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The symbiosis between smart minigrids and electric mobility has the potential to improve
the cost and reliability of energy access for off-grid communities while providing low-
carbon transport services. This study explores the commercial viability of using electric
vehicles (EVs), recharged by solar minigrids, to provide transport services in off-grid
communities. Preliminary findings are presented from a field trial in The Gambia that aims to
assess the techno-economic feasibility of integrating sustainable energy and transport
infrastructures in sun-rich regions of the Global South. As a dispatchable anchor load, an
EV can improve the technical and economic performance of a minigrid by providing
demand-side response services. In the developing world, rural communities are often
among the poorest, and inadequate transport services remain a major barrier to wealth-
creation. Some solutions to this situation may be transferrable to island communities,
which share similar challenges in terms of access to energy and fuel. The first of its kind in
Africa, this field trial uses an electric minivan, operating from an off-grid village where it has
access to a minigrid whose 4.5 kWp of photovoltaic modules form the roof of a parking
shelter for the vehicle. While there, the taxi can recharge, ideally during sunny periods when
the photovoltaic array produces surplus power, thus allowing the EV’s battery to recharge
while bypassing the minigrid’s own accumulator. This improves system reliability and cost
effectiveness, while providing pollution-free energy for the taxi. Ultimately, the intention is to
test different vehicles in a variety of circumstances, but this paper outlines only the
preliminary findings of the first of these trials. Early results provide convincing new
evidence that commercial viability of such a concept is possible in Sub-Saharan Africa.
Some promising scenarios for commercial viability are identified, which warrant further
investigation, since they suggest that a taxi driver’s earnings could be increased between
250 and 1,300% in local operations, and even 20-fold in tourist markets, depending on
vehicle type, minigrid configuration and target market. It is hoped that these may
encourage the rollout of solar-recharged EVs where the nexus of sustainable energy
and transport systems are likely to make the greatest contribution to addressing the UN’s
Sustainable Development Goals, by helping to solve the trilemma of providing energy
security, social benefit and environmental sustainability in low-income countries.
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INTRODUCTION

Improving access to affordable and reliable energy supplies is
widely considered to be key to tackling the poverty trap across the
developing world and thus the United Nations Sustainable
Development Goal (SDG) Number 7, which is expressed as
ensuring “access to affordable, reliable, sustainable and modern
energy for all” (United Nations, 2015: p. 21). This challenge is
particularly acute in rural communities where national electricity
grids have not yet reached, or in many cases, may never be a viable
proposition. Here, off-grid electricity supplies are typically
provided through community-level minigrids, stand-alone
household systems, or even on a per-device basis.

In an effort to alleviate poverty in the Global South, there is a
growing emphasis on providing electricity for “productive uses”
that create income (Peters et al., 2011; Mayer-Tasch et al., 2013).
However, it is becoming evident that, while an electricity supply
may indeed improve the productivity of micro-businesses in rural
communities, earning more income is difficult if the extra goods
produced cannot be transported to market (Pueyo and Hanna,
2015). Often, the limit of product sales is determined by the
amount of goods that can be carried by one person to the nearest
market, rather than the amount that can be produced back at
home (Starkey et al., 2002). Thus, income growth in rural
communities also depends on the transportation of more
product to wider markets (Afukaar et al., 2019). Indeed, there
is growing evidence that the lack of access to markets can
undermine any benefit from increased productivity and can be
counterproductive when a higher energy bill is not offset by
increased earnings (Pueyo and Hanna, 2015). Unless money
comes into the village from outside, there is no net gain to the
community, because increased production does not necessarily
bring more sales in a very limited market. In a small, relatively
isolated community, if one producer of a certain product were to
increase productivity thanks to having access to electricity, while
another producer of the same goods does not, the competitive
advantage of the first can be disruptive to the community because
one family thrives while another is plunged deeper into poverty.
Conversely, it can make a business unprofitable, by introducing
the extra expense of an electricity bill, without necessarily
recouping it through additional sales. Access to a market
beyond the village, therefore, means that extra productivity
can bring additional income into the community, both to the
producer of the goods and to the local businesses where he or she
spends the extra money earned.

What is particularly innovative about the subject of this study,
known as the Solar Taxi project, is that it tests the viability of
using electric vehicles (EVs) that are recharged entirely from
solar-powered minigrids, for providing transport services. In
doing so, it integrates solutions to both electricity access and
transport provision into one holistic solution (Mathiesen et al.,
2015) by exploiting the symbiosis between a flexible “anchor
load” and a minigrid, such that the former provides load-
balancing services to the latter.

Extensive research has been carried out on the use of
renewable-powered minigrids across the Global South and
their potential for alleviating poverty and improving quality of

life (Bhattacharyya, 2014; Sakiliba et al., 2015; Baurzhan and
Jenkins, 2016). At the same time, the emergence of a significant
and rapidly growing EV market (International Energy Agency,
2020) has been underpinned by a vast body of research, as
described by (Kumar and Revankar, 2017). However, its focus
has generally been on the use of EVs in industrialized economies
of Europe, North America and Japan (Poullikkas, 2015), plus
China (Wang et al., 2017)—the world’s biggest producer of
EVs–and increasingly, India (Mohanty and Kotak, 2017). As
summarized by (Richardson, 2013; Daina et al., 2017), much
research has addressed the effects that EV recharging has on
electricity networks and especially how it can be optimized for
demand response services in support of “smart grid” operations.
The potential for recharging EVs with solar energy has recently
been garnering interest, with several theoretical studies
undertaken (Bhatti et al., 2016; García and Jeffrey, 2017), but
only a few systems actually implemented, predominantly in the
United States (Goldin et al., 2014; Mueller and Mueller, 2014).
Having an abundant solar resource, Africa is a good region to
consider for solar recharging, as shown by Buresh et al. (2020),
but research on EVs and, in particular, the solar recharging of
them, has been limited to small field trials on grid-connected
urban systems run by the eMobility Technology Innovation
Programme at the Nelson Mandela University in South Africa
(uYilo, 2020).

The Solar Taxi pilot is therefore a novel demonstration of the
intersection of various fields of research to create an integrated
PV-to-EV system and presents a ground-breaking and widely-
applicable mode of operation that has the potential to be
transformative for many communities, especially in some of
the poorest regions of the world. It is unique in demonstrating
the feasibility of the recharging of EVs from a stand-alone solar
minigrid in an off-grid community. The field trial provides a
platform for techno-economic and social science research. With
the anticipated introduction of remote digital data acquisition
capabilities to both vehicle and minigrid in 2021, the ability to
capture accurate high-resolution empirical data in real-world
operations will enable analysis of technical factors such as
energy efficiency, reliability and functional utility, as well as
economic aspects, in a range of settings.

