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ABSTRACT

As fuel prices climb and the global automotive sector migrates to more sustainable vehicle
technologies, the future of South Africa’s minibus taxis is in flux. The authors’ previous
research has found that battery electric technology struggles to meet all the mobility
requirements of minibus taxis. They investigate the technical feasibility of powering taxis
with hydrogen fuel cells instead. The following results are projected using a custom-built
simulator, and tracking data of taxis based in Stellenbosch, South Africa. Each taxi
requires around 12 kg of hydrogen gas per day to travel an average distance of 360 km.
465 kWh of electricity, or 860 m? of solar panels, would electrolyse the required green
hydrogen. An economic analysis was conducted on the capital and operational expenses
of a system of ten hydrogen taxis and an electrolysis plant. Such a pilot project requires a
minimum investment of € 3.8 million (R 75 million), for a 20 year period. Although such a
small scale roll-out is technically feasible and would meet taxis’ performance requirements,
the investment cost is too high, making it financially unfeasible. They conclude that a large
scale solution would need to be investigated to improve financial feasibility; however,
South Africa’s limited electrical generation capacity poses a threat to its technical
feasibility. The simulator is uploaded at: https://gitlab.com/eputs/ev-fleet-sim-fcv-model.

1. INTRODUCTION

Present-day combustion vehicles are soon to become remnant of the past. This is
especially true in Africa, which is likely the continent most vulnerable to the effects of
climate change (UNEP, 2021). Global cooperation is essential to curb this problem. The
Paris Agreement has led to 47 out of Africa’s 54 countries to pledge their National
Determined C ontributions (NDCs), which plan out their climate change mitigation,
adaptation and finance strategies (Abudu et al., 2023). Africa has led the way by achieving
higher quality standards for their NDCs over any other continent. Despite this, the
feasibility scores of Africa’s NDCs averaged at only 42%, indicating the challenges that it
may face as it tries to implement its strategies (Mukarakate, 2022)

One of the strategies that African countries are contemplating, is to migrate the transport
sector to more efficient technologies. The transport sector currently contributes 23% of
global carbon emissions (Sims et al., 2014). The combustion of fossil fuels is clearly not a
sustainable option for society’s transport needs. Already, major vehicle manufacturers
have committed to plans to switch to battery-electric or fuel-cell technologies in the next
5 to 20 years (Lowell & Huntington, 2020; Motavalli, 2021).
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The big question is whether these new technologies will actually be beneficial for
developing countries and whether these countries will be ready to meet the drastically
different infrastructure requirements of these new technologies. To start with, the ailing
electric utilities of developing countries are often unable to meet current electricity
demands, let alone the high demands of a vast population of Electric Vehicles (EVSs).
Studies have shown that in some African studies, switching private vehicles to EV
technologies would be unsupportable by the grid (Agunbiade & Siyan, 2020; Dioha et al.,
2022) and could even have a negative impact on the environment (Buresh et al., 2020;
Buresh, 2021).

Public transport, albeit predominantly informal - paratransit, still constitutes the majority of
the modal share in most developing countries (Behrens et al., 2016). According to Kumar
et al. (2008), besides walking, minibus taxis have the highest modal share in Africa (as
calculated from 14 African cities). Since this form of public transport constitutes such a
high modal share, it would be natural to optimise and plan EV migration for this sector first,
before looking at private vehicles. African public transport is fraught with old,
undermaintained minibuses, which would greatly benefit from this transition. However,
in the context of developing countries, a literature gap exists on public transport
electrification.

To address this literature gap, the authors have previously performed feasibility analyses
of the Battery Electric Vehicle (BEV) technology for the taxi industry in South Africa. This
made use of a custom simulation software®, which they developed as part of their previous
studies (Abraham et al., 2021; Abraham et al., 2022b). The results of these analyses
showed various challenges that would manifest if the taxi industry adopted BEV
technology (Booysen et al., 2022a; Booysen et al.,, 2022b; Rix et al.,, 2022), as
summarised in Section 1.1. In response, the authors decided to investigate other EV
technologies. The Fuel Cell Vehicle (FCV) technology had come to the fore, the feasibility
of which is evaluated in this article.

1.1 Opportunities and Challenges of Paratransit Electrification

The authors’ previous research studied paratransit in South Africa (Booysen et al., 2022a),
Uganda (Booysen et al., 2022b), and other African countries (Rix et al., 2022). Various
opportunities were found that favour the adoption of BEV taxis in those cities, which can
be adopted in other African countries with similar paratransit conditions.

