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While decarbonizing road transport is crucial for global climate goals,

thereis limited quantitative evidence on the economic viability and
life-cycle emissions of low-carbon passenger vehicles in Africa, where
motorization is rising. Here we study the economic cost and life-cycle
greenhouse gas emissions of low-carbon passenger transport in Africa
across six segments in 52 African countries through 2040. Using Monte
Carlo and optimization models, we compare the total cost of ownership
and life-cycle greenhouse gas emissions of battery electric vehicles
powered by solar off-grid systems and synthetic fuelled vehicles to

that of fossil-fuelled ones, neglecting policy-induced cost distortions.
Whereas past reports suggested fossil fuel vehicles would dominate in
Africa by mid-century, our results show that battery electric vehicles with
solar off-grid chargers will have lower costs and negative greenhouse

gas abatement costs well before 2040 in most countries and segments.
Financingisidentified as the key action point for governments and global
financial institutions to accelerate Africa’s transition to battery electric
vehicles with solar off-grid charging offering a cost-effective, viable
solution to electricity infrastructure challenges.

Decarbonizing road passenger transport s crucial for reducing green-
house gas (GHG) emissions globally'. Passenger vehicles are a major
contributor to road transport emissions’. Advances in battery technol-
ogy, manufacturing and supportive policies are driving battery electric
vehicle (BEV) adoption, while synthetic fuels are also being explored as
acomplementary low-carbon option**, notably by major automakers
such as Volkswagen?®. Policies in advanced markets such as Europe and
California aim to fully electrify new car sales by the 2030s, with some
exceptions for carbon-neutral synthetic fuel vehicles®”’.

However, much of the momentum around BEV deployment and
low-carbon transport policy strategy more broadly has thus far been
concentrated in upper middle- or high-income economies such as
China, the European Union and the USA. In contrast, African countries
have oftenbeenoverlooked or simplified inglobal energy and transport
models. Several influential studies assume continued internal com-
bustion engine (ICE) dominance in Africa through mid-century, often
disregarding local conditions for a transition to electric mobility**’.
Where passenger transportelectrification in Africa has been examined,
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researchis typically limited to case studies of single countries or appli-
cation segments®'*, Furthermore, existing techno-economic pro-
jection models rarely reflect context-specific factors, such as high
financing costs or limited grid access, when calibrating vehicle owner-
ship or technology competitiveness parameters for Africa®.

For instance, many African countries face high up-front invest-
ment costs due to limited access to stable and affordable financing'*",
disproportionately disadvantaging low-carbontechnologies with sub-
stantial up-front investment requirements. Despite this, regional dif-
ferencesinfinancing costs, developmentobjectives and uncertainties
inenergy system trajectories are seldom accounted for in models™'*".
Similarly, projections frequently rely on grid-connected technologies
for decarbonization, neglecting both power grid constraints and the
potential of solar off-grid or hybrid mini-grid systems. These alterna-
tives are expected to play a pivotal role in electrifying current and
future settlements and residential areas in Africa' and illustrate the
limitations of overlooking Africa’s unique conditions and clean energy
future. This can ultimately distort model projections and hinder the
development of effective policy for transitioning to low-carbon pas-
senger transportin the region. With vehicle demand projected torise
steeply across nearly all African countries by 2050, assessing the
continent’s road transport decarbonization potential is crucial for
global net-zero goals.

To address these shortcomings, our study investigates which
technologies may suit specific segments and in which timeframes
though a continent-wide analysis combining a probabilistic total cost
of ownership (TCO) analysis with a prospective environmental life-cycle
assessment (LCA). Unlike previous studies, our model incorporates
country-specific financing costs and the potential of solar off-grid
(SOG) charging systems to improve cost projections across a wide
range of countries and vehicle segments in the African context. Our
results show that BEVs charged by a solar photovoltaic off-grid (SOG)
system meeting their daily energy demands will outperform ICE vehi-
cles for passenger road transport in the African continent, in some
cases already by 2030. In short, the cost of reducing emissions from
passenger road vehicles per km becomes not only economically viable
butalso negative. For accelerated adoption, financing costs remain the
primary barrier to the economic competitiveness of BEVsin the region.
We therefore discuss how they may be alleviated by local policymakers
and development financial institutions.

Total cost of ownership across technologies
Toevaluate the viability of low-carbon passenger road vehicles in Africa,
we conduct a probabilistic TCO analysis using aMonte Carlo method.
The analysis compares three competing technologies: ICEs fuelled by
fossil fuels (ICE-Fos), ICEs fuelled by synthetic fuels (ICE-Syn) and BEVs
paired with astandalone SOG system (BEV-SOG). The BEV-SOG system
concept overcomes grid infrastructure limitations in many African
countries, where unreliable electricity supply isacommon challenge.
We focus on BEV-SOG systems due to their scalability, transparent and
modular costs, minimal land requirements, lower life-cycle emissions
infossil-heavy grids and growing use in off-grid energy and transport
applications across Africa'®?°. We assume charging through a solar
PV off-grid system sized to meet the vehicle’s daily energy demand,
depending on the application segment (Methods). The SOG set-up
assumes a solar PV panel (DC) connected to a stationary battery
(DC), with both components feeding into an inverter. In contrast to
BEV-SOG, ICE-Syn vehicles may leverage existing fuelling infrastructure.
Hydrogen-powered passenger vehicles are excluded from the analysis
due to their limited uptake in other countries®.

Our analysis focuses on six distinct passenger vehicle application
segments most relevant for the African landscape: two-wheelers (small
and large), four-wheelers (small, medium and large) and a minibus
segment representing informally operated ‘public’ transport vehi-
cles. Driving patterns modelled within each segment are primarily

urban-centric, though we account for potential rural and off-road usage
byincorporating high probabilistic uncertainty in vehicle energy con-
sumptionandinannual kilometres travelled, which are differentiated
by application segment (Methods). Notably, we exclude commercial
passenger fleets, such as taxis, due to their distinct on-road usage pat-
terns, commercially driven financing structures and differing purchase
decision rationales, though these are some of the earlier segments to
electrify in the region as they profit most from lower BEV TCO*. The
model projects costs for three time horizons—2025, 2030 and 2040.
Despite playinga prominentrolein African vehicle markets, we evaluate
only new vehicles due to lack of reliable used vehicle data, particularly
for BEVs but also for ICEs.

Importantly, this TCO assessment excludes policy-induced costs
such astaxes, import fees and subsidies aligning with an approach that
focuses onresource costs. It does notincorporate externalities related
toroad transport, typically included in social cost evaluations. In this
sense, the results of our analysis provide a policy baseline, offering
areference point against which the effects of future policies can be
assessed. Additionally, financing is assumed to follow third-party
ownership—that means, we take the financing cost faced by a leas-
ing company, financial institution or fleet operator, rather than by a
private individual. This set-up simulates what would be expected in
a well-working market that operates without policy distortions and
where vehicles are predominantly owned by third parties. For financ-
ing cost assumptions, we follow the approach from Agutu etal.”*, who
provide country-specific weighted average cost of capital (WACC)
estimates for energy investments in sub-Saharan Africa that account
for key risk premiums. We adapt their approach to reflect the com-
parable risk profile of third-party owned BEVs with slight parameter
adjustments (Methods). Beyond TCO, we also quantify life-cycle GHG
emissions of all technologies applying the prospective LCA framework
premise?, to account for future technological and market develop-
ments under the Shared Socioeconomic Pathway 2 (SSP2) scenario
from the integrated assessment model REMIND? extrapolated till the
respective year (Methods). On the basis of lifetime TCO and life-cycle
GHG emissions, we quantify life-cycle GHG abatement costs.

