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Abstract: The goal of this paper is the evaluation of lithium-ion batteries that power electric vehicles 
(EVs) under variable climatic conditions to determine how the driving range of a vehicle is modified 
because of changes in battery performance caused by the variability of environmental conditions. 
The influence of sudden changes in ambient temperature on the performance of the battery that 
powers electric vehicles has been studied and analyzed. The study is focused on how trips across 
geographical zones with different climates affect the autonomy of an electric vehicle’s battery, and 
thus the driving range of the electric vehicle (EV). A model has been developed to reproduce on a 
laboratory scale the real conditions to which EVs are subject when circulating under fluctuating 
temperatures, which force the battery to operate in a transient or non-steady state. A simulation has 
been run for different climatic conditions to evaluate the performance of the battery and the driving 
range of the electric vehicle under variable operating conditions. A laboratory prototype has been 
designed and built to validate the modeling and to adjust the theoretical approach to experimental 
values through the corresponding correction factor in case significant deviations occur. The model 
has been validated for a simulated route that reproduces a real driving trip for specific geographical 
areas. The model indicates that there is a shortening in the global driving range of 43.5 km over a 
trip distance of 538 km, which means there is a reduction of 8%. The simulation has been applied to 
a specific geographical area in the nearby of the city of Lyon (France), for a temperature gap of 39 
°C, from −6 °C to 33 °C, but can also be used for almost any other zones, although the reduction in 
driving range may vary because of specific climate conditions. 

Keywords: battery performance; electric vehicle; driving range; ambient temperature; climatic  
conditions; modeling and simulation 
 

1. Introduction 
It is known that any kind of battery is affected in its performance by the operating 

temperature [1–6]; changes in a battery behavior influence its autonomy and thus the driv-
ing range of the electric vehicle powered by the battery. The electric vehicle driving range 
is rated under specific driving conditions [7–11], which do not include temperature vari-
ations during rating tests. The general effects of temperature on the driving range of elec-
tric vehicles have been widely studied and characterized [12–16], and more specifically, 
the seasonal variation in temperature has been studied and characterized [17–20]. Never-
theless, the sudden changes in ambient temperature caused by variable climatic condi-
tions, despite the recent advances in this field, have not yet been sufficiently studied and 
analyzed [21,22]. 
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Changes in temperature affect not only the performance of the battery that powers 
an electric vehicle, but its capacity and autonomy. If changes are produced at a quick rate, 
the battery enters a transient operating mode, with the capacity of changing for every 
transient state; these changes in the capacity modify the depth of discharge of the battery 
at every state, thus modifying the global autonomy and the driving range of the electric 
vehicle. As a consequence, the current methods of calculation of the driving range are 
useless since they have been developed for the nontransient state. Transient processes re-
quire a detailed analysis of the different operating conditions at every transient state, so 
the discharge process of the battery should be treated as a succession of partial quasi-
steady states where operating conditions can be considered constant. 

The route of an electric vehicle subject to sudden and continuous changes of temper-
ature should be treated as a succession of partial segments of driving distance, short 
enough to be considered as a quasi-steady state; since an electric vehicle is powered by a 
battery, the segmentation process must be applied to the discharge process of the battery. 

Battery capacity is a parameter rated under specific operating conditions [23–25]. The 
rating process is currently run at a constant temperature that corresponds to standard 
discharge conditions [26–28]. However, if a battery is submitted to sudden changes during 
discharge, the variation in the capacity rate modifies the discharge rate too; in such con-
ditions, the depth of discharge corresponding to a specific partial discharge should be 
recalculated using the modified value of the capacity for the new operating temperature. 

At present, the majority of studies have been devoted to determining the influence of 
temperature on battery performance, but an analysis of how climatic conditions influence 
the driving range of electric vehicles because of the variation in the performance of the 
battery that powers an electric vehicle is missing. This study intends to analyze this effect, 
since the reference driving range provided by the manufacturers do not take it into con-
sideration. We consider it important to evaluate the driving range of an electric vehicle 
with the highest accuracy possible because an error in the information provided by the 
vehicle control system to the driver may cause the vehicle to suddenly stop before arriving 
to the charge station. 