There are two major reasons why a flexible, or “dispatchable,”
anchor load can be helpful to a minigrid. Firstly, the paltry
income obtainable from small domestic electrical loads is not
enough to make the building and operation of a minigrid
financially viable, so the presence of at least one substantial
commercial load is usually required to justify the minigrid’s
existence. Such a load is classed as an anchor load, because it
is the one that secures the financial sustainability of the minigrid
(Robert et al., 2018). Secondly, the “dispatchability” of
demand–especially the larger “productive use” loads–is an
important characteristic. This is the ability for the load to be
adjusted to match the availability of power at any given time. In
conventional energy systems, this was not an issue, because
variations in demand could easily be matched by adjusting
generator output through regulation of fuel input. Hence, we
have become accustomed to energy supplies being highly
dispatchable because fossil fuels have been such a convenient
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energy store. However, there is a growing need to shift some
dispatchability to the demand side of energy systems, due to the
inherent lack of dispatchability in most low-carbon energy
sources (Zhang et al., 2013; Mesarić and Krajcar, 2015).
Efforts to reduce fossil fuel use, for environmental, health and
economic reasons, has led to an increasing reliance upon
renewable energy generators, such as photovoltaics (PV), wind
and micro-hydro power, including for powering minigrids
(Sandwell et al., 2017; Moner-Girona et al., 2018). It is
therefore beneficial to have demand loads that can be time-
shifted to periods when PV, wind or hydro power is available,
otherwise the balancing of supply and demand on the minigrid
necessitates a substantial energy storage facility. Batteries can
provide this, but are expensive, temperamental, short-lived and
often of poor quality and improperly managed or maintained,
which frequently leads to the failure of minigrids (Crossland et al.,
2015). Dispatchable loads can significantly reduce the reliance on
batteries, by effectively bypassing them, and thus lengthening
their service life, improving the reliability of the minigrid and
lowering the cost of the whole system. Such techniques were
developed and tested, for example, in the ESCoBox project, which
introduced demand-side response (DSR) techniques into
minigrids in the Global South (Harper, 2013; Gammon et al.,
2016).

The range of dispatchable demand loads is relatively limited
and typically requires the storage of energy or materials to make it
possible. Examples include water pumping (where a water tank
stores the potential energy of the water), heating or cooling
(where thermal energy may be stored through high levels of
insulation), or drying, food processing, goods fabrication (where
storage of feedstock or product allows the time-shifting of process
energy consumption). An EV, having a large onboard energy
store, is an ideal facilitator of DSR functionality as long as the
scheduling of journeys does not clash with the timing of
recharging that harmonizes with renewable energy capture. In
situations where this can be successfully coordinated, it has the
potential to provide a pollution-free, convenient taxi service to
the community, thus fulfilling the beneficial role of being a
sizable, commercial, dispatchable anchor load for a renewable-
powered minigrid. The Solar Taxi pilot scheme therefore seeks to
determine whether an EV recharged from a solar-powered
minigrid could provide low-cost mobility services to facilitate
the influx of money into the community and, if so, whether a
commercial model can be built around this combined mobility
provision and minigrid support service to create a viable,
sustainable business.

Besides the features of an EV that relate specifically to the
aforementioned situation, there are a number of other more
general advantages of EVs. Firstly, they do not use fossil fuels,
so emit no greenhouse gases or particulates and their drivers are
not vulnerable to oil price volatility. Secondly, having fewer
moving parts than internal combustion engine vehicles
(ICEVs), they are cheaper and easier to maintain and repair
and, when the batteries eventually degrade to levels no longer
suitable for motive power, they can be repurposed for stationary
applications such as being used as a minigrid battery (Jiao and
Evans, 2016). Thirdly, the electric drive-train of an EV offers new

levels of flexibility in design and application with particular
opportunities for the Developing World, where their torque
characteristics are well suited to coping with challenging road
conditions, their potential as mobile energy supplies may be of
particular advantage, and, being able to recharge from any
electrical source, they are liberated from the struggle to find
an out-of-town refuelling station.

Although recharging with renewable electricity might seem to
utilize free energy from sun, wind, or water, in reality, a tariff
must be charged to recover the modest operational costs and
comparatively high capital costs of a renewable-based electricity
supply. This tariff, however, may be used to incentivize smart
recharging, such that it is set at a low price when the renewables
are generating enough power to support charging while
bypassing the stationary battery, and a high price is charged
when it is not. Employing such price structures, a minigrid
operator can obtain income from energy that might otherwise
be lost and increase both the operational and financial efficiency
of the system. At the same time, the EV driver can get a
discounted energy price if they choose carefully when they
recharge. On the other hand, they still have the choice to pay
a premium if they want to recharge at high-tariff periods. An
enticing prospect for the longer term is the potential for an EV
to provide vehicle-to-grid (or “V2G”) services in which the
vehicle’s onboard battery can be used to store energy that can be
fed back to the grid if and when needed. Such systems are not yet
widely available but are currently being tested in a number of
pilot projects (V2G Hub, 2020).

The nascent EV market is growing rapidly across the world,
with a burgeoning variety of models on offer from OEMs and
niche manufacturers. Although few, if any, existing models are
well suited to the demands of driving in the Global South, the
simplicity and flexibility of EV design options opens up the
possibility for indigenous vehicle development and
manufacture of vehicles more suited to conditions there. This
might be a significant opportunity for emergence of a new
automotive industry in areas of the Global South that have so
far been locked out of the automotive market. The key to
unleashing this potential will be cost, and the rapid
development of automotive battery technologies holds out the
promise that this barrier can be overcome. In the meantime, the
mode of operation proposed in the Solar Taxi project is being
explored as a possible early point of entry into the EV market for
the Global South and, in particular, for Africa (Anyanzwa, 2019;
uYilo, 2020).

Efforts to eradicate poverty and improve energy access in the
Global South often fail where only one facet, such as the purely
technical, has been addressed, without consideration of the social
context in which it is implemented (Crossland et al., 2015;
Gollwitzer et al., 2018). There are numerous examples of failed
initiatives and undelivered promises resulting from fragmented
and piecemeal approaches to international development that
typically offer technical solutions without adequate reference
to the social, cultural and behavioral aspects of people’s
interactions with the technology (Touboulic and Ejodame,
2016). To avoid repeating such mistakes, the Solar Taxi
project incorporates social science alongside engineering
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practices in an effort to produce socially and economically, as well
as technically, viable solutions.

The Solar Taxi project aims to test the idea that using electric
vehicles in the developing world would bring a number of benefits
to poor communities, chief of which are economic growth and
improved quality of life. Specifically, the anticipated benefits
include:

• Increased access to markets for locally produced goods and
services,

• Greater opportunity for entrepreneurial enterprises,
• Better access to health and education facilities,
• Reduced greenhouse gas and particulate emissions (with

associated health benefits),
• Enhanced freedoms and opportunities for women and girls,
• Protection from volatile fuel prices and supply limitations,
• Improved technical and economic performance of

community energy networks.

METHODOLOGY

Amultidisciplinary approach has been taken to the gathering and
analysis of data in this field trial such that technical, economic
and social/behavioral aspects can be integrated. Hence, a whole-
system mixed-methods approach was deemed necessary to this
project if it is to result in meaningful positive outcomes and
impacts.

The vehicle being used for this initial pilot of the Solar Taxi
concept is a Nissan e-NV200 Evalia fully electric five-seater
minivan. It features a 24 kWh capacity battery and an 81 kW
tractionmotor that drives the front wheels, a top speed of 123 km/
h (76 mph) and a claimed range of 170 km (105.63 miles),
although the actual range in real-world conditions is more
likely to be around 120–140 km (75–87 miles), depending on
load, driving style, topography, etc. The 4.56 m long vehicle has a
curb weight of 1,641 kg and gross weight of 2,220 kg, with cargo
space of up 2.9 m³ with the three back seats removed. Figure 1
shows the Solar Taxi in operation in The Gambia.