We begin by visualizing results across technologies, for the rep-
resentative small four-wheeler segment averaged across Africa, then
expand the analysis to explore cross-country and cross-application
variations. Figure 1 breaks down the TCO and life-cycle GHG emissions
for the three vehicle technologies in the small four-wheeler segment
for the year 2030, additionally showing TCO bars for 2025 and 2040 in
Fig.1la-c. Tofirst compare BEV-SOG with ICE-Fos, we see that BEV-SOG
vehicles remainuncompetitive in 2025, but by 2030, our model projects
economic competitiveness ona TCO basis with ICE-Fos. Looking ahead
t0 2040, projected advancements in battery technology and electric
vehicle manufacturing, coupled with reduced financing costs (Meth-
ods), further improve the economics of BEV-SOG, thus dropping the
TCO below US$24 per 100 km (Fig. 1b). As shown in Fig. 1e, financing
costs are the most critical factor for BEV competitiveness, with total
financing expenditures surpassing 100% of the vehicle’s capital cost.
Furthermore, on a life-cycle GHG emissions basis, BEV-SOG substan-
tially outperform ICE-Fos vehicles. By contrast, we project that ICE-Syn
will remain rather uncompetitive compared to BEV-SOG onbotha TCO
and GHG emissions basis, even in our idealized extreme case where
synthetic fuelis produced as cheaply and cleanly as possible.

BEV cost competitiveness across dimensions

Zooming out, our model results reveal that the competitiveness of
BEV-SOG and ICE-Syntechnologies against ICE-Fos varies greatly across
application segments, countries and timeframes, where several key pat-
ternsemerge. Here we focus on the comparisonbetween BEV-SOG and
ICE-Fos, as ICE-Syn has already been shown to be uncompetitive both
economically and environmentally. Over time, BEV-SOG s projected to
achieve cost competitiveness across all passenger vehicle segments by
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Fig. 1| Comparison of TCO and life-cycle GHG emissions for three vehicle
technologies averaged across all African countries in the small four-wheeler
segment.a-c, TCO bars for each technology in model years 2025,2030

and 2040. ICE-Syn vehicles are not shown for the year 2025 as we assume a
functioning synthetic fuel market only by 2030. d-f, Waterfall charts for TCO
components for all technologies in 2030. g-i, Waterfall chart for life-cycle

GHG emissions for all technologies in 2030 broken into vehicle production and
operation emissions. Operation emissions of fossil fuels include combustion and
fuel production and supply to the pump. Operation emissions of BEVs include
embedded emissions of the SOG system, which are minor. Combustion emissions
of synthetic fuels are assumed to be CO, neutral. For the life-cycle GHG emissions

comparison, 225,000 lifetime kilometres are assumed for all technologies

within the small four-wheeler segment. Bars in a-fshow the mean country-level
values weighted by motorization rate across 52 countries; error bars indicate

one standard deviation. Estimates are based on 10,000 Monte Carlo draws per
country. Bars in g-i show mean emissions intensities (across two SSP2 scenarios);
error bars mark high-low range. Values are uniform across countries; no Monte
Carlo applied. The ‘vehicle operation’ GHG emissions for ICE-Synin i represents
the life-cycle GHG emissions to produce and transport to the African continent
the required amount of synthetic fuel for the assumed lifetime km travelled
(Methods). CAPEX, capital expenditure; CoC, cost of capital; O&M, operation and
maintenance costs.

2040 (Fig.2m-r), and insome segments already by 2030, driven largely
by rapid reductions in vehicle capital expenditure (CAPEX). These
findings challenge conservative estimates from prominent sources?¢,
though our results are notably here modelled absent cost distortions
such as taxes or duties. Differences across application segments fur-
ther highlight the complexity of the transition. Two-wheelers achieve

BEV-SOG cost competitiveness already by 2030 while larger vehicles,
particularly smalland medium four-wheelers, lag behind—mirroring EV
adoptiontrendsin developed and emerging economies?. Country-level
disparities, largely driven by financing costs, further delay economic
feasibility, underscoring the importance of financial de-risking. Over-
all, BEV-SOG competitiveness is uneven across model dimensions.
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Fig. 2| Total cost of ownership comparison of BEV-SOG vs ICE-Fos for each
modelled application segment and year. a-r, Colour scale unit for each country
shows the TCO percentage difference of BEV-SOG and ICE-Fos vehicles. Countries
displayed in dark grey (Djibouti, Seychelles and Western Sahara) are not
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modelled. Supplementary Fig. 1 provides TCO comparison of ICE-Syn vs ICE-Fos
vehicles. Maps generated using Cartopy (https://scitools.org.uk/cartopy) with
data from Natural Earth (https://www.naturalearthdata.com/).

The small four-wheeler segment warrants particular focus for accel-
erated BEV uptake and may benefit from lessons learned in the
faster-adopting two-wheeler market.

Key drivers of technological competitiveness

TCO parameters that influence the competitiveness of the two
low-carbon vehicle technologies (Fig. 1d-f) are the following. For
BEV-SOG, our model indicates that vehicle financing costs (Vehicle
CAPEX CoC) considerably impede the economics of BEV-SOG in Africa,
notonlyinthe smallfour-wheeler segment, as shownin Fig. 1e, but also
in the other four-wheeler and minibus segments. In some segments,
financing costs can surpass 150% of the vehicle’s capital expenditure
(CAPEX), driving up the TCO. In contrast, model results show that charg-
ing costs for BEV-SOG are relatively minor, contributing less than 4% of
the TCO for smallfour-wheelersin2030, despite the modelling set-up,
which assumes outright purchase of the SOG together with the vehicle.
This outcome largely reflects the efficient sizing of the SOG, which
our nonlinear optimization model specifically calibrates to supply at
least 90% of the annual energy demanded of each vehicle application

segment. The optimized SOG capacity isbased on aminimum reliability
0f90%, under niche financing cost assumptions, withan additional 40%
system oversizing to account for potential extremesin daily use cases
(Methods). For asmallfour-wheeler assumed to drive ~50 km per day,
the SOG costs ~US$2,700 (including installation costs). Despite these
conservative assumptions, SOG electricity cost asaportion of the TCO
remains low, highlighting the affordability and potential of off-grid
charging for electric vehicles. Figure 3 demonstrates the results of
our SOG sizing optimization, depicting the pan-African levelized cost
of charging (LCOC) in high resolution. Comparing theseresults to the
average grid-based electricity price for all countries in Africain 2022,
inclusive of all taxes and duties (Supplementary Fig. 5), SOG charging
costs appear to be quite reasonable.

