the grid suggests that
a rougher representation of demand, as in the BASE scenario, may lead
to underestimating the necessary infrastructure investments. The dif
ference in the height of dark orange segments between BASE and SPLIT
in Fig. 7 (a) corresponds to the thickening of orange areas in Fig. 3. The
portion of additional electricity represented by light orange segments in
Fig. 7 (a) implies an expansion of the grid into the hatched areas of
Fig. 3. Electricity supply through this newly expanded grid grows
steadily until 2040 in the SPLIT scenario. Between 2040 and 2050 a
partial switch occurs from grid connection to off/mini-grid solutions, as
attested by the shrinking of the light orange segment. This switch is a
result of the cost optimization principle upon which TIAM-ECN is based,
coupled with the steadily decreasing costs of off/mini-grid options,
especially those based on solar and wind energy. These dynamics imply
that the grid infrastructure is utilized less and less over time. It is to be
seen whether such behavior will be observed in reality: will consumers

5. System perspective
We use the insights gained through our WTP and GIS analysis to

Table 1
Description of scenarios.

Fig. 6. Distribution of energy tiers in African countries for the average con
nected person.
7

Name

Electricity demand

Incentives

Climate policies

BASE
SPLIT
SUBS
cBASE
cSPLIT
cSUBS

No split
On and off-grid
On and off-grid
No split
On and off-grid
On and off-grid

No
No
Yes
No
No
Yes

No additional after 2010
No additional after 2010
No additional after 2010
Limit global warming to 2◦ C
Limit global warming to 2◦ C
Limit global warming to 2◦ C
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Fig. 7. TIAM-ECN projections. Residential (a and b) and total (c and d) electricity supply in Africa without (a and c) and with (b and d) climate policies. In panels
(c) and (d) thin segments represent off -grid technologies, thick segments grid-connection.

indeed switch to producing their own electricity when their households
are already connected to the grid? We argue that such a switch is not
unthinkable, but the alternative stand-alone or mini-grid options may
need to meet criteria other than arguments of cost-efficiency alone, such
as more reliable electricity delivery. The low reliability of the present
grid in many African countries may support this reasoning.
Off/mini-grid options in the SPLIT scenario (dark plus light green)
grow rapidly to provide about one fourth of projected residential elec
tricity supply by the middle of the century. In the SUBS scenario this
share increases to about 50%, and the switch to off-grid options for the
fulfillment of competition demand already occurs between 2030 and
2040. These dynamics are exacerbated in the presence of climate pol
icies, as shown in Fig. 7 (b). In the cSPLIT scenario off/mini-grid tech
nologies already provide half of competition demand by 2040, while in
the cSUBS scenario fulfilment of competition demand through grid
expansion is negligible in all time periods. Under our cost assumptions
the deployment of renewable energy based off/mini-grid technologies
proves a cost-effective way of increasing electricity access while decar
bonizing the economy.
Panels (c) and (d) of Fig. 7 highlight the relative weight of off/minigrid technologies in overall electricity supply in Africa, and provide a
break-down into the contributions from different technology options.
Thick bars represent electricity from grid-connection, while thin bars
correspond to off/mini-grid alternatives. In addition to hydropower, PV
panels and diesel generators, TIAM-ECN also includes the possibility of
deploying off/mini-grid wind turbines [9]. Depending on the scenario,
off/mini-grid technologies are projected to provide for about 10%
(SPLIT) to 20% (cSUBS) of total electricity supply in the African conti
nent by 2050.
Comparing the BASE and SPLIT scenarios in Fig. 7 (c) makes

