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Abstract—The paper analyses the role of publicly acces-
sible single phase charging infrastructure with charging
currents of 7 A, 10 A and 16 A in the low voltage grid for
an economically viable transformation of the informal
transport market of three-wheeler motorcycles in Dar es
Salaam from fossil propulsion to battery electric drives.
An intensive stakeholder process is conducted to analyse
the socioeconomic boundary conditions for this transfor-
mation. GPS track data of 65 vehicles in four driver
groups is collected for 8 days apiece. The data is analysed
to study the driving demand of the informal transport
market in Dar es Salaam.

Our results show that the increased weight of lead acid
batteries cannot be easily compensated for by installing
additional charging opportunities. Coincidence factor
analysis reveals, that sharing of opportunity charging in-
frastructure is possible without reduction of the service
level. Li-ion batteries plus publically accessible charging
infrastructure shows the potential for the transformation
within the next 10-15 years.

Keywords—charging infrastructure, vehicle battery
demand, socioeconomic context, three wheeler, infor-
mal transport

l. INTRODUCTION

Motorcycle-taxis are an important means of transport
in rural areas and increasingly in urban areas in Sub-
Sahara Africa (SSA) [1-3]. The popularity of these mo-
bility services results from their ability to fill supply
gaps in local transport systems, which result from strong
urban growth, ineffective urban and transport planning,
and the deterioration of public transport [4-6]. However,
besides improving mobility, they also lead to compro-
mised road safety and air pollution [7-9]. In order to
stronger regulate these means of transport — and to re-
duce their negative effects — three-wheeler motorcycle-
taxis are increasingly recognized as a legitimate means
of transport by local and national governments [3, 8].

In Tanzania traffic laws were amended in 2010 in or-
der to legalize the motorcycle-taxis [10]. Over 830 000
two-wheelers and more than 50 000 three-wheelers were
registered in 2014 [11]. In its 2018 report on road safety
the WHO reports 1 282 503 two- and three-wheeler mo-
tor-cycles in the country, accounting for 59 % of all reg-
istered vehicles in the country [13]. A large share of the
three-wheeler motor-cycles operate in Dar es Salaam
[12]. Over 90 % are operated with a commercial back-
ground [14]. They complement the public transport sys-
tem and are often used as trunk-feeder-services, connect-
ing main roads with adjacent residential areas [15].

Being a shared mode of transport that is used by nu-
merous passengers during a day, there is potential to
make them become an integrated part of a sustainable

mobility system of the 21st century by abandoning the
combustion fuelled engine and going full electric driven
by renewable energies. The business case of the vehicle
drivers and owners is very cost sensitive, so the trans-
formation of these vehicle fleet into a zero-emission fleet
requires economically viable concepts for the vehicles
and the charging infrastructure. An understanding of the
mechanisms of the current system - including income
and costs, distances covered, operating and parking
hours — and an assessment of possible impacts and tech-
nical requirements of an electrification is therefore a
crucial first step.

Fig. 1: three-wheeler motorcycle taxi outside Dar es Salaam o

Il.  METHODOLOGY, DATA OVERVIEW, SOCIAL AND
EcoNoMIC CONTEXT

The study at hand was conducted as a multi-step pro-
cess using a mixed-methods approach, including meas-
urement of the vehicle driving profiles, handwritten
driver documentation, stakeholder interviews and data
analysis, all carried out in Dar es Salaam, Tanzania.

GPS tracking to get the vehicle driving profiles was
conducted with 1 second resolution in time using the
moving lab'. Four different groups of drivers in Dar es
Salaam where tracked between Nov. 11" and Dec. 10"
2018. The tracking devices were assigned to one vehicle
for 8 days apiece, collecting a weekly driving behaviour
profile. The drivers were asked to take notes for clarifi-
cation of measurement artefacts. During the measure-
ment campaign 65 individual vehicle profiles with over
18 million individual data points were collected (see
Figure 2, left). The distance driven during one week is
shown in Figure 2, right. Over 400 km per week are
driven by 50 % of the tested vehicles and 90 % of all
vehicles drive less than 800 km per week. The longest
distance recorded during one week by a single vehicle
was 1150 km.