For ICE-Syn vehicles, fuel cost remains a critical limitation and
uncertainty. Our model follows an extremely optimistic scenario,
assuming ultra-low-cost synthetic fuel production in the Chilean
desert, where the renewable energy potential is high and financing
conditions favourable. Nevertheless, ICE-Syn vehicles face higher TCO
when compared to both BEV-SOG and ICE-Fos vehicles. Doubling the
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Fig. 3| Undistorted levelized cost of charging a BEV with a SOG systemin
Africain 2025, excluding all taxes, fees, import duties and subsidies and
independent of the application segment. Countries displayed in white
(Djibouti, Seychelles and Western Sahara) are not modelled. Supplementary

Figs.2 and 3 provide undistorted LCOC projection maps of the African continent
in2030 and 2040. Map generated using Cartopy (https://scitools.org.uk/
cartopy) with data from Natural Earth (https://www.naturalearthdata.com/).

assumed production cost of synthetic fuel—a reasonable scenario—
would increase the ICE-Syn TCO by US$10 per 100 km, reaching over
US$40 per 100 km for the small four-wheeler segment in 2030. On
the fuel cost side for ICE-Fos vehicles, as our analysis assumes a global
benchmark cost reflecting today’s functioning oil market but excludes
fuel taxes, we model a relatively low average gasoline price across
the continent (Methods). Whereas some countries in Africa heavily
subsidize fossil fuels at the pump (for example Sudan, Algeria), most
countries tax, meaning the distorted fuel prices are higher than here
modelled (Supplementary Fig. 4), again giving ICE-Fos an economic
advantage over BEV-SOG in our analysis.

ASobolsensitivity analysis of TCO model parameters, illustrated
in Supplementary Figs. 6-11, reveals that financing cost is among the
mostinfluential variables, accounting for nearly 10% of the first-order
variancein the TCO difference between BEVs and ICEs in most applica-
tion segments. Vehicle CAPEX, annual kilometres travelled (AKT) and
vehicle operations and maintenance (O&M) are other key parameters
impactingtotal output variance, closely followed by parameters related
tothevehicle’sconsumption oftotal energy, namely lifetime kilometres
travelled, energy efficiency and energy cost. Given the uncertainty in
real-world usage patterns and the associated AKT input parameter, we
conduct an extended sensitivity analysis (Supplementary Figs.12-23),
running the model under extreme high and low AKT assumptions. The
results indicate that large AKT variation has only a modest impact on
comparative vehicle cost and emissions outcomes as compared to
base assumptions.

Off-grid solar electric vehicles exhibit
substantially low GHG emissions

Fromalife-cycle GHG emissions perspective (Fig.1g-i), BEV-SOG deci-
sively outperforms both internal combustion engine vehicles, afinding
that has previously and consistently been confirmed for other regions

in the literature?”. Our model projects this trend already from today
(Supplementary Figs. 24 and 25 for 2025 and 2040).

By 2040, the analysis indicates that for all countries and all seg-
ments within the study, BEV-SOG exhibits a negative GHG abatement
cost—within a margin of error (Supplementary Fig. 24). This result
implies that in the absence of policy-induced distortions, the cost of
reducing emissions from passenger road vehicles per km travelled in
Africanotonly becomes economically viable but also represents anet
saving. In Fig. 4, we present GHG abatement cost results for the small
four-wheeler segment across allmodel years, emphasizing the critical
role of financing costs. By 2040, negative GHG abatement costs are
achieved inall countries, reflecting the economic and environmental
advantages of BEV-SOG. However, by 2030, only one country reaches
this mark. Reducing financing costs, which are highly correlated with
abatement costs, could enable more countries in this segment to
achieve negative abatement costs by 2030. For ICE-Syn vehicles, the
GHG abatement costs across all applications and countries remain
positive evenin 2040 (Supplementary Fig. 25).

Overcoming financing costs for off-grid solar
electric vehicles

As previously shown, financing costs emerge as the most critical fac-
tor influencing TCO competitiveness of BEV-SOG vehicles. To further
explore this barrier in the small four-wheeler segment, we model the
‘maximum’ financing cost required in each country for BEV-SOG to
achieve cost parity with ICE-Fos vehicles by 2030 (Fig. 5), using linear
bisection optimization (Methods). Our findings reveal large varia-
tionacross countries. Inlower-risk states such as Botswana, Mauritius
and South Africa, the financing conditions today are already close
to required levels for BEV-SOG cost parity. Conversely, in higher-risk
countries such as Sudan, Guinea or even Ghana, financing costs would
needtobereduced by 7-15 percentage points to achieve parity within
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the same timeframe. Figure 5 highlights these disparities not to sug-
gestaneed for subsidies, but to emphasize theimportance of targeted
de-risking measures. While subsidies that reduce up-front costs may
improve affordability, they do not fundamentally lower the invest-
ment risk associated with EV markets in the region. True de-risking
requires addressing the barriers that make EV investments riskier in
many African economies.

Discussion

The results of this study hold importantimplications for African poli-
cymakers and international (finance) institutions. We highlight three
keyimplications. First, the transitionto electric vehicles in Africa makes
sense fromboth a cost and life-cycle GHG emissions perspective, par-
ticularly when considering SOG systems. Reducing emissions from
passenger road vehicles in Africaisboth economically viable and cost
saving, well before 2040. In fact, BEVs would appear cost competitive
by 2030 wereit not for elevated financing costs—under a cash-purchase
scenario, they would already present a financially viable option. On
the basis of these findings, policymakers can decide to lay the ground-
work proactively, with local policy support focusing on addressing
key adoption barriers including vehicle and charging-infrastructure
availability, which drive high financing costs. Second, charging using
SOG systems adds minimally to the total cost of BEV-SOG ownership
while also circumventing the need for expensive grid upgrades. Ensur-
ing widespread availability and access to off-grid charging options
remains a challenge, though not an impossibility, given the increased
battery and solar PV manufacturing capacity globally. Third, synthetic
fuel vehicles are unlikely to serve as a viable transition technology for
Africa. Even under optimistic cost assumptions, synthetic fuel vehicles
fail to compete economically or environmentally with BEV-SOG vehi-
cles. Moreover, the uncertainty surrounding large-scale availability
of low-cost synthetic fuels further diminishes their feasibility. These
fuels are better suited for hard-to-abate sectors, whereas passenger
road transportin Africa may rather be electrified.

We discuss several policy considerations that emerge from these
implications. First, to accelerate the electrification of personal road
transport in Africa well before 2040, financial de-risking should be
addressed. Here we outline key observations and potential solutions,
though recognize that further research is needed to gain a deeper
understanding of financial de-risking mechanisms for electric mobil-
ity in Africa. On the upside, traditional de-risking measures—such as
guarantees, concessional capital and blended finance—may work bet-
ter for electric vehicles than for development finance in other sectors.
Namely, financial de-risking of electric vehicles could be led by the
private sector, which can help to establish early trust in technologies
suchas electric two-wheelers in low-risk contexts and pave the way for
public sector involvement in higher-risk countries later. Further, the
private sector could also take the lead in building pan-African portfo-
lios to help spread risk across countries, starting again with lower-risk
countries that may also have higher ‘EV readiness levels™®. Building on
this point, as both cars and charging stations are highly standardized
products, this allows for packaging of vehicle loans into securities and
placingthem, for example, as corporate green bonds. This could bring
down the overall risk of the package, which could then be included in
the portfolios of higher-risk countries such as Sudan or Niger. Mul-
tilateral development banks, such as the World Bank or the African
Development Bank and impact investors should support in building
these portfolios and structuring packaged securities. Here specifically,
further research is required to understand mobility sector financing
in high-risk countries and the role of private vs public institutions.