A number of other electric vehicle options were explored for
suitability to this research exercise, including small and mid-
range hatchbacks, a two-seater quadricycle and a three-wheeled
autorickshaw, as modeled, e.g., by Bokopane et al. (2015). The
quadricycle and autorickshaw both benefitted from being
lightweight, which allows more traveling range for a given
amount of energy input, but their load-carrying capacities and
limited speed would restrict the range of markets they could serve.
At the other end of the scale, the minivan has the advantage of
being highly adaptable for the carrying of passengers and/or
cargo, which enables it to be used in the testing of a variety of
potential operational regimes. Shipping restrictions on certain
vehicles, plus budgetary constraints also favored the e-NV200,
which, on this occasion, was made available to the project at a
highly-discounted nominal price.

Figure 2 illustrates how quickly the vehicle can be fully
recharged after each day’s shift using a variety of standard
charging rates. To recharge the vehicle from any 13 A 230 V

socket, a “Mode 2” cable with a protection device, as shown in
Figure 3, is needed since a 13 A circuit is only designed to
accommodate that current over a period of a few minutes, e.g.,
when boiling a kettle, but is not able to operate at that level for
several hours, as may be the case when recharging an EV. Thus, the
control box on the cable (Figure 3) limits the charging current to
10 A to reduce the risk of overheating any wiring. Hence, the
slowest standard charging rate for an EV is 10 A, which is currently
the case for the Solar Taxi. To charge at 13, 16, or 32 A, a special
recharging power outlet and cable is required, plus the installation
of suitable wiring from the building’s main consumer distribution
unit. In the case of a PV-powered minigrid, it also requires an
inverter of higher AC output capacity, since a 10 A recharging rate
equates to 2.3 kW, 13 A draws 2.99 kW and a 32 A recharger uses
7.36 kW. It is clear from Figure 2 that the rate at which the EV is
recharged has a dramatic effect on the practicality of fitting a full
recharge into the short period of high insolation during the middle
of the day, and the ability for the taxi to quickly get back onto the
streets to earn more money.

The minigrid from which the Solar Taxi is recharged each day
(as the weather allows) is powered by a 4.5 kWp array of PV
panels that form part of the roof of a car port where the vehicle is
parked while not in use (Figure 4). Aside from the recharging of
the Solar Taxi, which is its main anchor load, the minigrid
supplies the electricity needed to run the Global Hands
Community Development Hub in the off-grid village of
Manduar, which is situated approximately 3 km (two miles)
from the local market town of Brikama in The Gambia (see
map in Figure 5). Other loads on the minigrid include lighting,
refrigeration, laptops, phone charging, cooling fans, and
occasionally power tool recharging, a sound system or small
cooker. Figure 6 shows a schematic of the minigrid system. A
separate PV system is used to pump water for the site from a
borehole. As a focus for community activity in the village, just off
the main road to Brikama, the Hub is an excellent location for
basing the Solar Taxi.

FIGURE 1 | The Solar Taxi in operation between Manduar village and the
market town of Brikama in The Gambia.
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As the Solar Taxi field trial was established with the support
of donors who provided the vehicle and the PV modules
essentially free of charge, the analysis of the current situation
as it stands provides results that would be unrepresentative of
normal economic reality. Nevertheless, this case is presented as
a comparison with other more realistic scenarios and is the
foundation upon which those scenarios are built. In all the
scenarios analyzed, the capital expenditure (CAPEX) and
operational expenditure (OPEX) of setting up and running
the taxi service, with PV-only recharging, is used.
Anticipated incomes are derived from the data obtained in
the initial focus group meeting, plus the daily reporting from
the field trial. Along with a range of electric taxi scenarios, the
current situation with conventional internal combustion engine
vehicles (ICEVs) is assessed for comparison, so that it is clear
what the EVs must compete with in the taxi market. To assist in
defining the scenarios, the ESCoBox decision Support Tool
(DST) was used. This open-source software can be
downloaded from (ESCoBox, 2017). This tool was originally
developed to assist in the design and management of
renewables-based minigrids, using incentivization through
time of use (TOU) tariffs to encourage consumers to shift
demand away from the hours of darkness to periods of high
solar insolation to reduce costs and improve the reliability of
minigrid systems. In this study, it was used to find the lowest-
cost option for creating a solar-recharged taxi service in a range
of scenarios and for optimizing the recharging schedule, which
in turn dictates the taxi’s operational routine (see example
screenshot in Figure 7).

The settings used in this analysis were fairly conservative to
ensure some headroom in development of the business case for each

FIGURE 2 | Comparison of recharging time needed to fully refill the battery following each day’s shift using different charging rates.

FIGURE 3 | This Mode 2 cable has a protection device that allows an
EV to be safely charged from a standard 13 Amp socket
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FIGURE 4 | The Solar Taxi recharging from the minigrid at Manduar that is powered by a 4.5 kW PV array that forms part of the roof of its car port (Source:
Gammon, 2019).

FIGURE 5 |Map showing the location of Brikama in The Gambia, West Africa (By courtesy of Encyclopædia Britannica, Inc., copyright 2009; used with permission).
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scenario. This means that the cloud cover parameter was set slightly
pessimistically and the date chosen was in the rainy season, so that
the technical design covered the worst-case scenario for energy
capture. The intention of this preliminary study is not to provide an

accurate economic analysis or in-depth feasibility study. Instead, it
is an outline assessment to ascertain which options deserve further
detailed investigation on the potential for development and
optimization of a full business case.

FIGURE 6 | Schematic of the solar powered minigrid at the Global Hands Community Development Hub where the Solar Taxi is recharged.

FIGURE 7 | Screenshot of 10 A solar recharging scenario from the ESCoBox decision support tool.
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This pilot scheme benefitted from donations of the major
components at negligible cost, so the results displayed inTable 1
reflect this current situation. However, all the other financial
analysis undertaken for this study fully incorporates the cost of
the donated items as if they were purchased at current market
prices. References are provided in Table 2 for the sources of
pricing information for each component. Thus, the CAPEX for
the PV system is the sum of the cost of the PV modules, the
inverter-charger (or just a charge controller, in the case of DC
charging), the main battery accumulator, wiring and other
minor electrical components, plus the cost of installation.
Since operation and maintenance (O and M) costs for the
PV system are negligible, the OPEX for it is essentially the
annual cost of repaying any loan on its procurement and
installation.

The electricity cost, in Gambian Dalasi (GMD) per kWh, is
calculated as the tariff required to pay off the CAPEX of the
system over 36 months, based on daily energy consumption
patterns recorded in the taxi operations.

For the EV, CAPEX is taken as the cost of buying the vehicle
and shipping it to The Gambia (including import tax), while the
OPEX is the cost of electricity to recharge it, maintenance costs
and taxi operator’s license fee. In the case of the ICEV equivalent,
the calculations are similar except that cost of repaying the loan is
substituted with that of renting the vehicle from the owner as it is
common practice for drivers rent their taxi from a third party. We
have therefore assumed the usual rates for this when calculating
the OPEX for a conventional ICEV taxi.