The main parking spots of the drivers were identified
using a histogram methodology by measurement of the

L hitps://movinglab.dir.de/



number of data points (see Figure 3, right). This data is  cles can share 3-4 charging points. This number might
coherent with the recorded knowledge from the driver  be further reduced by taking the actual charging demand
interviews conducted during the stakeholder consulta-  into account, but requires further analysis of the data.
tion. Six public spots were identified as suitable public
or semi-public charging locations to conduct opportunity
charging (see Figure 3, left, spots marked in red).
The number of vehicles parked in one of the six po- Table 1: Number of vehicles under test and maximum number of vehi-
tential charging locations is shown in Figure 4. Most of ~ Clesatany given station
the time, one vehicle is always available at the station week #vehicles  max. # vehicles  coincidence
with very few exceptions. Most vehicles are available under test at station factor
around noon. Vehicle availability is higher during the 1 10 6 60 %
day than during the night. Depending on the ownership ) 14 1 29 0
model, vehicles are operated on a 1-shift or 2-shift bases.
The number of vehicles during the week of test and 3 21 14 67 %
the maximum number of vehicles at any station during 4 20 16 80 %
that week is shown in Table 1. The coincidence factor is
between 60 % and 80 %. If all vehicles need access to a
charging point whenever they are at the station, 5 vehi-
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Figure 2: Impression of data collected, map is oriented north (left, with map material from ,,©OpenStreetMap contributors, CC-BY-SA,
www.openstreetmap.org/copyright“) and distance per vehicle driven during one week sorted by distance (right)
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Figure 3: Opportunity charging locations (red) and parking locations with parking times greater 3 hours (blue). The circled numbers represent the
number of hours spend within 600m of the location if parking time was longer than 3 hours (left, with map material from ,,©OpenStreetMap con-
tributors, CC-BY-SA, www.openstreetmap.org/copyright”). Histogram of the measurement campaign representing the number of measurement
points used to identify suitable locations for opportunity charging.
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Figure 4: Number of vehicles parked at one of the identified stations (compare Figure 3). Date marks are set at 12:00 UTC.

In terms of charging it was assumed, that every park-
ing event longer than 3 hours is used to charge the vehi-
cle with the given charging power. This assumption rec-
ognizes the fact that current fossil fuel driven vehicles
can be parked anywhere and refuelled very fast. Intro-
ducing a technology change would incentivize drivers to
select long term parking spots to recharge the vehicles
during breaks. The following filter was applied: If a
parking event takes place within 300m of an opportunity
charging station and takes longer than 10 minutes, it was
used for charging, but 10 minutes are deducted for arriv-
ing, connecting and unplugging. During charging a loss
of 10 % from grid to battery was considered. A constant
current was assumed during the charging process, inde-
pendent of the state of charge of the battery. This as-
sumption underestimates the time needed to charge the
last 20 % effective capacity of the battery, which results
in an underestimation of the minimal charging station
demand. The authors aim at introducing a more realistic
charging model in future analysis of this data.

A stakeholder consultation conducted February 3"-9"
2019 by the authors in Dar es Salaam included inter-
views of drivers, driver associations, regulatory bodies
and vehicle vendors. One crucial aspect and concern of
all stakeholders is the investment cost for the transition
towards electrically driven vehicles. Generalizing the
investment cost for a vehicle as reported from different
parties, the cost is between 2700 US$ and 3500 US$ for
a factory new vehicle. The drivers are favouring electric-
ity over gasoline vehicles for the promise of reduced fuel
cost at constant investment cost. A concept for the elec-
trification of the three wheeler taxi fleet needs to
acknowledge the limited availability of financing oppor-
tunities in this market segment.

The economic and social framework does not allow
for expensive solutions like DC fast charging, battery

swapping or inductive charging, as these solutions in-
crease the upfront investment demand per operated vehi-
cle?. Technologically simple and cheap to install re-
charge opportunities at the central gathering points of the
drivers could create additional job opportunities and re-
duce the battery storage demand for the vehicles, there-
fore significantly cutting the vehicle price.

Based on the stakeholder consultation, this study
analyses the interdependence between the minimum siz-
ing of the vehicle battery and the availability of charging
infrastructure at the main parking spots of the drivers for
different battery technologies (lead acid, Li-lon) and AC
connection currents (7A / 1610W, 10A / 2300W, 16A /
3680W?) to identify the point of minimal cost for the
operation of an electric three wheel taxi in Dar es Sa-
laam.

According to a local vendor, the current life time of a
three wheeler in Dar es Salaam is 3.5 to 6 years driving
30 000 km per year and 100 km to 200 km per day. Tak-
ing a life time distance of 180 000 km as a benchmark, a
battery capacity of 100 km would result into 1800 full
battery cycles, a capacity of 50 km into 3600 full battery
cycles. Currently Li-ion battery technologies reaches
1500-2000 cycles with 3000 cycles expected in 2030
[17]. The vehicle life of battery electric three wheeler
with 50 km travel distance could therefore reach 150
000 km in 2030.

An analytical vehicle model was created to deduct the
driving demand for different battery technologies and
battery sizes. A driving cycle based on the measurement
campaign was developed to calculate the average de-

2 This includes the investment for the vehicle and the individual partial cost of
he required shared infrastructure to operate it.