Second, given the cross-country heterogeneity of our results,
tailored policy solutions may look quite different depending on the
relative preparedness of the country or on the application segment.
With the assumed off-grid charging set-up in our analysis, low-risk but
also high-solar-energy-availability countries such as Botswana and

Namibia or even Kenya and Ethiopia may require comparatively less
direct policy support for increased BEV adoption by 2030. In these
countries, private sector development of e-mobility business mod-
els for increased BEV adoption and charging such as battery swaps
(forexample, Ampersand, Powerhive) or pay-as-you-go (forexample,
Ecobodaa) is not only crucial for development of a home BEV mar-
ket, but already evident. Conversely, less-prepared countries such as
Sudan, Mauritania and the DRC may require greater policy supportto
ensure BEV availability through incentives (for example, subsidies,
import tax exemptions) and ICE disincentives (for example, fuel taxes,
phased-out sales or bans such as in Ethiopia). Alongside de-risking,
governments can adopt complementary measures such as targeted
subsidies, import duty exemptions, or carbon taxes or bans on ICE vehi-
cles. These policies should be cost-conscious—using caps or periodic
reviews—as BEV prices decline.Inthelonger term, policies such asICE
scrappage programmes or sales bans can support full fleet turnover.
Scrappage schemes paired with purchase subsidies may alsoimprove
equity by supporting lower-income buyers. Careful policy sequencing
and regular evaluation will be key to balancing adoption goals with
fiscal sustainability.

In particular, our analysis shows that policies that directly target
up-front vehicle costs—such as an increase in purchase subsidies or
a decrease in import duty exemptions, or financial de-risking instru-
ments (for example, guarantees)—are most effective in accelerating
domestic BEVadoption. To enhance fairness, limiting such incentives
to small four-wheelers rather than larger, higher-end models could
spur uptake among first-time buyers in lower- and middle-income
brackets. In the medium term, higher-level regulatory measures, for
example, planned bans on ICE vehicle sales, can serve as important
complements to these policies, and targeted incentives and investment
incharginginfrastructure will be critical to ensuring that the diffusion
of BEVs continues**°, On the charging-infrastructure side, countries
may adopt diverse approaches, with grid-based solutions suitable for
some urban areas and standalone solar systems more practicalin rural
settings, and perhaps in urban ones. Effectively implementing these
solutions would require careful planning®, particularly as infrastruc-
ture needs and energy demands vary across regions.

Finally, our results indicate that BEVs may become cost competi-
tive independent of policy or financial assistance well before 2040
acrossall countries and segments. For countries where climate policy
isnotatop development priority, areality for many economies in the
global south®*, waiting rather than taking early action on the BEV tran-
sition may be preferable as the global shift towards electrification will
naturally drive down BEV costs without requiring local intervention.
Further, transitioning to BEVs offers clear economic, environmental
and energy-system co-benefits for African societies which could be
reaped sooner by addressing BEV adoption barriers now. One potential
co-benefitis the development of alocal BEV manufacturing industry,
which would require targeted efforts to establish vehicle assembly
lines, integrate a sustainable supply chain and build a skilled work-
force. African policymakers couldincentivize this through tax breaks,
subsidies or low-interest financing. However, they must also recognize
the challenge of competing with low-cost Chinese manufacturing.
For African countries committed to climate goals, our results provide
strongjustification for setting more ambitious transport sector climate
targets for 2050.

Several futureresearch areas remain. Importantly, we note that the
exclusion of all cost distortions isamajor assumption that can affect the
competitiveness of BEVsin African markets. Our extended sensitivity
analysis (Supplementary Figs. 26-28) highlights the implications of
this assumption. In particular, the omission of vehicle import duties
represents a key limitation of our study, as such duties are known to
be high in several African countries, which can negatively impact the
BEV TCO. This underscores the need for future research to investi-
gate how policy-induced costs may affect BEV competitiveness on a
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country-specific basis. Next, the availability of BEV maintenance infra-
structure and technical expertise is not captured in our quantitative
model and requires further empirical research. Presently, most BEV
ownersinAfricarely ongrid-based charging, yet our analysis focuses on
solar off-grid system charging. To evaluate theimpact of grid electricity
prices on BEV TCO competitiveness, we conduct a sensitivity analysis
with BEVs charged directly from the grid (Supplementary Figs. 29—
31), to highlight that even high grid prices have minimal effects on
most vehicle segments, with the minibus segment being the notable
exception. Additionally, the second-hand vehicle market presents a
crucial area for further study. The emergence of a second-hand BEV
market—though currently absent—could transform affordability and
access, withbusinesses already developing strategies in preparation®.
Notwithstanding some concernand discussion around future resource
limits of BEV demand and subsequent production®, this dynamic
is only expected to grow as international export flows of used BEVs
increase (namely from China)*, warranting dedicated analysis. Indeed,
inthe near term, the continued inflow of cheap, used ICE vehicles may
delay the transition by undercutting BEV demand*’. Moreover, growing
regulatory pressure in manufacturing regions such as China and the
European Uniontoretainand recycle EVbatteries could limit the export
of used BEVs to Africa**?. How these dynamics will evolve remains
uncertainand requires further research. Lastly, societal co-benefits of
BEV adoption, such as the potential reduction of local air pollution, are
critical yet understudied aspects in the African context.

Methods

Total cost of ownership calculation

The TCO is a comparative lifetime cost metric widely employed by
transport modellers to assess technology competitiveness in both
the passenger and commercial vehicle segments*~*. Here we evalu-
ate passenger vehicle TCO for three technologies, in six application
segments, 52 African countries and three time horizons. We follow
the TCO methodology from Noll et al.*’, which builds on two other
studies®*,and adjust parameters to fit the context of our study.

RV, 1 <N OPEX,,
(CAPEXt’a,y - y;) X CRF + -, s

TCOyacy = AR

where TCO is the total cost of ownership per kilometre (US$ per km),
CAPEX isthe capital expenditure or initial purchase cost of the vehicle
and the SOG system (only for BEV-SOG) (US$), RVis the residual value
of the vehicle, OPEXis the operating expenditure or annual operating
cost of the vehicle and the SOG system (only for BEV-SOG) (US$), Nis
the lifetime of the vehicle (years) and AKT is the annual kilometres
travelled. For the discounting terms, CRF is the capital recovery factor
=31+ i)N)/((l + i)N —1),andiisthefinancing cost. The CRF represents
the factor used to annualize the vehicle CAPEX over its lifetime,
accounting for the financing cost and ensuring the total purchase cost
is distributed evenly across the vehicle’s operational years. Subscripts
t, a, cand y refer to the technology, application, country and year
dimensions, respectively.