apparent that the higher overall demand in the latter scenario induces a
larger deployment of fossil fuel-based options. This effect disappears in
the presence of subsidies for off/mini-grid renewable electricity gener
ation (SUBS). In the climate control scenarios of panel (d) one observes
the same pattern, but the effect is much reduced as a result of substan
tially lower fossil fuel usage under efforts to reduce greenhouse gas
emissions. From a policy perspective these dynamics reveal some of the
links between development, energy and climate goals (SDGs no. 1 “No
Poverty”, 7 “Affordable and Clean Energy” and 13 “Climate Action”).
Incentivizing off/mini-grid renewable energy technologies leads to an
increase in energy access and thereby a reduction in poverty, while
limiting the growth of fossil fuel-based power generation. This is indi
cated by the decreasing share of fossil fuel-based technologies when
moving from the SPLIT to the SUBS scenario in Fig. 7 (c), as well as
moving from the non-climate scenarios in Fig. 7 (c) to the climate policy
ones in Fig. 7 (d). According to our scenario runs, stringent climate
policy may prove effective in the long term to tackle both climate change
and energy access targets at once. This can be deduced by comparing the
SPLIT and cSPLIT scenarios (or, for that matter, the SUBS and cSUBS
scenarios) in 2050: the former yields a lower level of total electricity
supply and a larger presence of fossil fuels than the latter.
Looking at the composition of the electricity mix in all three sce
narios in Fig. 7 (c), we observe that most of the growth is driven by the
expansion of fossil fuel-based generation until 2030. After 2030, how
ever, PV takes over this role, and becomes the most widely deployed
technology by 2050. Contributions from other technologies undergo
more modest increases during that timeframe. In the climate-policy
scenarios of panel (d) similar dynamics can be observed. The main dif
ferences are the lower deployment of fossil fuel-based options and the
larger contributions from grid-connected PV, hydropower and wind
8
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energy. Note the prominence that PV achieves in the off/mini-grid
market by 2050 in all scenario projections. The recent popularity of
PV-based pay-as-you-go schemes in countries like Kenya [32] may well
be the onset of this development.

biomass in many African countries. This means that in TIAM-ECN the
costs of demand-side processes such as electric water boilers and electric
cookers do not decrease significantly over the modeling horizon, hence
these processes can only partially substitute incumbent (biomass-based)
options.
Two potential limitations of our approach are that (i) we do not
explicitly consider urbanization developments, whereby population
density in locations that are currently sparsely inhabited may signifi
cantly increase in the future, and (ii) we let the grid expand symmetri
cally around existing lines, while in reality new lines may be installed in
the future to connect densely populated areas. These two limitations are
of course closely related, that is, in absence of suitable projections of
population density changes we do not have a rationale to decide where
the grid will likely be expanded. Current studies on spatially-explicit
future urbanization scenarios [34] indicate that population growth
until 2050 is likely to occur mostly in and around locations that are
already densely inhabited in 2010. This suggests that the grid will
indeed expand around existing lines, with underlying dynamics similar
to those implied by the growth of hatched areas in our projections in
Figs. 3 and 4. Our conclusions are therefore, in first order of approxi
mation, compatible with such urbanization developments (see also
Appendix G).
Our analysis illustrates the importance of comprehensive policy
measures that tackle increased energy access and sustainable economic
growth in a coherent manner, thereby highlighting the link between
SDG 7 “Affordable and Clean Energy” and SDG 1 “No Poverty”. Our
findings also emphasize the connection between SDG 7 and 13 “Climate
Action”. Indeed, stringent global climate policies may prove effective in
promoting the transition to a low-carbon economy while at the same
time stimulating the growth of electricity access in least developed
countries, as suggested by our scenario projections for the African power
supply mix under ambitious climate control constraints in Fig. 7 (d).
Should global climate policies fail, the SUBS scenario projection in Fig. 7
(c) highlights that it is still possible to achieve near full electricity access
in Africa by 2050 without increasing the share of fossil fuels in the power
sector, through tailored subsidization of renewable energy based standalone and mini-grid technologies.