The analysis of the real performance of the battery under variable climatic conditions 
implies the study of the battery’s performance for different environmental situations in a 
single trip; the goal is, therefore, to obtain an algorithm that can be implemented in the 
control unit software of the electric vehicle, so that the unit can recalculate the driving 
range in a dynamic way, taking into account the variations in the performance of the bat-
tery when climatic changes occur. 

2. Theoretical Foundations 
The capacity of a battery can be expressed as a function of temperature dependence 

as [29]: 
1.0213 0.4393

1.0047 refD
T r

ref D

TIC C
I T

   
=        

 (1)

where Cr is the real capacity of the battery for specific discharge conditions, which do not 
always match standard ones, ID is the operational discharge current, Iref is the reference 
discharge current, TD is the temperature of the discharge process, and Tref is the tempera-
ture at the reference discharge cycle. The reference values of the current and temperature, 
Iref and Tref are given by the manufacturer. 

The depth of discharge (DOD) of any partial process can be expressed as: 
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where subindex i indicates the order of the process, tD,i is the running time for the partial 
discharge process and Cr,i is the real capacity corresponding to the i-process. The real ca-
pacity depends on the nominal capacity of the battery, Cn, as in: 

, ,r i n c iC C f=  (3)

The capacity correction factor, fC, for lithium-ion batteries is given by [30]: 

( )0.0148, ,0.9571C i D if t=  (4)

where tD,i accounts for the discharge time of the i-process. 
Combining Equations (1) to (4): 
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Equation (5) gives the partial depth of discharge of the battery as a function of the 
nominal capacity of the battery, the reference values of the discharge current and temper-
ature, and the specific operating conditions for the i-process, discharge current, interval 
time and operating temperature. 

The discharge current can be obtained from the power requirements of the electric 
vehicle, Pi: 

,
,

i
D i

bat i

PI
V

=  (6)

where Vbat represents the average battery voltage in the i-process. 
For lithium-ion batteries, the battery voltage evolution follows a linear decay with 

the depth of discharge, given by: 

, , ( )bat i bat o iV V m DOD= −  (7)

m is the slope of the discharge current process that can be obtained from the expres-
sion: 

, ,

100
bat o bat offV V

m
−

=  (8)

where Vbat,o is the battery voltage at the full charge state, and Vbat,off is the cut-off voltage 
corresponding to the full discharge state. 

It was assumed that the battery can be completely discharged down to a null state of 
charge (SOC), SOC = 0 or DOD = 100. 

Combining Equations (6)–(8): 
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Replacing Equation (5): 
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Since Equation (10) is a recurrent function, the numerical solution requires an itera-
tion process; therefore, the depth of discharge of the i-process is estimated using the clas-
sical expression given by: 

( )0.9852, ,

0 .9571
D i D i

i est
n

I t
DOD

C
=  (11)

The value obtained from Equation (11) is introduced on the right of Equation (10) and 
the resulting value of DOD is compared to the one introduced in the equation; if the dif-
ference is lower than a set up threshold, the DOD value is considered valid, and if not, the 
calculated value is reintroduced in Equation (10) and the iteration process continues. 
Flowchart of Figure 1 shows the loop process. 

 
Figure 1. Flowchart of iteration process for DOD calculation. 

In Equation (10), we realize there are some set up parameters that remain constant 
for the entire battery discharge process, Cn, Iref, Tref, Vbat,o, and Vbat,off, since they are specific 
characteristics of the battery. The temperature of the battery in the i-process, TD,i, depends 
on operating conditions, where the temperature is given by the ambient temperature be-
cause thermal equilibrium between the battery and the environment is assumed. 

The time interval, ti, depends on the segmentation of the route and on the accuracy 
of the driving range determination; the higher the accuracy, the lower the time interval. 

The power requirement is taken from the dynamic conditions under which the elec-
tric vehicle is operating; since it is subject to dynamic forces, the power demand in the i-
process is given by: 

( )2,sin cosi i i i r i i i wi i
P F v Ma Mg C Mg v v vα α κ = = + + + −   (12)

where M is the mass of the vehicle, ai is the acceleration, αi is the slope of the road, Cr,i is 
the rolling coefficient, which depends on ambient temperature, κ is the drag force coeffi-
cient, and vw is the wind velocity. 