Allmodelinput parameters, their dimensional dependence (tech-
nology, application, country), type of Monte Carlo simulation (proba-
bilistic or deterministic) and type of projection (dynamic or static) are
displayedin Supplementary Tables1and 2.

The CAPEX consists of the vehicle cost for all technologies and
the SOG component costs for the BEV-SOG technology only as in
equation (2).

CAPEX 4y = Vehicley,y +[SOG] gy 4 ¢y 2)

The vehicle CAPEX (in US$) is assumed to be the same across all
modelled African countries as we remove all taxes, fees and import

duties, reflecting the resource cost for vehicle production. Vehicle
CAPEX costs are dynamic in time and probabilistically determined.
Note that we do not include battery replacement over the lifetime of
the vehicle, owing to the fact that modern vehicle batteries are now
capable of at least 15 years of operational lifetime*®, The section on
vehicle CAPEX database and projections and Supplementary Table 3
provide further detail.

The SOG CAPEX consists of four hard-cost components, the solar
PV panel, inverter, stationary lithium-ion battery and balance of sys-
tem (BOS), and one soft-cost component, installation. Each hard-cost
component is sized to the application-specific use case in the SOG
sizing optimization model (details below). Costs for the solar PV panel
(inUS$ per kWp), theinverter (in US$ per kWp) and the BOS hardware
(US$ per system unit), current and projected, are sourced from the
Danish Energy Agency’s technology catalogue report on Technology
Data for Generation of Electricity and District Heating". For the sta-
tionary battery we use current and projected costs (in US$ per kWh)
based ondatafrom BloombergNEF’s (BNEF) automotive battery price
survey*®and use a150% cost multiplier given that stationary lithium-ion
battery packs deployed in electricity-sector applications are typi-
cally 50% above the reported cost for automotive packs®'. We project
lithium-ion battery pack costs using a 22% learning rate, calculating
future costs based on an own extrapolated demand scenario projec-
tion between BNEF’s base case ‘economic transition scenario’ (ETS)>
and their ‘green scenario’, which depicts optimistic growth of renew-
ableelectricity and green hydrogen®. This own extrapolated demand
projectionis therefore neither conservative nor optimistic but rather
assumes a medium future battery demand across all use applications
globally. Initial cumulative capacity of lithium-ion battery packs for
the base year 2025 is an own estimate based on data from BNEF*® and
Avicenne Energy®**°. Taking results from the SOG sizing optimization
model, we multiply unit cost for each of the SOG components by their
optimized capacity to calculate system capital expenditure. We also
include an installation cost, which is assumed a constant 25% of the
capital expenditure for all SOG components, based on discussions with
localservice providersin Ghana, Namibia and South Africaandrelevant
literature and sources** %, Additionally, we assume a 40% oversize
factor for all hard-cost components to account for potential extremes
indaily use cases. Overall, this gives a total cost for the SOG system of
US$400-550 for a 0.35 kWp solar + 0.825 kWh battery system for the
two-wheeler segment, US$2,500-3,500 for a2.5 kWp solar + 6.0 kWh
battery system for the four-wheeler segment and US$7,500-8,500 for
a7 kWpsolar +17 kWhbattery system for the minibus segmentin2025.
InSupplementary Note 1, we compare these cost ranges with real-world
quotations and market estimates, demonstrating that our assump-
tions are reasonable. An overview of SOG cost and system parameter
assumptionsis available in Supplementary Table 4.

Vehicle residual value is determined as the share of purchase price
(CAPEX) remaining after vehicle use over a certain distance. We use
vehicle depreciation percentages based on BNEF’s ‘vehicle total cost
of ownership model’** and fit these to an exponential function for all
case countries as in equation (3)

Y =a+ (o - ae b0 3

where yistheresidual value factor (in %), x is the total lifetime vehicle
mileage, aand b arefitting factors specific to each case countryand y,
and x, areinitial value factors. Because the depreciation percentages
from BNEF’s vehicle TCO model are applicable primarily for
four-wheelers, different fitting factors are determined for the
two-wheeler and minibus segments such that the vehicle maintains
between 8-10% residual value at the end of its operational lifetime.
Residual valuefitting factors are constant over time and deterministic.

The OPEX parameter includes the following components—fuel
costs (both fossil fuel and synthetic fuel), vehicle operation and
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maintenance (O&M) costs, insurance costs and SOG O&M costs (only
for BEV-SOG) as in equation (4).

OPEX,, = FuelCost,, + VehicleO&MCost;,
+InsuranceCost, , , + (SolarPVPanelO&MCost 4)

+Inverter&StationaryBatteryO&MCost)_gpy

For the undistorted fossil fuel cost (that is, absent all taxes and
duties), we follow the approach from Ross et al.*°, which involves select-
ingaglobalbenchmark cost, such asinternational spot prices for motor
fuels, to determine the unsubsidized fuel cost. Here we select conven-
tional refined gasoline at the New York harbour (in US$ per gallon) as
thebenchmark cost as reported by the US Energy Information Agency
(EIA)®'. Avolumetric conversion factor of 3.785 litre per gallon is used.
To introduce stochastic uncertainty, we establish a normal distribu-
tion taking the most recently available data, 2024 average conven-
tional refined gasoline (in US$ per litre), as the mean and the standard
deviationof three, three-year period averages before 2024 (2021-2023,
2018-2020, 2015-2018) as the standard deviation for the model base
year. Additionally, we assume a constant shipping and distribution mar-
gin of US$0.10 per litre on top of the benchmark, as the cost of bringing
refined gasoline to retailers®. Distribution costs are assumed to be con-
stantacross all African countries and constant over time. Future fossil
fuel costsare then derived based on unrefined crude oil cost projections
from the International Energy Agency’s (IEA) World Energy Outlook. We
assume anaverage crack spread of US$0.5 per gallon to convert the IEA
crude oil projections to the refined gasoline benchmark cost, based on
historical crack spread averages. For crude oil projection costs, we fol-
low the IEA’s stated policies scenario. Supplementary Table 5 provides
fossil fuel costs.

For synthetic fuel costs (in US$ per litre), we source minimum
selling price (MSP) data from the meta-analysis by Allgoewer et al.*?,
taking values from the ‘Chile near-term future scenario for 2030’ and
the ‘long-term future scenario for 2040’. For both scenarios, the MSP
range reflects a combination of the lowest and the highest possible
MSP by combining the different sources with respective projections.
We use this range to form a normal distribution, with the mean value
corresponding to the midpoint between the lowest and highest MSP
values. The MSP includes the transportation of fuel to the final loca-
tion®. Theinterest rate assumed for Chile was 4.6% (ref. 62). Synthetic
fuel costs are not differentiated by application or country of use.
Supplementary Table 5 provides synthetic fuel costs.

Vehicle O&M costs (in US$ per year) are sourced from ref. 47.
They are differentiated by application but not by country, are static
over time and probabilistically determined based on empirical data
fromref. 47 to construct a program evaluation and review technique
(PERT) distribution. ICE-Fos and ICE-Syn vehicles are assumed to have
the same annual O&M cost. Supplementary Table 6 provides vehicle
O&M costs.