Among these include:

o Favourability for photovoltaic charging, since most taxis pause operations at midday,
when solar irradiance is at its peak.

o The fact that most of the taxi’'s operation is intra-city, means that it has a non-
constant speed profile, and a high frequency of stop-starts. BEV technology greatly
minimises the loses of this type of driving profile.

o The taxi’s intra-city operation and the facts that they consist of old vehicles and
constitute the main mode of transport for 62% of South Africa’s households
(Statistics South Africa, 2021), means that the localised pollution produced by these
vehicles would be greatly curtailed.

! Available at: https://gitlab.com/eputs/ev-fleet-sim.
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Despite the opportunities, there are technical challenges that will arise from minibus taxi
electrification. First of all, taxis have much higher energy demands than private vehicles.
Hence they will require bigger batteries, and will require more time to charge. Although
modern “quick chargers” are able to charge batteries to 80% capacity in less than one
hour, it remains to be seen whether the surrounding electrical network’s infrastructure will
be able to cope with the high demand of charging multiple taxis at a high rate. With many
taxis requiring to charge, and with limited power delivery from the electrical network, there
may be a challenge to sufficiently charge the many taxis.

Another challenge is that some taxis make long distance inter-city journeys over the
weekends (Booysen et al., 2013). These long distance journeys would require a huge
amount of energy, requiring the taxi to stop multiple times to charge. This reduces the
quality of service of the journey for customers, decreases profitability for the taxi owner,
and creates range anxiety for the driver. Furthermore, having multiple charging stations
along the countryside would require high infrastructure investment.

It can be seen that the advantages are common to EVs in general, while the
disadvantages are specific to the limitations of Battery-EVs. Thus, the Fuel-Cell-EV was
considered as a suitable alternative to enjoy the numerous advantages of employing EV
taxis, while avoiding the disadvantages of BEVSs.

1.2 Obijectives

While the FCV technology may seem like the silver-bullet for the future of South African
taxis, the truth is that its energy efficiency is lower and infrastructure requirements are
different than the BEV technology. Therefore, it is important to quantify the exact energy
demands and infrastructure costs of running FCV taxis, with the aim of eventually
comparing that to those of BEV taxis. This study therefore quantifies the following metrics:

o Technical feasibility:
= Amount of hydrogen required per day to power each FCV taxi.
» The hydrogen tank size required in the vehicle.
= Energy required to produce this hydrogen.
» Photovoltaics (PV) required for producing this energy.

o Economic feasibility:
= Operating and capital expenses (opex and capex).
= Equivalent daily cost-burden on the taxi owner.
= Levelized cost of energy for the PV installation.

2. METHOD

The overall simulation process is demonstrated in Figure 1. The approach extends the
BEV model system by Abraham et al. (2022b), so that the BEV model can be easily
interchanged with the FCV model which is developed in this study. The following sections
delve into these steps into more detail.
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Figure 1: Modelling approach

2.1 Input Data

As discussed in Section 1.1, minibus taxis are extremely unregulated. As a result, mobility
data for minibus taxis is extremely scarce. Taxis routes and schedules, are poorly
understood by government and transport authorities, as described by Klopp & Cavoli
(2019). Privately obtaining GPS traces was therefore necessary. A team from
Stellenbosch University was commissioned to track a fleet of ten taxis based in
Stellenbosch, South Africa, over a course of two years. This was done using GPS
trackers, obtained from a local fleet management service provider, Mix Telematics. These
trackers were installed in the vehicles, allowing full temporal coverage of the spatial
location information. It consisted of timestamped geographical coordinates, speed and
direction, logged at one-minute intervals (Akpa et al., 2016).

2.2  Mobility Model

Following the model diagram in Figure 1, the next step was to feed the input data into a
mobility model. The simulation tool interacted with a mobility model from the SUMO
mobility platform (Lopez et al., 2018). This model generated route plans, which are files
that describe the routes that the taxi takes as a sequence of roads, and the times that the
taxi makes its stops as it traverses its route. These route plans filter out outlier datapoints,
up-samples the data, and snap datapoints to the roads which are nearest to them.
Additionally, it provides statistics such as the average distance travelled by the taxi, and
the average stopping time. The process of generating routes and identifying stops is
shown in Figure 2.
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Figure 2: Route plan generation process

2.3 EV Model

To measure the temporal variation of power and energy usage, and the relationship
between power consumption and the electric taxi’s speed, the developed simulation tool
interacted with an EV model from the SUMO mobility platform (Lopez et al., 2018). Details
about the model’'s implementation are published by Kurczveil et al. (2014). This model's
parameters were specifically designed to be similar to those of the prevailing model of
minibus taxis presently used in South Africa, the Toyota Quantum. Accordingly, the weight
and front surface area of the electric taxi model were taken from an existing Quantum. The
rest of the parameters, summarised in Table 1, were approximated on the basis of
recommendations by Fridlund and Wilen (2020).