Since the vehicle’s dynamic conditions correspond to transient processes, only the 
mass of the electric vehicle, the drag force coefficient and the wind velocity can be consid-
ered constant; therefore, the vehicle’s acceleration must be determined from the dynamic 
conditions themselves, applying the classical equation: 

DODest 

DODcal (DODcal - DODest)<(DOD)thr ? 

DODi 

NO 

YES 
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i

i

v va
t
−=  (13)

where subindexes end and ini account for the final and initial vehicle speed at the i-interval. 
Vehicle speed can be measured by a speedometer, which is a common device that 

equips any vehicle. 
The slope of the road can be measured either by an inclinometer, which is not very 

usual in utility vehicles, or by the geographical service of the driving zone. To this goal, 
Geographical Information System could be a useful tool, although in most of the cases, it 
provides information with lower accuracy than required [31-36]. An alternative is the use 
of the popular web utility service Google Maps [37–44] or similar services such as Petal 
[45], Sygic [46], or Geo Tracker [47]. A former research work introduces the utility of 
Google Maps in the determination of the slope of the road, and how to calculate the slope 
within high accuracy [48]. 

The rolling coefficient is a parameter that takes into account the friction of the tires 
with the pavement, whose dependence on temperature and vehicle speed can be ex-
pressed as [49]: 

6 2 4 5
, 1.9 10 2.1 10 0.013 5.4 10r i i i iC x T x T x v− − −= − + +  (14)

The rolling coefficient is also dependent on the tires’ pressure because the friction 
surface changes with it [50]. If the tires’ pressure is considered: 

2
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 (15)

The reference pressure of tires is given by the car manufacturer. 
Averaging the values from Equations (14) and (15) for the rolling coefficient: 

2
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,
1 1.9 10 2.1 10 0.013 5.4 10 0.005 0.01 0.0095
2 100

ref i
r i i i i

i ref

T vC x T x T x v
T p

− − −
    = − + + + + +   

     
 (16)

The drag force coefficient is a parameter that indicates the aerodynamic resistance of 
the vehicle to the forward movement, and depends on the aerodynamic coefficient shown 
in Equation (17): the aerodynamic coefficient is characteristic of every vehicle type, and 
can be considered constant since it only depends on the dynamic configuration of the ve-
hicle [51–52]. The relation between drag force coefficient, κ, and the aerodynamic coeffi-
cient, Cx, is given by: 

1
2 a xSCκ ρ=  (17)

S is the front surface of the vehicle and ρa is the air density at the operating temperature. 

3. Modeling and Simulation 
A modeling procedure was run to evaluate the influence of sudden changes in the 

ambient temperature on the driving range of electric vehicles. Because the system operates 
in a transient state most of the time, the trip was divided in n-segments of an equal time 
interval, ti. The model uses a database to compute the set-up parameter mentioned before. 
Figure 2 shows the flowchart of the modeling process. 
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Figure 2. Flowchart of the modeling process. 

The modeling process is based on an experimental prototype that reproduces the real 
conditions on a laboratory scale; this prototype is used to validate the performance of an 
electric vehicle under identical operating conditions rather than in a real situation. 

3.1. Experimental Prototype 
The experimental prototype is made up of an Arduino module that commands all the 

operations conducted to simulate the real behavior of the electric vehicle (Figure 3). The 
module consists of a microcontroller, two I/O port power modes for hardware to software 
communication, an ICSP to allow the microcontroller to self-program without disconnect-
ing from the external circuit, a power jack for energy supply and a USB port to connect 
the module to a computer for data registration. 

 
Figure 3. View of the Arduino module. 
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A temperature sensor was attached to the Arduino module to control the operating 
temperature of the test. The left of Figure 4 shows a view of the temperature sensor, while 
on the right the connecting system to the Arduino module is shown. 

Data were registered by the Arduino module through the use of specifically developed 
software, and were recorded in a SD card module that uses a SPI interface protocol (Figure 5). 