In all cases, loans are assumed to be repaid over 36 months
with an exchange rate of 3.1% APR, which is a typical
United Kingdom rate. The Gambian base lending rate of 12%
is considered too demanding for most of the scenarios analyzed in
this study, so an assumption is made that a sensible commercial
strategy would be for the operation to be run through a United
Kingdom-based parent company that could obtain financing at
more favourable rates, while at the same time delivering jobs and
capacity-building in The Gambia.

The drivers’ income is obtained entirely from taxi fares and,
for simplicity, it is assumed that there are on average three
passengers per journey (four leaving Brikama, one, two, three,
or four going to Brikama for part or all of the journey). Tariffs are
as indicated during the focus group meeting of local taxi drivers.
Tourist rates tend to be considerably higher and are fairly
variable, but the rates included in this assessment are at the
very conservative (low) end of the range.

The results in Table 1 reflect the current situation, which is the
only case in which equipment donations affect the results. In
Tables 3, 4, these donations are ignored and current market
prices are assumed for these items instead so as to provide a more
realistic comparison.

Ahead of the technical trial of the Solar Taxi service,
investigations were carried out to try to ascertain the
potential viability of the system from the taxi drivers’ point
of view, as they are the stakeholders most qualified to assess it.
With an intimate knowledge of the local taxi market, the
customer base and the practical aspects for providing the
service, their experience would be invaluable in exploring the
possibilities for employing this method of delivering an
environmentally and commercially sustainable taxi business.
Hence, on the July 2, 2017, a focus group was convened with five
participants who all had several years’ experience as taxi drivers
in the immediate locality. In the 2-h semi-structured discussion,
the technical, economic and social aspects of the proposed Solar
Taxi concept were explored and critically assessed by the taxi
drivers. The main findings of this meeting, which are outlined in
the Results section of this paper, provided the confidence to
proceed to the technical trial and also helped to shape its
implementation.

Technical trials of the Solar Taxi commenced a year later when
the solar minigrid at the Manduar Community Development
Hub was upgraded with the installation of a larger (5 kV A)
inverter and the of construction of a car port with a 7.5 kWp solar
roof, of which 4.5 kWp is connected to the solar minigrid that
serves the EV charging and other loads at the Hub. The vehicle
had been procured in the intervening year after the focus group
meeting with the taxi drivers, and was shipped from the
United Kingdom to The Gambia in time for the launch of the
Solar Taxi service on the July 3, 2018. A local taxi driver was
recruited to operate the service and to report on the distance
traveled, fares collected and timing of working shifts for each day
of operation. Approximate recharging times were deduced from
this data and the incomes calculated on a temporal (per hour) and
spatial (per km) basis. Days where recharging was not possible,
due to extensive cloud cover, were also noted.

During the technical trial, the driver of the Solar Taxi recorded
data for 71 days, spread across a 3-week period in August and
September 2018 (toward the end of the rainy season), the whole of
November and December 2018, plus a week in early February
2019 (in the dry season), followed by 11 days spanning the last
week in 2019 and first few days of 2020. All except two (sample

TABLE 1 | Financial summary of current operating conditions for the Solar Taxi and a typical conventional taxi in the Brikama area of The Gambia.

Vehicle Energy cost Taxi fare Annual
income

OPEX Salary/profit

Type Model Electricity,
GMD/kWh

Petrol,
GMD/
liter

GMD pp/km £
pp/
km

£ £ GMD £

EV 5-Seater minivan Nissan e-NV200 26.92 N/A 3.33 0.05 3,607 2,118 94,241 1,489
ICEV Saloon car C-class mercedes N/A 51.00 3.33 0.05 6,655 6,058 37,785 597
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TABLE 2 | Key assumptions used in techno-economic analysis.

PV system Unit cost
(£)

Power (kW) Nominal Voltage
(V)

References Comments

PV module 125 310 24 Voltacon (2020) —

Inverter-charger 4,758 15 48 Battery Megastore (2019a) Uprated for 40°C operation
3,114 5 48 Battery Megastore (2019b) Uprated for 40°C operation
1,126 3 48 Battery Megastore (2019c) Uprated for 40°C operation

Charge controller 622 3.44 48 Battery Megastore (2019d) Additional charge controller needed for 11 kW PV system
163 1.16 48 CCL Components (2019a) Alternative to inverter-charger in DC-only system

Unit cost
(£)

Capacity (Ah) Nominal voltage
(V)

References Comments

Battery (lead acid GEL) 55 33 12 BatteryMasters (2016) ×4 for 1.58 kWh battery pack
170 60 12 CCL Components (2019b) ×4 for 2.88 kWh battery pack
278 110 12 CCL Components (2019c) ×4 for 5.28 kWh battery pack

EVs Unit cost
(£)

Battery capacity
(kWh)

Nominal range
(km)

References Comments

e-NV200 14,795 24 170 AutoScout24 (2020a) Second-hand
Leaf 8,703 24 170 AutoScout24 (2020b) Second-hand
Zoe 7,833 23 130 AutoScout24 (2020c) Second-hand
Cargo bike 3,561 3.6 84 Zhengzhou Known Imp (2020) Price incl. two onboard batteries
Tuk-tuk 1,677 722 100 Siristar (2020) —

Motorbike 2,999 1.8 80 Urban eBikes (2020) Price incl. 2 × 1.8 kWh Li-ion batteries for battery swap

ICEVs Unit cost
(£)

Fuel efficiency
(l/100 km)

CO2 emissions
(mg/km)

References Comments

Mercedes C-class 2,370 10.69 560 CarGambia (2020) Second-hand
Cargo bike 735 4.3 225 Kavaki (2020)
Tuk-tuk 1,198 4.3 225 Yinjian (2020)
Motorbike 1,000 2.8 147 Used Bike UK (2020) Second-hand
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TABLE 3 | EV configurations that are commercially viable for local customers.

Electric vehicles PV system configuration Taxi service (LOCAL customers)

Type Model PV Inverter Battery Charge
rate

Electricity
tariff

PV system
operator’s profit

Taxi fare Annual
income

OPEX
(inc.
loan)

Taxi driver’s salary/
profit

kWp kW kWh Amps GMD/kWh GMD £ GMD
pp/km

£
pp/
km

£ £ GMD £

Car
Leaf 11 15 1.6 32 45 13,354 211 5.50 0.09 7,970 7,214 47,848 756
Zoe 11 15 1.6 32 45 13,354 211 5.10 0.08 7,535 6,911 39,494 624
Cargo bike 3 N/A 1.6 DC 100 13,291 210 3.33 0.05 4,007 2,813 75,570 1,194

3 3 1.6 10 110 10,316 163 3.33 0.05 4,007 2,942 67,405 1,065
Tuk-tuk 5 N/A 1.6 DC 60 13,038 206 3.33 0.05 4,771 2,415 149,114 2,356

5 5 1.6 10 95 15,127 239 3.33 0.05 4,771 3,317 92,025 1,454
Motor-bike 3 3 1.6 13 10 Normal elec.

customer, not
anchor load

3.33 0.05 1,919 1,310 38,544 609

TABLE 4 | EV configurations that are commercially viable for tourists.