6. Conclusion
In this paper we frame the problem of electricity access in Africa in
terms of matching the Willingness To Pay for electricity with the costs of
locally available supply options. Using high-resolution GIS datasets to
create projections of electricity demand, we find that, under our baseline
assumptions for off/mini-grid technologies, a corridor of darkness in the
center of the African continent remains largely excluded from electricity
access up to 2050. The method we choose to estimate the Willingness To
Pay, while stylistic, captures the main macroeconomic trends that drive
electricity demand, and it is suited for implementation in a large-scale,
long-term energy system model, such as TIAM-ECN. Future studies may
refine our WTP calculation by taking into account additional factors
such as local income distribution, actual electricity prices and nightlight luminosity in the targeted regions. Such improvements would
however require that the same level of detail is also applied to estimates
of other macroeconomic drivers that are used in IAMs to determine
energy demand, including GDP. Our current WTP method is tailored to
the typical settings of IAM analysis, where macroeconomic quantities
are expressed at aggregated national or regional level, while technolo
gies are modeled in much higher detail. Future work may also improve
our WTP and electricity demand estimates by explicitly addressing how
these quantities could be affected by the levels of reliability of electricity
supply provided by different technologies.
Our analysis of electricity access allows for an improved represen
tation of electricity demand, which we use as input for the integrated
assessment/energy system model TIAM-ECN. Our results highlight that
off/mini-grid solutions, especially based on PV, are likely to bring a
significant contribution to the overall electricity mix in many devel
oping countries in Africa. The role of off/mini-grid options is likely to be
underestimated in similar analyses that rely on less detailed demand
representations. We find that in those areas where off-grid and gridconnected technologies can develop in competition with each other,
the outcome of the model runs is highly sensitive to our costassumptions. In particular we assess the effect of a very substantial
subsidy scheme that provides a 50% reduction of investment costs and
WACC for stand-alone/mini-grid electricity generation technologies
based on renewable energy. Leaving for future research the question
whether such drastic subsidy schemes are at all feasible for most coun
tries in Sub-Saharan Africa, we argue here that in reality local speci
ficities (including not only costs, but also socio-economic drivers,
institutional capacity and access to financing [33]) will determine which
support schemes will be most adequate and which technologies will be
deployed. While our results push the boundaries of providing useful
guidelines for policy makers and project developers, more detailed
studies will be needed to accurately estimate costs and benefits of in
dividual policy instruments, focusing in particular on (i) the minimum
subsidy levels required to achieve universal electricity access, and (ii)
the crucial issue of financing electricity projects in Africa [28]. Our GIS
approach could be extended to also capture local differences in grid
expansion costs at high level of spatial detail. When taking into account
geographical characteristics (e.g. type of terrain, elevation and vegeta
tion) in estimates of grid expansion costs, different dynamics may be
observed in the fulfillment of competition demand than those shown in
e.g. Fig. 7 (a) and (b). In our analysis we assume that off/mini-grid
technologies (eventually equipped with battery systems) are perfectly
suitable to fulfill the demand from typical electric appliances used in
households, e.g. lights, consumer electronics, fridges and dish washers.
In this study we maintain, however, a conservative view on the
maximum levels of residential electrification for other types of energy
services, e.g. water heating and cooking, that are traditionally based on
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Appendix
A. Willingness to Pay
Our WTP model is based on the following formula [9]:
WTP2010 = c ×

GDP2010,pp
,
FECpp

(A.1)

where c is an electricity expenditure coefficient, GDP2010,pp is the 2010 per capita GDP expressed in purchase power parity terms (PPP), and FECpp is
the per capita final electricity consumption. The coefficient c expresses the fraction of per capita GDP people are willing to dedicate to electricity
expenditures, and is tuned for each country to yield a value of the WTP in 2010 that falls in the range 0.02–0.15 $/kWh. The tuning procedure consists
of first calculating the WTP according to Equation 1 with a value of c = 2%, and then applying lower and upper cut-offs at the 1st and 4th quartiles
respectively, and yields the S-shaped distribution presented in Fig. 2. The position of a country in the distribution is determined by its GDP vs. FEC
ratio, a quantity which reflects to some extent the complex character of the WTP.
In order to create country-specific GDP projections for the WTP, we apply a power law with GDP as driver and exponent 0.4:
(
)0.4
GDPy,pp
WTPy = WTP2010 ×
,
(A.2)
GDP2010,pp
where the subscript y indicates the year for which the projection is made, WTP2010 is calculated from Equation A.1 and the procedure described above,
and GDPy,pp projections are taken from the African Development Bank [26]. We assume the power law is driven by an exponent lower than one to
reflect the diminishing returns behavior described in the main text. Preliminary sensitivity analysis tests on the value of this exponent have shown that
varying it in the range 0.2–0.8 does not significantly affect the final results, since the point in time at which the WTP becomes higher than the cost of
electricity for most regions does not change appreciably given the current temporal resolution of TIAM-ECN, i.e. 10-year time steps.
Our WTP estimate is derived for an average inhabitant. It expresses not the exact amount of dollars this inhabitant is ready to spend for a kWh of
electricity (which would vary widely from household to household), but a macro-level threshold at which the average inhabitant is likely to demand
some form of electricity access. The purpose of our WTP estimate is to yield an adequate driver for demand for an IAM analysis. It is thus defined at the
macro-level as are most drivers of demand in IAMs – e.g. GDP, average household size, population.
B. Energy Access Maps
In order to determine the reach of the electricity network in Africa in 2010, we create consecutive buffers around the existing gridlines, until the
number of people within the buffers matches the total number of people connected to the grid in 2010. This is done separately for each country, i.e. the
resulting buffer distance will be different in each country, and ranges between 0.5 and 50 km.
An extension of the grid induces an increase in the electricity price, which reflects the additional capital and operational costs of the new
infrastructure. We assume an electricity price mark-up ePMU ~4 $/MWh for each additional 1 km buffer distance around the 2010 grid [9]. To
estimate the grid expansion in 2020, we create consecutive buffers around the 2010 grid-connection area until the total price increase matches the
increase in WTP between 2010 and 2020, as expressed in:
BR2020 = BR2010 +

