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ABSTRACT

There are obstacles to the widespread use of small electric vehicles (EVs) in Rwanda, including concerns regarding
the battery range and lifespan. Lithium-ion batteries (LIBs) play an important role in EVs. However, their
performance declines over time because of several factors. To optimize battery management systems and extend
the range of EVs in Rwanda, it is essential to understand the influence of the driving profiles on lithium-ion battery
degradation. This study analyzed the degradation patterns of a lithium-ion battery cell that propels an E-bike
using various real-world E-bike driving cycles that represent Rwandan driving conditions under deep discharge
(>80%). By being aware of these variables, battery failure can be slowed and improved battery performance can
be achieved to promote the transition to cleaner transportation in Rwanda for the productive use of energy. The
analyzed parameters that affect battery performance are temperature, driving cycles, and state of charge. It was
found that the higher the temperature, the higher was the rate of fading. On the other hand, the EVs that operate
in the region with higher elevation (hilly region) combined with a flat surface where the riders use their physical
forces to propel the E-bike and their batteries lose their capacity rapidly compared to those operating in regions
where the energy from the lithium-ion battery assists for the entire mileage. By draining the battery to 10% and
charging it to 90% of its initial capacity, the capacity fading decreased by 5%.
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1 Introduction

Rwanda is currently enhancing the use of green energy sources, particularly for transportation.
Transportation is an inseparable component of human life. Because fuel prices throughout the world
are increasing daily, especially in remote areas, there is an enormous need to search for alternatives
to conserve these natural resources and facilitate easy transport of human beings. Renewable energy
sources that power electric vehicles can help to solve the energy shortage problems in remote areas.
Different researchers have shown the importance of electrical energy storage to encourage the use
of electrical vehicles with renewable energy sources [1]. The utilization of small electronics, such as
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cellphones, tablets, and laptops, as well as large equipment, such as electric vehicles (EVs), which
rely on LIBs as energy sources, is becoming more prevalent in Rwanda. There is a need to analyze
storage systems that serve different energy-dependent systems. The storage system loses its capacity
while in service, and through the degradation process, the storage system will ultimately lose its
capacity and become so depleted that it is no longer usable. Sustainable battery efficiency is a
crucial criterion for evaluating the economic, social, and environmental impact of electrified cars [2].
Moreover, frequent discharging and charging are harmful to battery life. In some extreme driving
situations, the battery may be overcharged and discharged, which seriously reduces the battery life
cycle and results in degradation of the internal circuit parameters of the batteries [3,4]. In such
models, accurate determination of degradation is essential not only to realistically determine the
business case but also to formulate intelligent strategies for charging and discharging plans for these
batteries [5]. Based on the literature, battery capacity fading is modelled using different forms based on
several aging mechanisms [6], such as empirical models, equivalent circuits or semi-empirical models,
and electrochemical models [7]. Table 1 shows the different multiple aging processes that take part
in the capacity and performance degradation of a lithium-ion battery. The degradation of LIBs is
due to the different thermal, mechanical, and chemical processes that take place within the battery
[8–10]. Therefore, a quantitative method to estimate EV battery degradation is required to evaluate
the financial and technical feasibility of using electric bikes in the remote areas of Rwanda.

Table 1: Degradation mechanisms of Lithium-ion battery characterized by their physics

Mechanical -Mechanical stress, deformation and vibration tests, readily accelerated with
magnitude and rapid accumulation of cycles

-Failure of cell architecture and packaging
Chemical -Side reactions occurring during idle time-Lithium plating (High and low voltage,

low temperature)
Electrochemical -Side reactions driven by charge rate

-Solvent dissolution
-SEI growth (high temperature, rest time and high voltage)

Electro-
chemo-
mechanical

-Degradation due to material expansion/contraction during
electrochemical-thermal cycling

-Active site area loss due to cycling
Thermal
coupling

-Impeding typical transport and reaction procedures at cold temperatures, and
causing mechanical stresses from the thermal growth and shrinkage of cellular
elements Deterioration brought on by material expansion and contraction during
the course of electrochemical-thermal cycling. Battery impedance increases under
high-temperature