The discharge of the battery was performed using a simulated external load circuit 
(Figure 6). It should be noted that the assembly was composed of a mechanical switch, a 
relay and a transistor. 

The discharge current was generated by a discharge power resistor (of 10 ohms, and 
10 watts). The discharge circuit was controlled by a NPN 2N22222 transistor used as a 
switch controlled by a +5 V pulse from an Arduino digital (D7) pin used as an output. 

Two other switches (one mechanical switch and a relay switch) were also placed in 
the general circuit to control the start and the end of the monitoring process. The voltage 
was measured at each side of the discharge resistor using the analog (A1) pin of the Ar-
duino board (used as an input). 

 
Figure 4. View of the temperature sensor and connection to control module. 

 
Figure 5. View of the SD card for data storage and the assembly to control module. 
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Figure 6. Assembly diagram of the load section circuit. 

The assembly works as follows: 
Step 1. the Arduino board is powered off and the whole circuit is open. The switch, 

discharge transistor and relay are also open. 
Step 2. The Arduino board is powered on and the program starts. The voltage record-

ing begins at A1 (at this stage A1 = 0 V), the discharge transistor is saturated by a +5 V 
impulse from D7 and the relay is closed by an impulse from D3. At this stage, the circuit 
is still opened by the mechanical switch. 

Step 3. The Arduino board is still powered on. The assembly is thus placed in condi-
tions of measurement, the circuit is mechanically closed by the action on the switch and 
battery discharge begins. Here, we measured A1 at full charge. According to the specifi-
cation data, the full charge voltage for the battery varies from 3.7 V to 4.7 V. Voltage re-
cording was performed every minute. 

Step 4. When the measurement taken at A1 was lower than the lower-limit threshold 
voltage of our battery (3 V), the transistor switched to an open position, driven by the 
Arduino board. Two additional measurements were taken at A1, giving us the no-load 
voltage of the battery. 

Step 5: after the two last measurements of the no-load voltage, the Arduino program 
opeed the relay; thus, the value of A1 was null and the recordings were completed. 

3.2. Tests at Constant Intensity 
This group of tests was aimed at determining the influence of temperature on the 

performance of the battery. To do so, the assembly of Figure 7 was used. 

Relay 

Control 
module Resistor 
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Figure 7. Final assembly of the control circuit. 

To only evaluate the influence of temperature on battery performance, we ran three 
tests at a constant current, at temperatures of 25 °C, 7 °C and 6 °C; the results from these 
tests are drawn in Figure 8. It should be noticed that battery capacity increases with tem-
perature, which confirms the results obtained from previous studies [53–54]. The value of 
the capacity at 25 °C, which is the reference temperature, confirms the validity of the tests 
since the deviation from the reference value is lower than 0.7%. 

 
Figure 8. Discharge curve of battery at constant current for various temperatures. 

Once the influence of temperature was confirmed for our testing prototype, we de-
veloped a new set of tests under variable operating conditions. To do so, the assembly of 
the control circuit was modified including the addition a variable resistance unit that al-
lowed the modification of the extracted current from the battery according to the simu-
lated driving conditions. The process was controlled by a specific software that calculated 
the power requirement from the vehicle dynamic conditions and converted the power into 
current, activating the control module signal that commands the variable resistance unit, 
so the current associated with the specific vehicle driving condition was set up. The layout 
of the new configuration of the control module can be seen in Figure 9. 

Battery 

Control module 

Temperature sensor 

SD card 

Software 
command 

switch Connection board 
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Figure 9. Modified assembly of the control circuit with variable resistance unit. 

The variable resistance is connected to a servomotor that plays the role of a electric 
vehicle motor and acts as a simulated power consumption system. The servomotor is con-
nected to the Arduino board, so the control module detects the power consumption and 
compares it to the set-up value indicated by the software command; if the two values differ 
by more than as the established maximum deviation, which is currently 1%, the system 
adjusts the value of the variable resistance until the difference is below the threshold. Fig-
ure 10 shows the general scheme of the variable resistance (potentiometer), the servomo-
tor and the link to the Arduino board. 

 
Figure 10. Schematic view of the simulated power consumption system. 