WTP2020 − WTP2010
,
ePMU

(B.1)

in which BRy is the buffer distance in year y. Using this approach we project the grid extension area up to 2050, which results in the orange zones
depicted in Figs. 3 and 4.
We estimate access to off-grid electricity by comparing the projected LCOE maps with the WTP in each decade. Every raster cell for which there
exists an off-grid technology with LCOE below the WTP is given off-grid access: these are the green areas indicated in Figs. 3 and 4. Areas in which both
a grid extension and off-grid options are affordable are colored with a green-orange hatched pattern.
C. Residential Electricity Demand
The calculation of residential electricity demand (Fig. 5 (e and f)) is done using the formula:
) (
(
)0.4
POPky
GDPy
DEMy = DEM2010 ×
×
,
(C.1)
POPc2010
GDP2010
where DEM stands for demand, POPc is the number of people that have electricity access, the subscript y indicates the year for which the projection is
being made, and the superscript k refers to the three different kinds of access in our analysis, i.e. the green, orange and hatched portions of the bars in
Fig. 4 (a) and (b). The demand in 2010, DEM2010, is calibrated to statistics [14]. As described in the text, the GDP growth accounts for a shift towards
larger per capita electricity use. The exponent 0.4 (less than 1) ensures that the diminishing returns effect is taken into account, and it is tuned to be the
same as in Equation A.2.
D. TIAM-ECN
TIAM-ECN is a well-established version of the global TIAM model developed under the Energy Technology Systems Analysis Program of the
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International Energy Agency (IEA-ETSAP). A technology-rich, bottom-up integrated assessment model with global geographical scope, TIAM is built
on the TIMES model generator [35,36]. TIAM is a linear optimization model that minimizes energy system costs in each time-period with perfect
foresight. The objective function includes capital, operation & maintenance, as well as fuel and trading costs.
Building on a database of hundreds of energy-related processes and commodities, TIAM-ECN simulates the entire global energy system from
resource extraction to end-use over a period that spans the entire 21st century [37]. TIAM-ECN has been used successfully in several different sectors
and domains, such as transportation [38], power supply [39] and burden sharing among countries for global climate change control [40]. In the
current set-up of TIAM-ECN, the world is disaggregated in 36 distinct regions [41,42], 17 of which belong to Africa. A map of the regional disag
gregation in TIAM-ECN can be found in Appendix I.
We enriched the input database of TIAM-ECN with a more detailed description of a set of off-grid and mini-grid electricity production technologies,
namely wind, solar PV, hydropower and diesel generators [9]. Although off-grid wind was not assessed in the GIS analysis, we included it in the
TIAM-ECN input database. The rationale behind this choice is that in our model runs we use the results of the GIS analysis to estimate overall demand
for off-grid residential electricity, and we let the model deploy the most cost-efficient options. Detailed cost assumptions for all the off/mini-grid
technologies can be found in Appendix H. As for the costs of extending the grid into the hatched areas, we assume in TIAM-ECN 4800 $ per kW of
extra grid capacity.
E. Country-level projections, baseline cost assumptions
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Fig. E1. Number of people with electricity access (base case).
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Fig. E2. Residential electricity demand (base case).

F. Country-level projections, investment incentives
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Fig. F1. Number of people with electricity access (investment incentives case).
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Fig. F2. Residential electricity demand (investment incentives case).

G. Population distribution maps
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As a first attempt to test how sensitive our conclusions might be to explicit urbanization scenarios, in Fig. G1 we compare two population maps,
developed by Jones et al. [34], that show a possible urbanization development between 2010 and 2050 for Africa, that is compatible with SSP2
population projections [17]. We can see that population growth until 2050 occurs mostly in and around locations that are already densely inhabited in
2010. This suggests that the grid also will expand around existing lines, with underlying dynamics similar to those implied by the growth of the
hatched areas in our projections in Figs. 3 and 4. Our conclusions are therefore, in first order of approximation, compatible with the maps in Fig. G1.
We leave for future work the detailed analysis of how our numerical results are affected if this and/or other explicit urbanization scenarios are taken
into account.

Fig. G1. Population density maps. Own elaboration based on freely available data from [34].

H. Cost of off/mini-grid technologies
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Fig. H1. Levelized cost of electricity (LCOE) for off/mini-grid processes in TIAM-ECN [9].

I. Regional disaggregation in TIAM-ECN

Fig. I1. Each of the 36 regions in TIAM-ECN is assigned a different color. Africa is subdivided into 17 regions.
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