Electric vehicles PV system configuration Taxi service (TOURIST customers)

Type Model PV Inverter Battery Charge
rate

Electricity
tariff

PV system operator’s profit Taxi fare Annual
income

OPEX
(inc.
loan)

Taxi driver’s salary/profit

kWp kW kWh Amps GMD/kWh GMD £ GMD pp/km £
pp/km

£ £ GMD £

Minivan
e-NV200 11 15 1.6 32 80 203,608 3,217 16.00 0.25 23,185 12,410 681,962 10,775
Car Leaf 11 15 1.6 32 80 203,608 3,217 12.00 0.19 17,389 10,220 453,734 7,169

Zoe 11 15 1.6 32 80 203,608 3,217 12.00 0.19 17,389 9,917 472,911 7,472
Tuk-tuk 5 N/A 1.6 DC 60 13,038 206 3.33 0.05 4,771 2,415 149,114 2,356

5 5 1.6 10 95 15,127 239 3.33 0.05 4,771 3,317 92,025 1,454
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day numbers five and seven) were carried out as a single shift and
most started in late afternoon/early evening and lasted, typically,
from 4 to 6 h each. The start time, finish time, fare takings and
distance traveled were recorded for each shift. The number of
days sampled is modest and more robust data would be obtained
from a larger sample size. However, the practicalities of the
situation, predominantly relating to personnel issues and
financial constraints, limited the scope of this initial pilot.
Plans to improve on this in future, including the use of
remote digital data collection techniques, which would, among
other benefits such as improved accuracy and the recording of
more parameters, be of particular value in allowing a meaningful
energy efficiency analysis of the system to be carried out.

RESULTS

The initial data-gathering exercise of the focus group with five
local taxi drivers revealed the following key points.

• 50–60% of the drivers’ income from taxi fares is spent on
paying for fuel. This was later corroborated with the help of
online sources (Numbeo, 2020).

• The vehicles require regular (sometimes weekly)
maintenance, due to the age and condition of the
vehicles and the demanding conditions (long hours, poor
roads) they must endure. Typically, taxis in The Gambia are
old vehicles, imported second-hand from Europe and, since
arriving in the country, have driven hundreds of thousands
of kilometres and have had their engines (and other major
components) replaced several times over.

• As this particular group of drivers was representative of a
large cohort of local taxi operators working between the
village of Manduar and the local market town of
Brikama, most of their journeys were shuttling
between these two locations that are 3 km apart, so the
majority of journeys only last 10 min. Typically, a driver
will wait until the taxi is full (with four passengers) before
setting off from Brikama. However, traveling in the
opposite direction, they could start off with as few as
one passenger, but would be highly likely to pick up
others on the way, often ending up with a full car by the
time they have arrived in Brikama. Thus, it would be a
reasonable assumption that the average passenger load
would be three people.

• The fare to travel by taxi between these two locations is 10
GMD, equivalent to £0.25 in UK currency (GBP), which
works out at 3.33 GMD per person, per kilometre. A taxi
driver’s take-home pay in the Brikama area is around
30,000–36,000 GMD per year. Income can be significantly
more than this in the main tourist and commercial areas of
The Gambia, where, as an article in the local press would
suggest (Secka, 2019), around 90,000 GMD is more typical.

• There is a predictable lull in demand for taxi services during
the middle of the day, i.e., between morning and evening
rush hours. This, of course, provides a suitable opportunity
for recharging an EV from PV-derived electricity while the

resource is at its most abundant and with minimal need for
energy storage in another (off-board/stationary) battery.

• Many taxi drivers do not own their vehicle, but rent it from
the owner for around 400–500 GMD per day, depending on
its condition. Some are salaried and tasked with bringing in
about 500 GMD a day.

• It was also noted that driving an EV, especially in heavy
urban traffic, would be less physically demanding for the
taxi drivers, since there are no gears or clutch pedal.

• The drivers believed, too, that the novelty of riding in a fully
electric taxi that uses no fuel and is powered by the sun
might mean that customers may be willing to pay a
premium for the Solar Taxi service. This, however, was
not put to the test during the trial as standard fares were
charged throughout.

Figure 8 shows the time for which the Solar Taxi was
operating and the distance it covered each day of the trial. It
also indicates the rated range (as specified by the manufacturer)
and the more meaningful “real-world” range that is typically
experienced in use. The two large distance values arise from the
driver carrying out a double shift with a recharge in between on
days 5 and 7.

In Figure 9, the earning efficiency is expressed in terms of
income per hour and per kilometre for each day in the local
currency of the Gambian Dalasi. Currently, a Gambian Dalasi
(GMD) is equivalent to £0.0158 (GBP), or $0.0198 (USD). It is
evident from this graph that the double shifts in day 5 and
particularly day 7 were not a good strategy in terms of earnings
per hour or per kilometre, and this is why the driver decided
against repeating the experience over the rest of the trial.

No distinction was made between weekdays and weekends
because there is little difference in working routine over the
weekly cycle. The mean rate of earnings across the Solar Taxi trial
was 131.31 GMD per hour and 5.61 GMD per kilometre. It is not
clear, however, how many passengers were traveling at any given
time, as it would be too complex a task to expect of the taxi driver
to report on this, given that there is plenty of ride-sharing in The
Gambia, but often it might be for only part of the journey. From
the focus group discussion with the taxi drivers, plus direct
personal experience, it was determined that the average taxi
fare in the Brikama/Manduar area was 3.33 GMD/km per
person (although this could vary significantly in different areas
across the country). This implies that the Solar Taxi was carrying
an average of 1.7 passengers per kilometre traveled. The
discrepancy with the assumed average of three passengers in a
conventional taxi arises primarily because the Solar Taxi was not
able to begin its journey from Brikama at the town’s taxi rank,
which is where a vehicle would usually wait until it has a full
complement of passengers before departing. Missing out on this
opportunity clearly had a negative impact on the Solar Taxi’s load
factor. This also raises the issue of the taxi drivers’ fear of
competition from this new technology, which seems, from
evidence reported by the Solar Taxi’s driver, to have been part
of the motivation to exclude it from the taxi rank. This is a
significant issue in the transition to sustainable mobility,
especially in economically vulnerable regions where it is
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particularly important that there is a “just transition” (McCauley
and Heffron, 2018) and that “no-one should be left behind.”
However, these matters are not discussed in this paper. Suffice to
say, throughout this pilot of sustainable transport services, it has
been stressed that the Solar Taxi is not trying to compete with
conventional taxis, but is paving the way for those same drivers to
ply their trade in a more sustainable, comfortable, healthy, and
potentially profitable, manner. For the purposes of the following

techno-economic analyses, this disparity is ignored and it is
assumed that, in a future market, both technologies will be
able to operate on a more even basis. Thus, in all scenarios,
the same passenger load factor is assumed for equivalent vehicles.

In addition to the 71 operational days, the Solar Taxi driver
reported on days when cloud cover prevented the PV from
supplying enough power to recharge the vehicle and also on
days when insolation was sufficient but he had to take a day off for

FIGURE 9 | Daily earnings in Gambian Dalasi (GMD) on a per-hour and per-kilometer basis.