-Reaction rates increase with higher temperatures

Battery degradation depends on parasitic physicochemical reactions that occur between various
components of a battery cell, such as electrolytes, electrodes, additives, and current collectors. These
mechanisms degrade the storable energy (capacity) and maximum power (impedance) of the batteries
[11]. The total capacity fading of a battery is due to calendar aging (I = 0) and cycling (I �= 0) [12].
Lithium-ion batteries predominantly experience calendar aging through the development of a Solid
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Electrolyte Interface layer on the negative electrode. This process entails reduction of the electrolyte
by lithium, which should be deposited within the graphite electrode [13]. The mechanism that best
represents cycle aging is lithium plating on the negative electrode. This mechanism is characterized by
the limitation of lithium insertion due to diffusion when the battery is charged at low temperatures
or high current rates. In these situations, lithium is deposited on the negative electrode instead of
being inserted into graphite [14]. Additionally, cycling aging process in LIBs are, for example, collector
corrosion and particle cracking. Generally, this type of process occurs mainly under extreme use
conditions at very deep discharges or very high current rates, and not under general use conditions
[15]. Previous studies have focused on battery degradation. Most of them used an empirical formula
with the help of experiments to determine inputs [16].

Reference [17] worked on modelling the battery of an EV from the electrical circuit representation
to the thermal characterization, including the capacity fade description, 45 km per day was considered
as the driving cycles. The total capacity loss over two years was found to be 2%–5% of the initial
capacity, depending on the initial SOC of the battery. In [18], a technique for the aging analysis of a Li-
ion cell due to the growth of a solid electrolyte interphase (SEI) layer driven by a solvent decomposition
reaction at the electrode surface was presented. The model employs an iterative technique based on
analytical solutions of the underlying conservation equations. This iterative method converged results
within a few iterations, and the model was shown to agree well with results from past studies as
well as a numerical simulation. According to [19], a model for quickly calculating battery lifetime
was suggested. The Arrhenius formula, temperature-accelerated stress, and charge/discharge current-
accelerated stress are used to forecast the battery capacity of the model. To calculate the rate of
battery capacity fading as a function of the battery charge/discharge cycle numbers, they produced
a fitted model. The battery lifetime was estimated using their model with a 40% relative inaccuracy.
In [20], degradation analysis was carried out using the endurance driving cycle, which simulates the 4
WD electric vehicle with 450 V battery pack voltage, to examine the effects of cell cycle aging on its
properties, such as voltage, capacity, and resistance fading. The cell’s health dropped to approximately
85% after being aged for 201 cycles in the lab. In [21], to reveal the aging mechanism during constant
current cycling, operando electrochemical impedance spectroscopy, real-time temperature monitoring,
and electrochemical cycling of both new and old batteries have been performed. According to the
incremental capacity analysis (ICA) results, capacity fading during operation is primarily caused by
polarization. Furthermore, the primary cause of electrode degradation is the creation of a solid-
electrolyte interphase (SEI) and cathode-electrolyte interphase (CEI), according to a post-mortem
study of the electrodes. Active materials are continuously lost because of the development and
evolution of the interface during cycling, which include thickening and chemical changes. In [22], an
enhanced lithium-ion battery degradation model that considered the influence of the cycle current and
was based on the electrochemical mechanism of capacity decline was proposed. The starting values of
the model parameters were determined using genetic methods. The outcomes confirmed the suitability
of the suggested approach for HESS management as well as its accuracy and resilience.

This study focuses on the capacity fading analysis of lithium manganese oxide batteries (LMO)
based on different real driving cycles of Rwanda to understand the different factors that influence bat-
tery capacity loss, utilizing combined calendar and cyclic aging profiles. By quantifying the magnitude
of battery degradation due to different driving cycles from different itineraries, the influence of the load
profile and temperature was considered. To obtain different current profiles, which are the inputs to
the battery cell, driving cycles were generated using a WebPlotDigitizer [23]. It was considered that the
E-bike riders used their forces at the flat surfaces and the hilly region energy from the battery to assist
in climbing. MATLAB was used to post-process the Excel data generated by the WebPlotDigitizer.
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The cell, high power Kokam NMC (Nickel Manganese Cobalt) cell (18650), lithium-ion cells were
utilized for this study due its high power, good cycling stability and highest thermal stability which is
crucial issue for the safe operation of Li-ion batterie [24–26], Table 2 shows more details of the used
cell. It has various applications [27], such as in E-bikes, medical devices, EVs, and industry.