SOG O&M costs are comprised of solar PV O&M costs (in US$ per
kWDp per year) and a combined inverter and stationary battery O&M
cost (in US$ per kWh per year) sourced fromref. 6. SOG O&M costs are
not differentiated by application or country, are static over time and
probabilistically determined using mode values sourced from ref. 6
andareassumed + 20% bound for the maximum and minimum values.
Supplementary Table 4 provides SOG O&M (OPEX) costs.

Energy consumption values (in I/km and kWh/km) are sourced
from the vehicle CAPEX database and thus averaged across a variety
of vehicle brands and models within each application segment. As
both the ICE and BEV technologies are projected to become more
energy efficientin the future, we assume a 0.5% and 1.5% annual effi-
ciency gain for ICE-Fos/Syn and BEV-SOG, respectively, congruent
with similar projections for vehicle efficiency gains from BNEF®. In
addition, we assume a wide probabilistic distribution (+ 25% bound

for the maximum and minimum values in the PERT distribution) to (1)
account for uncertainty in future energy consumption values and (2)
account for high variationin on-road conditions (that is, paved vs dirt
roads), terrains (flat vs mountainous) and use cases (that is, urban vs
rural). Supplementary Table 7 provides energy-consumption values.

Insurance costs areincluded as a percentage of the vehicle CAPEX
for each technology. Calculation of insurance premiums in Africa
vary across countries and depend upon anumber of contributing fac-
tors such asinitial value of the vehicle, resale value, risk profile of the
purchasing individual, location of driving and vehicle use (distance
travelled and type of use), among others. In South Africa and Nigeria
average insurance premiums range between 1.5% and 5%, in Kenya
between 3.5% and 7%, in Egypt and Morocco between 1% and 3%, in
Ethiopiabetween 2% and 4% andin Rwandaand Ghanabetween1%and
2%.Toaccount for this variance, we assume a PERT distribution with a
modeinsurance premium cost of 2.4% of the vehicle CAPEX and a max/
min insurance premium cost of 4% and 0.8%, respectively. To remain
consistent with the approach of our analysis, these percentagesinclude
the removal of all taxes and fees typically included in insurance pre-
miums such as value added tax (VAT) or other levies (assumed 20% of
quoted premium). Inanascent but expanding market for BEVsin Africa,
factors such asbattery replacement costs, alimited resale market and
restricted access to spare parts or qualified repair services have been
shown to further elevate insurance premiums®* . To account for these
factors, we apply a percentage markup to the BEV insurance cost as
compared to ICE vehicles. Specifically, we assume a 50% markup in
2025,25%in 2030 and no markup by 2040, as we expect the BEV mar-
ket toslowly stabilize, leading to equal insurance premiums across all
vehicle technologies in the final model year. Supplementary Table 8
provides vehicle insurance costs.

Vehicle lifetime (inyears) and annual kilometres travelled (AKT, in
km per year) are differentiated only by application segment. We assume
longer-than-global-average vehicle lifetimes toreflect the African use
case based onrefs. 39,67 but do not assume different lifetimes for the
different vehicle technologies. Vehicle lifetime is defined as the full
operational lifespan of the vehicle up to the point of scrappage—that
is, whenthe vehiclebecomesinoperable and isremoved fromservice.
This definition does not include extended second-hand use beyond
typical functional life. We assume different average vehicle lifetimes
by segment: 8 years for two-wheelers, 12 years for minibuses and 15
years for four-wheelers, each modelled using awide PERT distribution
around the mode. To assess the implications of longer-than-average
use, weinclude atargeted analysis in Supplementary Note 2, exploring
how extended lifetimes affect cost competitiveness between BEV-SOG
and ICE-Fos technologies (Supplementary Fig. 33).

To calculate annual kmtravelled, we assume daily driving distances
(inkm per day) for each application segment, constant across technolo-
gies in the same segment and years. This gives application-specific
values for annual km travelled on par with similar studies examining
passenger vehicle TCO in Africa'®"®, Supplementary Tables 9 and 10
provide vehicle lifetime and AKT values, respectively.

Definition of vehicle application segments

We define small two-wheelers as having up to 150 cubic centimeters
(cc) power (for example, Honda Elite 125, Bajaj Chetak) and medium
two-wheelers as having between 150 and 350 cc power (for example,
Bajaj Boxer 150, Zeehoev AE8). For the four-wheeler segment, we fol-
low the Euro Car Segment classification system: small four-wheelers
encompass the A-segment mini cars and B-segment small cars (for
example, Toyota Aygo, Renault Zoe); medium four-wheelers encom-
pass the C-segment medium cars (for example, VW Golf, BYD Seal);
large four-wheelers encompass the D-segment large cars and J-segment
sportutility cars (for example, Toyota Hylander, Toyota BZ4k). For the
minibus segment, we assume an 8-12-seat minibus for passenger travel
(for example, Toyota Quantum, Geely V5e).
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Vehicle CAPEX database and projections

For vehicle CAPEX, we gather extensive data on vehicle costs for
internal combustion engine and battery electric vehicle technologies
across all six application segments. Specifically, we collect manufac-
turer suggested retail prices for new battery electric vehicles between
the years 2019-2024 from over 40 different manufacturers in seven
regional automotive markets. Owing to Africa’s heavy reliance on
vehicle imports, we source vehicle costs from automakers in regions
currently exportingto the continent—suchasthe USA, Europe, Japan,
Koreaand India®’—and regions expected to increase exports, primarily
China®. In total, 151 combustion engine vehicle costs and 114 battery
electric vehicle costs were collected across application segments. All
costsare converted fromlisted currencyinthe selling regionto a base
currency (US$) using a ten-year average International Monetary Fund
(IMF) conversion rate. Vehicle cost distributions (mean and standard
deviation) are derived fromthe collected datafor each application seg-
ment and used as input parameters to the TCO Monte Carlo analysis.
Supplementary Table 3 provides vehicle CAPEX values.

Vehicle cost projections for BEVs are based on projected battery
costimprovements from BNEF out to 2040, assuming a mid-scenario
annual total battery demand as described in the section above. Build-
ing onthe vehicle cost projection methodology from BNEF and other
relevant models, we assume that BEV chassis and powertrain costs
remain constant over time, as they are not expected to undergo mean-
ingful cost reductions. Costs for ICE vehicles are assumed constant
over time.

Cost of financing assumptions

For financing cost assumptions, we follow the methodology from
Agutuetal.”*, who quantify the weighted average cost of capital (WACC)
for different electrification modes for all sub-Saharan African coun-
tries, taking into consideration additional risk factors such as equity
risk, small cap, illiquidity, sovereign risk and debt risk premiums that
more accurately represent the risk profile for energy-related invest-
mentsinsub-Saharan Africa. Thisis the most recent and comprehensive
study to differentiate financing costs for African countries, and though
itisapplied toinvestmentsinelectrification modes such as grid exten-
sions, mini-grids and standalone off-grid systems, we argue that similar
assumptions for financing costs of third-party owned automotive
vehicles would apply though with a few adjustments made to specific
risk parameters detailed in the following. The basic expression for the
WACCisgiveninequation (5).