FIGURE 8 | Operational time and distance traveled for each of 71 days of the Solar Taxi trial.
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other reasons. Thus, the total number of days reported were 124,
of which 90 (73%) were sunny enough to recharge the taxi, but 19
were of these were taken as days off. With the trial taking place
across both wet and dry seasons in similar proportions to the
lengths of the respective seasons, the percentage of sunny days in
the trial can be treated as fairly representative of that of a whole
year. This was then taken into account when analyzing the results
to assess the potential for commercial operations of a Solar Taxi
service with a variety of vehicle types. It was also assumed that the
driver would normally work 6 days a week, 52 weeks of the year,
which is typical of a taxi driver’s routine in The Gambia.

Only four morning shifts were undertaken during the trial,
twice in the first week and once each in the following 2 weeks.
This is because it quickly became evident that these were not as
lucrative or as practical as the evening shifts. This could be due to
traffic congestion in the morning rush hour, where the benefits of
operating when there is high demand for taxis (supplier’s market)
might be outweighed by the slow travel speeds if charging fares on
a per-mile (rather than per minute) basis. Alternatively, it could
be a result of the smart recharging regime required for the EV
taxi. In the latter case, serving the morning rush-hour market
demands that some energy be left in the EV’s battery overnight
since it was recharged during the previous day. So, after
recharging during the hours of peak solar irradiation, the
driver must choose whether to expend the stored energy on
that day’s evening shift, the next morning’s shift, or to divide it
between both, before the opportunity comes for the next
recharging session in the middle of the day. In terms of saving
the time and distance that might be traveled without picking up
passengers on the way to or from the Hub, there is an incentive to
use up the battery’s capacity in a single shift. This then forces a
choice between morning or evening shift, as doing both is not
considered worthwhile, which leads to a simple assessment of
which is the most profitable of the two. This situation may vary
for different vehicles, at different locations and different distances
from their key markets, and optimization of such factors will be
undertaken in future work.

The mean earnings for the Solar Taxi service during this trial
was 5.61 GMD/km (£0.87/km), which equated to an average of
131 GMD/h (£2.07/h). This is not the same as the tariff per
person, per km, as the number of passengers for each journey was
not recorded. If the standard local tariff were charged, this would
suggest that the Solar Taxi tended to have a lower load factor
(average number of passengers) than a conventional taxi, which
would typically expect 10 GMD/km.

ANALYSIS AND DISCUSSION

The core question that the Solar Taxi pilot seeks to answer is
whether an electric taxi service–particularly one that is recharged
entirely from solar energy (and is therefore genuinely providing
zero-emission mobility)—is a viable proposition in sun-rich parts
of the world. It is clear that it is technically viable, but the
following analysis explores whether it is also commercially
feasible, based on the data obtained in a field trial that uses
The Gambia, in West Africa, as its case study. As discussed

previously, there are particular reasons why a Sub-Saharan
location should be chosen for this pilot study and chief among
these is the presumed benefits of providing affordable and
sustainable mobility to some of the world’s poorest and most
disadvantaged regions. In such straitened circumstances, it is self-
evident that driving down costs is critical to meeting this target.
Hence, our techno-economic analysis focusses on defining
circumstances in which commercial viability may be achieved.

The financial overview provided in Table 1 compares the
operating conditions of the Solar Taxi with a typical conventional
taxi working between Brikama andManduar during the period of
the field trial. The electricity cost is calculated on the basis of
repaying the CAPEX for the solar energy system over a 36-month
period using compound interest. For the current situation, this
does not include the purchase of the PV modules, which were
donated free of charge for the pilot, but does include the
minigrid’s inverter and battery, plus wiring, materials and
minor equipment costs, and labor for installation (estimated to
be about £1,000). The OPEX includes normal O andM costs, plus
an amount that represents repayment of the cost of shipping the
vehicle to The Gambia from the United Kingdom, where relevant.
Since the vehicle was donated almost free of charge for this pilot
scheme, there is of course no financing cost included in this
instance for the purchase of the vehicle. In all other cases, where
the CAPEX of PV and vehicle are included, loan repayments are
calculated as outlined above. Fuel costs and fare tariffs are as
reported by the taxi drivers and verified through Numbeo (2020).

From the comparison in Table 1, it appears that the major
impediment to making a profit for the conventional ICEV taxi
drivers is the cost of fuel, whereas the EV taxi incurs a much lower
energy cost. However, due to the distorting effects of the
donations of both the vehicle and the PV modules to the Solar
Taxi pilot project, the first financial analysis was heavily skewed in
favor of the EV taxi service. Therefore, further analysis was
undertaken to provide a more realistic and informative
comparison that includes the purchase cost of both the EV
and PV elements under more normal circumstances.

To explore the potential commercial viability of EVs for
providing public transport services, it is necessary to consider
a range of vehicles and journey types. This first trial of the Solar
Taxi, for example, was focused on (but not exclusive to) a
particular route, yet the experience of running this pilot
strongly indicates that, without the substantial donations of
expensive equipment, this would not be a viable proposition
with this particular vehicle. The Nissan e-NV200 five-seater
minivan with substantial luggage or spare seating capacity,
would be much better suited to ferrying tourists between the
airport and their hotels, or taking them to visit local attractions.
Tourists, being much richer than the vast majority of local people,
are able and willing to pay a significantly higher price for mobility
than local people. This proposition has been key to the
establishment of Opibus, which is a company in Kenya that
converts rugged safari vehicles from ICEVs to EVs (Opibus,
2017). Furthermore, during the Solar Taxi field trial, the diver
did not adhere closely to the principle of only recharging during
the hours of maximum solar insolation, but instead relied
frequently on the storage capacity of the Manduar Community
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Development Hub’s substantial minigrid battery to prolong the
recharging period beyond what would have been possible with a
system optimized purely for EV taxi operations. This meant
sacrificing the full utility of the Hub’s electricity supply for
other users, which is usually not a problem, except when there
is a large group of visitors already placing high demands on its
minigrid system.

The Nissan e-NV200 is a large, comparatively heavy vehicle,
designed for the industrialized economies and temperate climates
of the Global North. It consequently has a high energy demand,
which necessitated a large minigrid and PV system at the Hub to
support it. The Brikama-Manduar shuttle could equally well be
served, e.g., by tuk-tuks (autorickshaws). These are small,
lightweight, 3-wheeled vehicles that are well suited to the local
conditions as they originated in India, are in widespread use
across Asia, and are now gaining a foothold in certain parts of
Sub-Saharan Africa (SSA) too (Bokopane et al., 2015). With a
significantly lower energy consumption per kilometre traveled
than a car or van, an electric tuk-tuk would require a much
smaller PV system to recharge it. Most tuk-tuks can carry three

passengers in addition to the driver, but there are versions
available that can carry six passengers, and this is the version
that will be considered in the following analysis. Also under
consideration are a Nissan Leaf, which is a mid-sized hatchback
car, a Renault Zoe, which is a smaller hatchback, a three-wheeled
cargo bike (which can be configured to carry goods or up to six
passengers) and a two-wheeled motorbike. All are EVs that are
readily available on the market and, for the purposes of this study,
the smaller vehicles are assumed to be new, whereas the cars
would be more likely to be shipped from Europe as second-hand
vehicles, in accordance with common practice in SSA. Figure 10
illustrates the vehicles that are considered in this study as
potential alternatives to the Nissan e-NV200 minivan.