Table 2: Specification of the used Li-ion cell

Parameters Values

Manufacturer specification Kokam NMC cell (18650)
Cathode LiNiMnCoO2

Anode Graphite
Maximum voltage 4.2 V
Minimum voltage 2.5 V
Rated capacity 2.7 Ah
Initial cell current 0 A

To analyze battery degradation, a self-adaptive Li-ion battery aging model SLIDE (simulator for
lithium-ion degradation), which is a code project mainly written in C++ to perform fast simulations
of lithium-ion battery degradation [28], was used. The inputs to the model process included the cell
nominal voltage (V_nom_cell), current profiles (i) that were found using cartographic data [29], and
reasonable cell temperatures (T_cell). The methods used in this study are illustrated in Fig. 1. In the
first time, the bike paths available in Rwanda were selected using Google Maps [29], which is generally
believed to have driving patterns comparable to those of conventional bicycles currently in use. In the
second time, the chosen itineraries were uploaded to WebPlotDigitizer, and the information about the
duration of the journey, the time required to travel its distance, and the profile elevation is obtained
from a map obtained from Google Maps. The generated data were in the form of comma-separated
values (CSV). In the last time, mechanical dynamic modelling was performed using MATLAB to
generate the driving cycle profile using the CSV-generated data as the input. To better express the
concept of describing the mechanical dynamics of a bicycle for a comprehensive pedelec system model,
different forces to overcome to propel the bicycle are considered [30]. A driving profile represents the
daily use of an electric vehicle, for instance, home-to-work and then work-to-home, with a full charge at
the end of the day [9]. A dynamic driving load profile was employed in this study. Finally, these driving
cycles were entered into the SLIDE using the profile aging function to analyze the degradation. The
generated current profile was applied to cycle the cell to analyze the behavior of the critical aging
mechanisms and their impact on the capacity fade in a lithium-ion cell. The results did not consider
the effect of chemical composition in this study.

The current profiles used are shown in Fig. 2 along with the generated current profiles. As shown
in Fig. 2a, the battery has sufficient time to relax; from 696 s to the end, the battery energy does not
assist the rider. On the other side in Fig. 2b, the battery produces and consumes energy for the entire
itinerary, for this Jali_Balayi route the battery current discharging is considerable compared to the
KN206_Kigali route.
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Figure 1: Flowchart showing used methodology
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Figure 2: Current cycling profiles of selected itineraries

2 Discussion and Results Analysis

A simulation was performed to evaluate the degradation at constant current and voltage. The cell
was discharged/charged at 1C CCCV using the generated driving cycles. This was evaluated under
different conditions. For the first case, the state of charge (SoC) was between 0 and 100; 10 and 90 at
25°C, in the second case the SoC was between 0 and 100 at 45°C.

The results in Fig. 3 show that the thickness of the SEI layer increases rapidly in the early stages,
which is the cause of an early time high rate of degradation, as shown in Figs. 4 and 5. The loss of
lithium inventory increased rapidly in the early cycles, but the direct current (DC) resistance of the cell
increased linearly, leading to an increase in the SEI. This led to an increase in the total DC resistance,
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which caused a decrease in the capacity of the cell. Consider the same temperature for Fig. 3b, at
different states of charge (SoC).

Figure 3: Thickness of the SEI layer, Lost lithium inventory and total DC resistance for route KN206

Figure 4: Capacity loss overtime for route KN 206 street Kigali
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Figure 5: Capacity loss overtime for route Jali balayi

Fig. 3a describes the effect of the temperature and discharging and charging cycles on the battery
performance of the E-bike. At the same discharging/charging cycle with the SoC ranging between 0%
to 100%, the thickness of SEI layers reached to 2.66 × 10−7 m after 1245.1 h at 45°C while the one
with the environment of 25°C reached 1.91 × 10−7 m after 127,122.6 h. It is clear that for the E-bike
user who maintains the charge and discharge cycle between 10% and 90% at 45°C, the thickness of the
SEI layers reached 1.89 × 10−7 m after 12,561.2 h. For the charging cycle, where the battery is fully
discharged and fully charged (0%–100%), the lost lithium inventory reaches 0.608 Ah after 12,457.1 h.
For the case, where the battery was drained to 10% and charged to 90%, lost lithium inventory reaches
the 0.45 Ah after 12,712.6 h. For the same range of discharging and charging (0%–100%) at 45°C the
lost lithium inventory recorded is 0.608 Ah after 12,457.1 h while the 0.45 Ah after 12,561.2 h was
reached using the environment of 25°C. The change in the thickness of the SEI layers and the loss of
lithium inventory have proportional effects on the internal resistance of lithium-ion batteries. Fig. 3c
shows that at the same temperature of 25°C, 0.0123 Ω was recorded after 12,561.6 h for the charging
cycle that used SoC ranging between 0% and 100%, while 0.0107 Ω was recorded for SoC ranging
between 10 and 90. maintaining the same SoC ranging from 0 to 100, at 45°C, 0.0135 Ω was recorded
after 12,457.1 h.