Table 1: EV model parameters

Parameter Value Unit
Height 2.3 m
Width 1.9 m
Front surface area 4 m?
Mass 2,900 kg
Constant power intake 100 W
Internal moment of inertia 0.01 kg-m*
Air drag coefficient 0.35 -
Propulsion efficiency 0.8 -

Recuperation efficiency 0.5 -

This electric taxi model was applied to the simulation route plans which were generated
from the mobility data. The simulation program initialised the electric taxi model for each
date that was simulated. For every second of simulation time, the simulator logged the
energy consumption and speed of the electric taxi as it progressed along its route plan.



2.4 FCV Model and Related Components

In order to simulate the hydrogen FCVs, the output of the electric model was fed into an
FCV model. This model is shown at the bottom of Figure 3. The FCV model calculate the
energy required as hydrogen to power the FCV. The energy requirements for producing
that hydrogen are computed by the remaining components of the system’s model in
Figure 3 (viz. storage tank, compressor, electrolyser, battery buffer and electricity supply).
Each component consisted of a technical model and financial model. The technical models
are used to compute the energy requirements for each day of the taxis’ operation, while
the financial models compute the operating and capital costs.
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Figure 3: Model of FCV system

The technical models make use of energy based calculations. Therefore, many of the
results reported in this article refer to the chemical e nergy of hydrogen, rather than the
actual weight of hydrogen. This makes it easier to compare results with the energy
consumption of BEV simulations. However, the chemical energy, E, is related to the
hydrogen mass, m, via the equation:

E
N 1
m T’XHHVHZ ( )

where n is the fuel cell efficiency, and HHVy, is the higher heating value of hydrogen
(141.8 M]/kg). The model parameters of the various components are shown in Table 2.



Table 2: Model parameters of FCV and related components

(a) FCV (b) Tank
Parameter Value Parameter Value
0.6 Pressure 300 bar
Energy efficiency kWh/km Storage efficiency 95 %
Fuel cell efficiency 70 %
Capex € 60 000
Lifetime 20 years
Maintenance rate 0.035
(Pistoia, 2010) €/km
(c) Compressor (d) Electrolyser
Parameter Value Parameter Value
Compression energy 10 % Energy efficiency (Hagele, 75 %
factor® 2021)
Capex rate (Hagele, 8000 €/kW Capex rate (Hagele, 2021) 4000
2021) €/kW
Lifetime 20 years Lifetime 20 years
Maintenance factor® 5 %

®The amount of energy required to compress the Hydrogen gas, as a fraction of the chemical energy

Eresent in the Hydrogen.

The annual maintenance cost as a fraction of the capex.

2.5 Renewable Energy Generator (REG) Model

The Photovoltaics (PV) model used in this study is from the SAM simulation suite, by
NREL (2020). The suite contains numerous other Renewable Energy Generator (REG)
models, such as wind turbines, concentrated solar power, hydropower, etc. The
parameters which were used in the PV model are shown in Table 3.

Table 3: PV model parameters

Parameter Value

Tilt angle 35°
Azimuth 180°

PV losses 14 %
Inverter efficiency 96 %
Opex rate 12.2 €/kwW
Lifetime 20 years
Capex rate 975 €

Ground coverage ratio® 0.3

®The ratio of the PV area to the ground area.



2.6 Economic Analysis

In order to do an economic analysis, each of the components in Figure 3 were equipped
with a financial model?. The financial model would account for a capex and an opex part.
The capex part would account for the initial purchase price of the equipment, while the
opex part would account for yearly maintenance and electricity costs (staff wages and
insurance was ignored). The yearly opex was discounted to the equivalent present value P
using the following equation:

11—+
i

(2)

where interest rate i is 8%, the instalment A is the yearly opex, and the number of
instalments ¢ is the years of operation (Bradley, 2013).