An option that is also possible to consider in the case of the
smaller vehicles (e.g., cargo bikes and tuk-tuks) is DC charging.
With much smaller batteries operating at lower voltages, they
could be recharged directly from the PV through a DC charge
controller rather than via an inverter that converts it to AC before
reconverting it back to DC to go into the battery. Dispensing with
the inverter saves both electrical losses and unnecessary cost. This

FIGURE 10 | Illustration of vehicles being assessed as alternatives to the Nissan e-NV200 minivan used in the Solar Taxi field trial (Source: Nissan, 2017; Renault,
2016; Henan Zipstar Tricycle Manufacturing Co. Ltd., 2020; Xinxiang Siristar Import and Export Co. Ltd., 2020; Vmoto United KingdomDistribution Ltd., 2019; used with
permission).
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is not so easy to achieve with the larger vehicles and those smaller
ones with sophisticated proprietary AC charging systems (e.g.,
the motorbike used as an example here, which has a swappable
lithium-ion battery).

The two-wheeled e-motorbike is particularly suitable for remote
villages where it can cope more easily with extremely poor road
conditions than bigger vehicles, but can also be operated as a
cheaper taxi service in areas that are likely to be more economically
impoverished, where fuel is scarcer and more expensive, where
there are minigrids that need an appropriate dispatchable anchor
load. Confidence in this approach is what underpins the business
model for Ampersand, which is a Rwandan company that has
tested 20 e-motorbikes in Kigali and is now reportedly making 500
of them a year (Peters, 2020). Conversely, with tourism being one
of The Gambia’s main sources of income, the e-NV200 is well
suited to serving the numerous, comparatively wealthy, foreign
visitors to the country in the busy commercial and tourist centers.
In Kenya, Opibus is building its business on tourist dollars to
underpin its planned rollout of EVs into the wider public transport
arena (Opibus, 2017), while taxi operator Nopia is already running
a handful of Nissan Leaf taxis in Nairobi with ambitions to have a
fleet of 50 EVs by the end of 2020 (Kuhudzai, 2019).

EVs with a lower energy demand enable lower-cost PV
systems to be used to recharge them, thus making the whole
PV-to-EV operation more cost effective and potentially more
commercially viable. Of particular importance is their potential to
be recharged relatively quickly. An EV that can be fully recharged
within 3–4 h, during the mid-day sunshine, places a much smaller
demand on the PV-powered minigrid than one that takes six or

more hours to do so, because the latter would inevitably require the
minigrid to have its own large accumulator. The battery is often the
most expensive component of the minigrid and, being the most
susceptible to stress and misuse, is usually also its most short-lived.
It is therefore advantageous to keep its size and operational fatigue to a
minimum. Thus, each of the following scenarios is predicated upon
designing the minigrid most suitable for the particular EV type and
model in question, taking into account the EV’s battery size, recharging
rate and anticipated daily range. Each also takes advantage of the drop-
off in demand for taxi services during themiddle of the day, as reported
by the taxi drivers, as this provides an ideal opportunity to stop and
recharge at the time of highest insolation.

For this study, a range of PV-powered minigrid configurations
were designed, using combinations of the main building blocks of
the system (i.e., PV array, inverter, battery), as outlined in
Figure 11. In each case, an average achievable daily range for
the Solar Taxi (Nissan e-NV200) is indicated. A basic cost-benefit
analysis of each option clearly indicates that it is worth paying
more for a PV system that allows greater range, because the
returns are better. This is because the CAPEX is high and the
OPEX low for both the solar minigrid and the EV, so it is
important to operate at a high capacity factor to obtain good
returns on the initial investment. In this way, a modest increment
in initial setup costs leads to higher sustained income over the
longer term. In the case of solar recharging of an EV, the
additional PV and inverter capacities allow the EV to recharge
more fully in a shorter space of time. The difference between a 5-h
charge and a 6-h charge is more significant in terms of annual
earning potential than is the saving achieved in purchasing a

FIGURE 11 | Different PV system configurations are assessed for commercial viability. For each, the mean daily EV range achievable is based on the Nissan
e-NV200 used in the Solar Taxi pilot.
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smaller system in the first place. Of the options outlined, only the
3.5-h configuration allows the e-NV200 to recharge fully on an
average day and thus make use of its full traveling range.

The first configuration in Figure 11 allows only 5 h of
recharging through the current-limiting Mode two cable at
10 A without recourse to charging from the minigrid battery.
Extending the recharge time to 6 h, while still using the 10-A
cable, is possible by either increasing the PV capacity or the
minigrid’s battery capacity. Recharging at 13 A is possible using
an alternative standard (Mode 3) cable and specialist socket and
so a 6-h charging period at this power produces a longer daily
range. Again, the two options for modifying the PV system to
accommodate this is either by increasing PV and inverter capacity
or by increasing the stationary battery size. The final option
illustrated is to recharge for 3.5 h at 32 A, which is the only
configuration that enables a full recharge without resorting to the
use of the stationary battery. Although the specific vehicle used
for the Solar Taxi trial does not have this capability, newer
versions of the same model are available with it included, so it
is instructive to explore this option for this and other vehicles,
such as the Nissan Leaf, which shares many of the e-NV200’s
attributes, but in a hatchback car format.

The key assumptions that are used in the techno-economic
analysis of a variety of vehicle and minigrid configurations are
presented in Table 2. In the scenarios summarized in Tables 3, 4,
the PV-powered minigrid has been treated as if it is owned and
operated by a different party to the taxi operator. This is to
accommodate the situations in which the taxi driver may simply
be plugging into a minigrid that is not exclusively dedicated to, or
owned by, the taxi operator, in which case the minigrid operator is
going to want to make a profit in selling power to the taxi driver. If,
however, the minigrid operator is also the taxi operator, their total
revenue would be the sum of both the PV system’s profit and the EV
taxi’s profit. CO2 emissions are included in the parameters listed for
ICEVs, so that a rough estimate can be made of the greenhouse gases
that would be avoided by substituting an ICEVwith an EV. Assuming
that the ICEV travels the same distance each day as the EV, the CO2

savings from a car would be 23.6 kg a year, 5.9 kg from a cargo bike,
7.0 kg from a tuk-tuk and 6.2 kg from a motorbike.

With the caveat that it is only a simple high-level assessment,
the analysis presented here suggests that there are a variety of
circumstances in which EVs that are recharged entirely with solar
power could provide a commercially viable taxi service in the case
study location of The Gambia and, by implication, the prospects
would look similarly promising in many other sun-rich regions of
the Global South. Most notable of the commercially viable markets
identified are those serving the large tourism sector in The Gambia
in which the minivan appears the most lucrative, with the potential
for a taxi driver to earn nearly twenty timesmore than they would by
working the Brikama-Manduar route in a conventional ICEV taxi.
Depending on the model, a car might earn 12 or 13 times more, and
a tuk-tuk two and a half times the Brikama taxi. The biggest barrier
to aGambian being able to grasp such an opportunity is the difficulty
in getting credit and the high interest rate on loans.With such a high
up-front cost to establish an operation such as this, finance would be
essential to all but the wealthiest Gambians who wished to set up
such a business.