E D
WACC = (V X Ke,c> + (V X Kd,c) (5)

Where WACC is the weighted average cost of capital (in %), K.;and Ky ;
arethe cost of equity and cost of debt, respectively, forinvestmentsin
a specific country c. £, D and V denote total equity, debt and capital
and the debt share equals % Agutu et al." further define the cost of
equity and cost of debt as in equation (6) and (7).

K¢ =rr+ CRp. +Dp (6)
Kqc = re+ERp, +Ip +SCp @)

Where r; is the risk-free rate based on the five-year US treasury bond
yield in 2019 (- 1.4%), CRp, represents the country-specific risk pre-
mium, Dp the corporate bond premium, ERp, the equity risk premium,
Ip the equity risk premium and SCp the small cap premium.

In the Agutu et al."* study, three financing scenarios are defined
illustrating possible financing options toreach100% electrificationin
sub-Saharan Africa under different combinations of public vs private
sector investment. This study applies the niche financing scenario to

three vehicle technologies in the passenger sector with asmall altera-
tion to the cost of equity for BEVs. The small cap premium accounts
for the higher-risk profiles of niche, off-grid companies with relatively
small market capitalizations compared to larger firms. Similarly, we
assume that retailers of BEVs may face a higher-risk premium, as BEVs
remainaniche product with large uncertainty surrounding their adop-
tion, infrastructure and availability. As such, BEVs exhibit a small cap
premium of 3.8% (as assumed by the ‘niche financing scenario’ of Agutu
et al.”) in 2025, though we reduce this premium to 1.9% in 2030 and
remove the premium by 2040, by which time BEVs would probably be
considered amature technology. For ICE-Fos and ICE-Syn vehicles, we
assume 0% small cap premium for all three model years, reflecting the
market maturity of combustion engine vehicles. We assume a constant
illiquidity premium of 3.6% for all three technologies in all countries
over time and a constant country-specific equity risk premium over
time. For the cost of debt, we assume a constant country-specific sov-
ereign risk premium over time (thatis no convergence) and a constant
debt premium of 1.2% for all countries over time as in ref. 14. Finally, we
assume adebt ratio of 50%.

For African countries not represented in the Agutu et al."* study,
we follow the same methodology presented by the authors to obtain all
WACC parameters, collecting necessary financial datafrom NYU Stern
and other established financial services companies and institutions
such as Moody’s, Wikiratings and Fitch where relevant.

Supplementary Tables 11 and 12 for calculated WACC values for
each vehicle technology in each country and model year. Note that
financing cost parameters for the SOG follow the assumed parameter
values for BEVs as described above.

Monte Carlo analysis

The Monte Carlo method is used to simulate uncertainty in the model
through repeated simulation of outputs with probabilistic inputs
that have defined stochastic distributions. The model runs 10,000
probabilistic TCO calculations for each vehicle technology in each
application, country and model year (Supplementary Table1provides
model dimensions). TCO parameters are either statically or dynami-
cally determined over time (Supplementary Table 2). Note that we do
not perform a Monte Carlo analysis for the SOG sizing optimization
model (below) butdo include uncertainty for the cost components of
the SOG as part of the TCO calculation.

Levelized cost of charging and SOG sizing optimization model
ToproduceFig. 3, we calculate the levelized cost of charging (LCOC)*’
for the SOG system. The sizing of the SOG is based on anonlinear opti-
mization, based on the hourly solar irradiation in each location. The
time-period T consists of allhours (¢) inayear thatis1- 8,760 hours. The
totalelectricenergy output of the PV panel £,, inaspecificlocationis cal-
culated asshowninequation (8). This valueis calculated as the product
ofthelocal solarirradiation-specificyield SY (kWh per kWp), that s, the
energy output of the solar PV system per unit of itsinstalled peak capac-
ity and the capacity of the PV panels C,, (kWp) and by accounting for the
systemloss R. Theinverter’s capacity C,, limits the maximum amount
oftransferable power atany pointin time ¢. The modelis formulated on
discrete timesteps t of duration A¢=1h. This means that P,, canonly be
maximum C,,,.

Epy (£) = min (SY(¢) X Cpy X (1= R), Gy X A\E) (8)

The battery of the SOG allows it to store energy when E,,(¢) is
higher thanthe electricity demand E,,nq(¢) by the vehiclesin that hour
and vice-versa provides power whenitislower. We assume a conserva-
tivebutrealisticdemand patternbased on ref. 70 where demand peaks
around 18:00, reflecting EV owners plugging in their vehicles after
returning home from work (Supplementary Fig. 32).
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The energy flow towards the battery at every hour ¢ is expressed
inequation (9).

Egar () = Epy (8) — Edemand () ()]

Eg.. (kWh) represents the energy flow towards the battery and
can be either positive or negative as this storage device can either be
charged or discharged at a certain point of time ¢. A cumulative vari-
able CEg, () represents the current energy stored in the battery and
operates as expressed in equation (10). If £,y is higher than £yqana(8),
the difference between these two, that s, surplus energy flow towards
the battery Eg,, (kWh), is added to the cumulative variable CE, (¢ - 1),
chargingthebattery asmuch as possible. Otherwise, CE,(t) discharges
to the extent necessary to meet the demand £ omana(£)-

CEgat () = CEpae (t — 1) + Epae(6) (10)

Both E,(¢) and CEg,(t) are subject to operational constraints.
Neither can be less than zero, Eg, () is further limited by the inverter
capacity C,,, and the battery energy CEg,(¢) is constrained by the bat-
tery capacity, Gy,

Another important parameter considered for the sizing of the
SOGisthereliability r, which we define as one minus the proportion of
unmetelectricenergy demand comparedto the total demanded energy
over the timeframe T assumed to be equivalent to one year. Hereby,
E\nmet demand () S @an important parameter representing the amount of
demanded electric energy, which cannot be supplied by the SOG. Equa-
tions (11) and (12), with rthat has to be higher thanr,,,,, set to be 90%.

Eunmet demand (t) =min (EPV (t) + EBat (t) - Edemand (t) s O) (11)

8,760
‘Eunmet demand (t) |
r=1- Y —tnnetdemarc_

(12)
t=1 Edemand (t)

The optimization aims to minimize the absolute cost of the SOG
system, solving for the capacity of the components, to satisfy con-
straints stated in equations (11) and (12). LCOC (US$,,, per kWh) of the
SOGis calculated asseenin equation (13), where the denominator is the
discounted sum of the energy supplied by the SOG duringits lifetime
to the specific vehicle segment.

T Ipy(®©Cpy+hiny (O)Ciny +1pat () CEpac + OMpy ()Cpy + OMiny. pac () CEpac
=0 (+ie)'

T Eso,supply(t)

=0 (1+4i)

LCOC =

13)

For the optimization SciPy’s optimization algorithm COBYLA
(constrained optimization by linear approximations) is used. i. is the
country-specific cost of capital (WACC). The outputs of the optimiza-
tion are the LCOC and capacities of the components C;y, G, and C,,.