3. RESULTS

3.1 Data Inspection

Figure 4a shows the complete mobility trace of one of the tracked taxis. Some outlier
datapoints can be seen in the ocean and the North West of the map. These datapoints
were cropped away. Additionally, the taxis made long-distance trips to other cities (such as
East London and Mthatha) on the weekends, as shown in Figure 4a. In the authors’
previous research, this posed a huge feasibility challenge for BEV taxis, since the taxi
would need to make numerous stops to charge its battery. Therefore, the BEV simulations
were limited to the region shown in Figure 4b. In this research, however, the FCV
technology was expected to cope with the additional energy demand, and hence, the
weekend trips were not filtered out.
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Figure 4: GPS data visualisation

*The battery was left out of the economic analysis for simplicity. It was assumed that all the PV energy was directly
absorbed into the electrolyser.



3.2  Mobility Model

For the short distance trips in Figure 4b, the daily average distance was 230 km, and the
stopping time 10 hours. When including the long distance trips shown in Figure 4a, the
daily average distance increased to 358 km. The average stopping time also increased to
14.2 hours, due to the overall reduced activity during the weekend. The stopping
behaviour varied greatly between taxis and also between the days of each taxi, as shown
in the box-and-whisker plots in Figure 5.
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Figure 5: Distribution of daily stopping time for each taxi in the fleet

3.3 EV Model

The EV model yielded an energy efficiency of 0.58 kWh/km. The distribution in the energy
efficiency is shown in Figure 6. The variation in the energy efficiency between the taxis
was minimal. A few outlier datapoints can be seen, which correspond to days that the taxi
rode predominantly uphill/downhill, as especially seen in Taxi T7001. The average daily
energy consumption of all the taxis was 255 kWh, as required by the motor to overcome
the vehicles drag forces.
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Figure 6: Distribution of energy efficiency for each taxi in the fleet



3.4 FCV Model and Related Components

The energy efficiency yielded by the EV model was fed into the FCV model to account for
the losses caused the fuel cell. The following result was computed:

An average of 324 kWh of hydrogen chemical energy was used by each FCV to travel an
average distance of 360 km. Using Equation 1, this is around 12 kg of hydrogen gas,
leading to an efficiency of 3.28 kg/100km?®. The distribution of FCVs’ hydrogen usage is
shown in Figure 7.
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Figure 7: Distribution of energy required as hydrogen for each taxi in the fleet

To store the required 12 kg of Hydrogen at 300 bars*, 0.7 m® of tank storage would be
required. At least 0.3 m® should be storable in the vehicle itself for the short distance trips
(e.g. those in Figure 4b), while extra tank storage for the long-distance weekend trips
(Figure 4a) could be added using a trailer.

By feeding the FCVs’ net hydrogen usage to the electrolyser and compressor models to
the electrolyser, compressor, battery and power utility models, the net energy required to
produce the required hydrogen was found. This amounted to an average of 465 kWh of
electricity per taxi.

If all 300 000 of South Africa’s taxis were converted to FCV technology, this would require
22% (140 GWh) of the country’s current national daily generation capacity.

3.5 REG Model

The final step in the process was to evaluate the amount of REG capacity that would be
required to meet this electricity demand. PV was focused on in this study, although other
REG models are available in the SAM package which was used (NREL, 2020).

In order to generate the total 424 kWh of electricity, the REG model computed that a PV
nameplate (i.e. peak) capacity of 164 kW would be required for each taxi. This would
require a total PV area of 864 m? and, assuming an open rack system, a land area of
2880 m? (roughly a third of a professional soccer field).

*For comparison, the popular Toyota Mirai Z sedan has a manufacturer-claimed efficiency of 0.74 kg/100km (Toyota
Motor Corporation, 2020).
Industry standard for heavy vehicles.



3.6 Economic Analysis

An economic assessment was done to identify the capex and opex of the proposed FCV
system. A 20 year system lifetime was assumed, for both the PV infrastructure and the
FCVs.

The total cost of the system was calculated as € 3.77 million (R 75 million). The
breakdown of this cost can be shown in Figure 8. 79% of the cost was capex, while the
remaining 21% was opex. The disproportionately high capex can be attributed to the fact
that the system consists of a small fleet, of only ten taxis. As a result, the cost per taxi was
high, at € 377 000 (R 7.5 million) for the 20 year life cycle.

Compressor

| Electrolyser 2.6%

17.5%

Photovoltaics

5.2%
Electrolyser

Compressor 4.7%
0.5%

Figure 8: Cost breakdown

Rearranging Equation 2 for the daily instalment, A, and substituting the relevant values®,
gives an equivalent daily cost of € 104 (R 2 100) per day. Under these assumptions, if a
taxi owner is able to earn more than this amount per day, then he will be able to meet his
debt.