% AC connection currents where translated into available AC power by assum-
ing a constant 230V at the connection point. This was used as the charging
power of the batteries by deducting 10 % losses. Only constant power charg-
ing was used with no other complexity applied.



mand per 100 km [16]. An overview of the resulting en-
ergy demand per 100 km is presented in Table 2. Due to
the increased battery weight, lead acid demand values
are more wide spread than Li-ion. The average driving
demand values were used for a first assessment of the
effectiveness of opportunity charging stations. The au-
thors aim at using the created vehicle model to individu-
ally calculate the energy demand per track based on ve-
locity, acceleration and slope.

Ensemble simulations were conducted to identify the
range of energy storage demand in the vehicle battery
with focus on the identification of the effectiveness of
the availability of opportunity charging stations. The
simulations neglect, if the demand was calculated based
on smaller batteries than required, resulting in a range of
required effective battery capacity.

Table 2: Energy demand ranges for modelled vehicles with Li-ion and
lead acid type batteries and 150kg and 300kg payload (passengers plus
freight).

150kg 300kg

KWh/100km ‘ payload payload
Li-lon 5.31-5.81 5.94-6.45

Lead Acid 5.66-7.28 6.31-7.95

I1l.  RESULTS AND DISCUSSION

The battery demand of the vehicles to fulfil the mo-
bility needs of the tested individual vehicles with and
without opportunity charging is shown in Figure 5, dis-
tinguishing between lead acid (top) and Li-ion (bottom)
battery technology. The individual lines represent com-
binatorial scenarios with 7 A, 10 A and 16 A charging
station current as well as demand values for 4 kWh-
16 kWh technical battery capacity in steps of 2 kWh at
150 kg and 300 kg weight of the passengers and freight.
This results in an underestimation of the battery demand
for technical battery requirements above 16 kWh (ca.
12 kWh effective battery capacity). The battery capacity
demand distributions are fully separable and only over-
lap for very high capacity demands in the case of lead
acid battery technologies. The possibility of opportunity
charging results in a more wide spread result of required
effective battery capacities.

To reduce the battery capacity demand of electric
three-wheel motor-cycles, the availability of opportunity
charging stations at central parking points is a viable
measure. To serve 75 % of the tested individual cases,
the maximum calculated effective vehicle battery storage
capacity is reduced from 10.3 kWh to 5.8 kwWh in the
case of Li-ion and from 14.4 kWh to 7.6 kWh in the case
of lead acid. The calculated effective energy demand
range to cover 75 % of the measured driving cycles is
given in Table 3.

Table 3: Effective battery energy demand range to satisfy 75 % of the
measured weekly driving profiles of three wheel taxis.

KWhegy | Li-ion lead acid
w/o opportunity | 9.20+1.06 11.53+2.89
w/ opportunity 4.95+0.80 6.01+£1.59
only long charge opportunity charging
50% 75% 90%

effective battery capacity [kWh]

vehicle under test sorted by battery demand

only long charge

opportunity charging

50% 75% 90%
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1
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Figure 5: Battery demand to fulfil the mobility demand with and with-

out opportunity charging availability for lead acid (top) and Li-ion

(bottom) based battery technologies. Please acknowledge the logarith-

mic y-axes.

7A, 1.61kW —— 10A, 2.30kW 16A, 3.68kW —

12

50% 75% 90%

10

effective battery capacity [kWh]

vehicle under test sorted by battery demand
Figure 6: Battery demand to fulfil the mobility demand with opportuni-
ty charging availability Li-lon (bottom) based battery technologies for
different charging currents.

The effective battery demand per vehicle under test
split into the different charging current scenarios is de-
picted in Figure 6. As expected larger charging currents
result in generally lower effective battery demands. A
near doubling of the charging current only results in a
reduction of 10 % to 20 % of the effective battery capac-
ity demand.



In order to replace fossil fuel driven vehicles, the bat-
tery electric vehicles need to compete in price and bene-
fit on the cost sensitive Tanzanian market. The availabil-
ity of accessible charging infrastructure in between rides
is crucial to the economically viable operation of battery
electric motor-cycles. Household typical charging cur-
rents can drastically reduce the effective battery demand
for the operation of an electric three-wheel motor-cycle
taxi in Dar es Salaam.

The measured coincidence factors suggest the possi-
bility for shared infrastructure that requires fairly low
investments, opening the opportunity for additional jobs
created around these electro mobility activities.

Current studies suggest battery pack prices will be-
come less than half the current price until 2030 at a
planned vehicle life time of 150 000 km. Prices between
75 €/kWh [17] and 84 €/kWh [18] seem to be a reasona-
ble estimate. This would put the price of a battery pack
for an electric Bajaj to below 1000 US$. Under such de-
velopments, battery prices would become less of a hur-
dle for a technology transformation in the informal
transport sector of developing countries.

The authors conclude that smartly dimensioned Li-
ion batteries plus publicly accessible charging infrastruc-
ture has the potential to support the transformation with-
in the next 10-15 years.
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