In serving local people, rather than tourists, the returns look
far less lucrative, but are nonetheless more promising than the
current status quo for the taxi operators. The electric tuk-tuk
appears especially attractive as it is a lightweight vehicle, and
therefore more energy efficient than a heavy car, and is ideally
suited to the conditions of most of the Global South. It is perhaps a
lesson in the shortcomings of trying to adapt products from
different worlds to try to fit them into an environment to
which they are less suited, as is often the case with vehicles
imported from the Global North. However, even in doing so,
electric vehicles imported from Europe are shown by this analysis
to offer a taxi driver the chance of improving their earning
potential by up to a third, while imported lightweight EVs from
the emerging economies of Asia could provide double the income
of a conventional taxi. The motorbike looks the most marginal of
options; however, it is important to note that this analysis is based
verymuch on a specific peri-urban route, whereas the conditions in
more remote locations (i.e., most of the rest of the country) are
much more favourable to this type of transport. It would therefore
be instructive to undertake a study on this particular market using
more specifically targeted data and in greater depth than this brief
overview has provided. This service is the most important in
addressing the poverty trap experienced by many of the world’s
most disadvantaged communities and, even just for that reason,
deserves further exploration. Ampersand’s apparent success in
Rwanda gives a strong indication that this approach could
deliver the viable solutions that are needed (Ampersand, 2020).

While this study already provides some optimism for the
future of EVs in the Developing World, it also offers some
insight into the circumstances that might improve the
prospects yet further. These include:

• Easier access to loans, with lower interest rates and longer
payback periods;

• Government support through subsidies or reduced license
fees or taxes for EVs, training and education in low-carbon
transport systems, stronger emission regulations, removal of
subsidies to the fossil fuel sector;

• Continued volatility of fossil fuel markets, or a return to
higher prices;

• Further advances in low-carbon energy technologies such as
batteries, power electronics and photovoltaics, with a
continuation of the rapid downward trend in their cost;

• Increased opportunities for battery swapping systems in
EVs and/or low-voltage DC charging directly from PV
systems;

• Take-up of additional services that EVs can provide (e.g.,
V2G services, portable/mobile power supplies, roof-
mounted PV on tuk-tuks, onboard solar-powered
refrigeration in enclosed cargo bikes, etc.);

• Use of electric boats for fishing and tourism (especially for
birdwatching, which is a major attraction for tourists in The
Gambia);

• Increased choice of vehicle designs, especially those that are
more appropriate for the Global South. For example, they
can be simpler, with a smaller parts inventory and no need
for unnecessary features like heating systems, making them
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cheaper to build and maintain and to run, but they must be
rugged with strong suspension, good ground clearance, and
be tolerant of heat, dust and mud;

• The introduction of TOU tariffs that incentivize recharging
at times of high energy supply from renewables and low
energy demand (and, potentially, incentivizes V2G
operations when the opposite conditions arise);

• Increased demand diversity and improved economies of
scale as minigrids grow, such that dispatchable EV charging
loads can operate increasingly in harmony with other loads
on the system using demand-side management techniques.

While many of the aforementioned factors cannot be addressed
through the future work of the Solar Taxi project, there are several
that we do intend to pursue. To tackle these effectively, the first and
most important task is to install instrumentation on the e-NV200,
and any other vehicles that are to be tested, to enable comprehensive
data capture for a variety of parameters concerning the technical
performance of the vehicle and its interaction with the solar
minigrid. In particular, this would enable an analysis of the
energetic efficiency of the system. This is another feature that
draws on the experience of the ESCoBox project that developed
data acquisition techniques for remotemonitoring of off-grid energy
systems (Boait et al., 2017). With this implemented, the vehicle will
continue to work for some time predominantly in its current
Manduar-based operations so as to verify the self-reported data
so far supplied by the driver.

The preliminary findings of the Solar Taxi pilot reported in this
paper indicate strongly that a thorough investigation should be
made of smaller EVs operating as taxis in the Gambian context,
and so the intention is to undertake trials of an electric tuk-tuk as
soon as possible, which would allow the e-NV200 to transfer to the
more lucrative tourism-focused market.

Having smaller vehicles involved in the Solar Taxi project
would then open up the opportunities to explore directly-coupled
DC charging and battery-swapping methods of replenishing the
EV’s energy store. In such a case, batteries can be recharged during
the day on the minigrid and quickly loaded directly onto the
vehicle, while the discharged batteries are offloaded for recharge on
the minigrid allowing the EV to immediately return to service. This
avoids one cycle of charge and discharge losses each day and could
be accommodated by judicious configuration of battery packs that
can fit with local working practices and ergonomic factors. It does,
however necessitate an extra battery for the EV, but with a fleet of
several such EVs, there are economies of scale that mean the ratio
of batteries to EV can reduce to less than 2:1 as the fleet grows.

Again, using the ESCoBox system, the sophistication of charge
scheduling can be improved, such that it becomes more responsive
to changing weather conditions, demand variations or energy price
signaling, which can increase both technical and economic efficiency
while improving the reliability of energy services. These iterations of
the current system can be advanced through continuation of the
Solar Taxi initiative. In the longer term, V2G could be implemented
and even rapid charging that could operate at up to around 50 kW.

In the meantime, capacity-building in the local community
and wider host country is considered key to realizing the aims of
poverty alleviation, and the provision of good quality and

sustainable employment. Consequently, we are working with
Gambian education and training establishments to embed the
growing knowledge about low-carbon energy and transport
systems in their curriculum as a key part of this project.

CONCLUSION

The aim of the Solar Taxi project is to determine whether it is both
technically and commercially feasible to provide a taxi service in
sun-rich parts of the world using an electric vehicle that is
recharged entirely from solar energy, thereby offering genuine
zero-emission mobility. This has relevance to several of the UN’s
Sustainable Development Goals, particularly in the fights against
poverty, ill health and climate change, and in the provision of
decent employment and sustainable communities. This paper has
presented the preliminary findings of the Solar Taxi project based
on initial results obtained in a field trial carried out in the West
African country of The Gambia. The emphasis in this project has
been on wealth-creation in remote and off-grid communities,
especially in the Developing World, but it offers insights that
are also relevant to island communities (Kuang et al., 2016).

The technical feasibility of the Solar Taxi concept is
demonstrated by this field trial and, while it is only intended
as a brief overview, the techno-economic analysis presented here
provides confidence that a number of modes of operation are
possible in which solar-recharged electric taxis can be
commercially viable in The Gambia and, by implication,
across much of the Global South. The most optimistic
scenarios arise from the use of lightweight vehicles, such as
tuk-tuks (autorickshaws) and cargo bikes, but electric cars and
minivans also show commercial promise. In the effort to support
the most remote and impoverished communities, electric
motorbikes appear highly suitable and are already being
successfully deployed in some parts of Sub-Saharan Africa.
These findings suggest that the most promising options
identified in this preliminary analysis warrant a full feasibility
study that could lead to the development of a viable business case.
The summary analysis presented here suggests that a taxi driver
could double their income by transferring from a conventional
combustion vehicle to an all-electric one and, in the case of
providing taxi services to tourists, could even raise it nearly
twentyfold.
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