Based on these recorded data, it was found that the loss of lithium inventory and increase in total
DC resistance in the lithium-ion cell depend on the itinerary elevation, state of charge, and temperature.
SEI growth results in an increase in electrode impedance and, consequently, an overall capacity loss
[18], as shown in Fig. 6, where the capacity loss changes with respect to both the SEI and the loss
of lithium inventory. As shown in Figs. 4 and 5, the degradation rate was significantly higher during
the early cycles than during the late cycles and then increased rapidly at the end of life (EoL). It is
shown that temperature is one of the most crucial parameters to consider: the battery, which is used in
an environment with high temperature, its capacity fades faster than that in an environment with low
temperature.
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Figure 6: Capacity loss with respect to both SEI and loss of lithium inventory

For Fig. 4, considering the same temperature of 25°C, for the e-bike rider who was fully discharged
and fully charged (0% to 100%), a capacity of 79.09% remain after 12,561.2 h while for the rider who
drained the battery to 10 and charged to 90%, 84.30% remain after 12,712.6 h. Considering the same
range of state of charge (0% to 100%), 69.09% remain after 12,457.1 h in the environment of 45°C.

In the case of the state of charge, it was discovered that fully discharging the battery negatively
affected its life. Normally, the life of an EVs battery ends when the battery loses 20% of its nominal
capacity [5]. Considering the environment at 45°C, in Fig. 4, the life loss to 80% capacity would be
approximately 8723 h when using the itinerary of Jali balayi (Fig. 5). This critical point was reached
in 11,261 h. For the Jali balayi route, it took a long time to lose 20% of the original value. For the
driving cycle shown in Fig. 2a, more than half of the itinerary the E-bike rider uses human force to
propel the E-bike, and the battery does not assist. it has a long distance where the battery is not in use,
From at the second of 149 up to the second of 268 s and from the second of 696 up to the value of
1367 s, calendar aging (under storage) [2,6,31], Lithium-ion batteries slowly lose their storage capacity
during calendar aging and cycling [12]. For this itinerary KN 206 Street Kigali, calendar
aging has dominated cycling aging considerably, which is why the fading was faster than the E-bike
that used the route of Jali balayi.

Considering the different cycling charging levels for KN 206 Street Kigali (Fig. 4), at 25°C, nearly
80% remains after 12,561.2 h using an SoC ranging between 0% and 100%. On the other side, using
SoC ranging between 10% to 90%, nearly 85 % of initial capacity remains after 12,712.6 h. Considering
the utilized driving cycles, it is clear that calendar aging has a considerable negative impact at a very
high state of charge, as proven in [11]. For route Jali balayi (Fig. 5), nearly 86% of what remains after
11,285.5 h considering SoC ranging between 0% and 100%. For the case of the range between 10%
and 90%, 86% of the initial capacity remains after 11,246 h.

The graph in Fig. 6 illustrates the loss of capacity as a result of both SEI (Solid Electrolyte
Interphase) formation and lithium-ion loss. SEI formation leads to the formation of a thicker and
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more resistive layer, which in turn restricts the movement of lithium ions between the electrolyte and
the electrode. Additionally, the loss of lithium ions signifies a reduction in potential charge storage
capacity. As the number of lost lithium ions increased, fewer ions became available for cycling. This
reduction in available ions ultimately result in a decrease in the capacity of the charging and discharging
cycles.

3 Conclusion

This study aimed to contribute to the sustainable adoption of power-assisted bicycles in Rwanda
for the productive use of energy by identifying the driving profiles that lead to accelerated degradation.
In this study, a lithium-ion cell was subjected to a combination of calendar and cycling aging to under-
stand its performance in electrical cycling energy storage. Based on real-world data from Rwanda,
two driving cycles were generated using the WebPlotDigitizer. Using SLIDE and MATLAB, these
driving cycles were utilized to analyze the life span of lithium-ion batteries at different temperatures.
Environments of 45°C and 25°C were considered, and it was understood that the battery used in
an environment with high temperatures would fade at a higher rate than those operating at low
temperatures. Concerning the effect of itineraries, the route KN 206 Street Kigali where the energy
from the battery does not assist to propel the E-bike for 58% of the mileage, has degraded at a high
rate compared to the one that is being used in the region of Jali balayi route; considering the same
environmental temperature of 45°C, the life loss to 80% capacity would be about 8723 h while using
the itinerary of Jali balayi, this critical point will be reached in 11,261 h. Finally, it was discovered that
by draining the battery to 10 and charging it to 90% of its initial capacity, capacity fading decreased by
5%. Therefore, E-bike riders are advised not to fully discharge their E-bike batteries. The used method
is easy to apply and it is one of the methods that can be used by everyone considering the local real
data. Future research can be conducted to model and analyze the battery degradation of the selected
itineraries, as well as other routes, by considering the battery’s chemical composition of materials using
the same procedures.
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