Solarirradiation and geographical data

The dataset utilized in this study comprises a1° x 1° grid covering the
entire African continent, encompassing a total of 2,560 data points.
Each point is assigned to a country based on its geographic location.
Owing to the resolution of the grid, certain small or insular nations
such as Cabo Verde, Comoros, Equatorial Guinea (one additional point
toinclude Bioko), Mauritius, Sao Tomé & Principe, Seychellesand The
Gambialack any territorial representation. To address this limitation,
representative data points for these countries were manually selected
to ensure comprehensive coverage across all nations in Africa. Solar PV
specific output data were obtained using the Python-based ‘pvlib’ API”,
which leverages the Photovoltaic Geographic Information System of
the European Union (PVGIS). The data, derived from the ERA-5irradia-
tion database’?, were collected for the year 2019, assuming optimal

conditions such as no horizon shading and a free mounting location.
Calculations considered photovoltaic output per kWpinstalled capac-
ity, with no tracking system and no system losses included in the initial
model. The module orientation was set to optimal angles for both
azimuth and slope to maximize energy capture. Missing data points
fromPVGIS, in large part regarding coordinates near the equator, were
substituted with values obtained from renewables.ninja’>"*, which
reliesonthe MERRA-2 model and adheres to the same assumptions to
ensure consistency.

Maximum financing cost optimization

The ‘maximum’ financing cost is the cost of capital value for the
BEV-SOG technology in each model country, the four-wheeler
small-application segment and model year 2030 for which the TCO
break-even point between the two vehicle technologies, BEV-SOG and
ICE-Fos, is met. To identify the ‘maximum’ financing cost as depicted
in Fig. 5, we run a linear bisection optimization on the TCO Monte
Carlo model for the four-wheeler small-application segment in all
model countries in 2030 for the base parameter assumptions. The
convergence criterionis such that themean TCO for BEV-SOGis equal
tothe mean TCO for ICE-Fos in all 52 modelled countries. We assume a
convergence tolerance of US$0.001 per km, with 1,000 Monte Carlo
draws. The optimization converges within10-11iterations.

Technical implementation

The TCO Monte Carlo and SOG sizing optimization models are imple-
mented in Python, using an Excel spread sheet as the main user inter-
faceforinput data. The complete modelis provided as supplementary
material (Code availability statement). The maps representing TCO
comparison per country (for example, Fig. 2) are created with the
Cartopy package for Python and use open-source basemap data.

Life-cycle GHG emissions calculation
Toincorporate afuture-oriented perspective for life-cycle GHG emis-
sions, we modified the life-cycle background system for the life-cycle
assessment (LCA) using the Python-based tool premise (version 2.1.0)*.
In this study, premise extends the ecoinvent v3.10 database (system
model: ‘allocation, cut-off by classification’) and other datasets from
its own library into future scenarios based on projections from the
integrated assessment model REMIND. Specifically, two contrasting
scenarios were selected to represent a range within potential transi-
tion pathways: SSP2-RCP 2.6 (Representative Concentration Pathway
2.6), whichaimsto limit global temperaturerise to below 2 °Crelative
to pre-industrial levels, and SSP2-RCP 6, a no-policy-mitigation sce-
nario that projects temperature increases above 3.5 °C. By applying
these scenarios, we aim to capture a spectrum of carbon footprint
outcomes based on global warming potential for a time horizon of
100 years (GWP100), encompassing both ambitious climate mitiga-
tion and minimal-policy pathways. Characterization factors of indi-
vidual greenhouse gases represent global warming potentials for a
time horizon of 100 years (‘GWP100°). The characterization factors
of emissions were based on radiative forcing according to Intergov-
ernmental Panel on Climate Change (IPCC) 2021, baseline model” as
implemented in the Environmental Footprint 3.1 method developed
by the European Commission’.

Theentireoverview of life-cycleinventory datasets used inthis anal-
ysis with respective sources are available in Supplementary Tables 13
and 14. A summary of key variables and parameters is provided here.
The analysed SOG charging system comprises PV panels, abattery and
aninverter, all assumed to be sourced from global markets. Datasets
incorporate impacts from transportation to the consumer and losses
during processing. For the system’s batteries, we used the global market
dataset for lithium-ion battery cells with lithiumiron phosphate cath-
odesand graphite-based anodes. Inventory data for battery production
are primarily sourced fromref. 77.
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Life-cycle inventories for the production of small, medium and
large passenger cars are based on ref. 78, whereas inventories for the
production of two-wheelers were sourced from ref. 79. The produc-
tion of a minibus was approximated with that of a van retrieved from
ref. 78. The life-cycle carbon footprint of synthetic fuels was based
on production in Chile (assuming production in Sierra Gorda®’) with
electricity supply from open-ground photovoltaic. The dataset from
synthetic fuel production—including proton exchange membrane
electrolyses, low-temperature adsorption-direct air capture of CO,
and the Fischer-Tropsch synthesis process units—was obtained from
ref.80. The only change applied to the original dataset was the rescaling
of theimpact of open-ground PV electricity by a factor 0.78 retrieved
fromJRC Photovoltaic Geographical Information System® toreflect the
ratio of yearly electricity productions for tracking PV between Sierra
Gordaand Tabernas (location assumed for the production of synthetic
fuelsinthe original dataset). Furthermore, 81 kg CO,eq per tonne (ref.
62) were added for the transoceanic transport of synthetic fuels from
Sierra Gorda to the African continent. The resulting carbon footprint
of 1 metric t of synthetic fuels delivered to the African continent is
866-1,070 and 565-872 kg CO,eq, respectively, for 2030 and 2040,
with the range reflecting stringent (RCP 2.6) or modest global climate
policies (RCP 6). These values exclude the carbon uptake fromthe air.
The carbon footprint of the fossil fuel including delivery to final con-
sumer was assumed to be the one of global petrol from the ecoinvent
database v3.10. The combustion emissions of gasoline were assumed
tobe3.1kg CO,eq per kg of fuel burned®.

Life-cycle GHG abatement costs calculation

The life-cycle GHG abatement cost (GHGAC, US$ per tCO,eq) is
calculated as the difference between the TCO of the low-carbon
transport option (EVs or ICEs with synthetic fuels) and the TCO of
the fossil fuel option ICE-Fos divided by the difference between the
life-cycle GHG emissions (LCE) of the fossil transport option and
those of the low-carbon transport option, as shown in equation (14).
Combustion-related CO, emissions of synthetic fuels are neglected as
the same amount of CO, has been extracted from the atmosphere via
DAC for synfuel production.

(TCOt,y - TCOICE—Fos,y)
(LCEICE—Fos,y - LCEt,y)

GHGAC,; = (14)

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Thedatainputfiles for the analysis are availablein the article and Sup-
plementary Information. Source data are provided with this paper.

Code availability

The code needed to run the analysis is publicly available via Zenodo
at https://doi.org/10.5281/zenodo.15132262 (ref. 83). The Cartopy
package for Python, used to create the maps of results in Figs. 2 and
3 and figures in the Supplementary Information, is publicly available
for download from https://scitools.org.uk/cartopy and references
the Natural Earth data. Free vector and raster map data are available
atnaturalearthdata.com.
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