The levelized cost of electricity of the PV installation was 9.72 ¢/kWh (1.93 R/kWh), which
is competitive with respect to current European electricity prices. These results were
computed using the technical and financial models of SAM (NREL, 2020).

4. CONCLUSIONS

As the world has been combating climate change, through various technological means,
Africa has been struggling to play its part in the process. As the climate change threatens
to increase the already high rates of poverty and starvation in Africa, there has never been
a more critical time for research on climate adaption in Africa’s public transport. For the
first time, an attempt has been made to quantify the technical requirements of FCV
technology in Africa’s largest mode of transport, minibus taxis.

5 P =3.77 million, i = 0.8/365, t = 20 x 365



The overall research objective was to obtain metrics that quantify the performance and
feasibility of the FCV technology in Africa. This was done by developing a simulation tool
with technical and financial models for the various components involved. Due to the
unavailability of public GPS data, privately obtained data from Stellenbosch, South Africa
was used to feed the simulation tool.

The key technical metrics produced by the simulation tool help to answer the research
guestions surrounding the techno-economic feasibility of migrating South Africa’s
paratransit to FCV technology. The results are as follows:

Firstly, the technical feasibility was analysed. From the vehicle’s perspective, it was
established that the average daily hydrogen requirement was quantified as around 12 kg
of hydrogen gas (i.e. 324 kWh in chemical energy) to travel an average distance of
360 km. This amounted to an efficiency of 3.3 kg/100km. The amount of hydrogen
required for the full day, 12 kg, would require 0.7 m® of tank storage. It is certainly feasible
to store this in a trailer and at least 0.3 m* should be storable in the vehicle.

In order to produce this hydrogen through electrolysis and compress this hydrogen, it was
found that a total of 465 kWh of electrical energy would be required. If one was to use PV
to generate this energy, the PV installation would require a nameplate capacity of 164 kW,
based on the specific weather patterns of Stellenbosch. Hence, this would require around
860 m? of solar panels, and 2880 m? of land area, for an open rack system.

From the grid’s perspective, if all 300 000 taxis registered in South Africa were converted
to FCVs, it would require 22% of South Africa’s current national daily generation capacity.
South Africa’s grid currently wouldn’'t be able to support the extra demand, and would
hence need to build significantly more generation capacity. The land area required to
power them completely with PV, would be 80 000 ha. This amounts to 0.2% of the
Northern Cape’s land area, which consists of large quantities of undeveloped semi-desert
land. While these figures may seem colossal in scale, it comes as no surprise, since the
transport system is relied upon by 62% of the country’s households as their main mode of
transport (Statistics South Africa, 2021). Additionally, the actual energy demand may be
less, since these calculations were based on a sample size of only ten taxis, which are
based in one of South Africa’s busiest cities.

Secondly, to answer the economic feasibility question, an economic assessment was done
for the fleet of ten taxis. A total expense of € 3.77 million (R 75 million) was projected for
this project (discounted to the present value). 79% of this was capex and 21% opex. If the
capital is not available, this would amount to a daily cost € 104 (R 2 100) per day per taxi
to cover the debt. The real cost is likely to be higher, as labour and insurance costs were
not incorporated into the financial model. The levelized cost of energy for the PV
installation was found to be 9.72 ¢/kWh (1.93 R/kWh). More precise financial modelling is
left as future work to experts in that field.

These results show that technically, major infrastructure investment is needed to deploy
FCV taxis on a large scale. On a small scale, FCV taxis are technically feasible, but the
economic analysis, has shown that this will be difficult. Further economic analysis is
required to definitively comment on the economic feasibility and to compare the economics
of FCV taxis to that of petrol/diesel taxis. Additionally, a comparison between the FCV taxi
results in this article and the BEV taxi results by Abraham et al. (Abraham et al., 2021),
would also complete the picture, and is left as future work.



Nonetheless, this research project has greatly contributed to the research body, by
providing, for the first time, metrics which quantify the needs of FCV taxis in an African
context. This was done using detailed simulation models, as well as real-life data.

The project also contributes to the research body, by providing an open source simulation
tool, that can be used to do similar FCV fleet simulations in other contexts. The simulator
can easily be configured to work with other types of vehicles, other geographic locations,
and other forms of REGs. The modular approach taken in the programming stages can
allow fellow researchers to reuse components that were modelled or to replace models
with their own in the simulation flow.
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