The power consumption in the servomotor was adjusted by turning the angle of the 
servomotor; the correlation between the power and turning angle had been previously 
adjusted having obtained the following algorithm: 

1.7859 185.13Rθ = − +  (18)

where θ is the turning angle of the servomotor and R the resistance of the potentiometer. 
The above correlation function has a regression coefficient of R2 = 0.9983. The current 

adjustments were made through the control software using Equation (18), which was im-
plemented in the control software; therefore, the control module could operate the system 
within the required accuracy. 

The flowchart of the current adjustment procedure is shown in the diagram in Figure 
11. 

Battery 

Control module 
Temperature sensor 

SD card 

Software 
command 

switch 

Connection 
board 

Variable resistance 
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Figure 11. Flowchart of the current adjustment procedure. 

Since the process was intended to reproduce real driving conditions in an environ-
mental situation of sudden changes in ambient temperature, the simulated trip was di-
vided into n-segments, each one having a constant temperature. Therefore, the process 
described above was applied to every segment of the trip and the battery depth of dis-
charge for every segment was associated with a partial driving range according to the 
specific conversion algorithm, which is given by the following equation [55–56]: 

( ) ( ) ( )
( ) ,

1.0063 0.43931.0148

1.02130.9616
i

D refn i
i

dr Dref

I TC
DR

R TI

 
=  

 
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 (19)

Equation (19) provides the partial driving range of the i-segment of the trip. To obtain 
the global driving range, we can extend the above condition to the available energy of the 
battery, which corresponds to the variation in the state-of-charge (SOC) from the initial 
point to the final point of the route. In such a case: 

( ) ( ) ( )
( )

( )
( )

1.0063

0.4393

0.43931.0148

1.0213
1

0.9616 n
ref Dn i

SOCr
idr ref D i

T IC
DR

R I T=

 
 = Δ
 
 

  (20)

Subindex r denotes the real value while the term ΔSOC accounts for the available range 
of the state-of-charge (SOC). 

The parameter ΔSOC can be either imposed by the user or calculated as a function of 
the initial and final state of charge. 

4. Experimental Tests 
Experimental tests were run in the laboratory prototype reproducing the real driving 

conditions at a reduced scale (Figure 12). The simulated trip was a French route in the region 
of Lyon that showed an orographic profile corresponding to different climatic zones (Figure 
13). 
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Figure 12. Map of the real driving route [54,57]. 

 
Figure 13. Temperature profile of the route [54,56]. 

To facilitate the comprehension of the simulation process, we converted the driving 
distance into time and the power requirement into current, which is in fact the way the 
control module operates to simulate the performance of the driving of the electric vehicle 
through the battery discharge process. The results of the simulation are shown in Figure 
14. 

Because of the perfect match between the theoretical approach and experimental val-
ues, the two curves are superimposed on most of the graph; the zones where the blue lines 
(theoretical values) do not match the experimental data are not due to a deviation from 
the theoretical approach but due to the limitations in the prototype that could not generate 
current over 0.75 A, which is the value which determines the difference between the the-
oretical approach and the experimental values. 
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Figure 14. Comparison between theoretical approach and experimental values for the simulated 
driving conditions. 

The perfect matching in the simulation process shown by Figure 14 validates the 
methodological procedure as well as the accuracy of the process. 

The battery voltage’s evolution with time was also been obtained from experimental 
tests; Figure 15 shows the results for the same operating conditions shown in Figure 14. It 
can be noticed that the running times for the evolution of the current and voltage are not 
the same; this is because the battery was not exhausted after a single cycle, and thus the 
process was repeated until the battery was completely depleted. 

 
Figure 15. Battery voltage’s evolution for the simulated  driving conditions. 

The voltage fluctuations shown in Figure 15 occurred due to the continuous changes 
in the operating conditions for every i-segment of the trip. Indeed, each time the current 
varied to simulate the path, there were voltage drops caused by these current variations, 
which therefore led to this fluctuation phenomenon. 

Thus, in order to better visualize the battery discharge curve, a polynomial regression 
was performed, which allowed the obtention of the voltage trend curve. 

If we combine the time evolution of the voltage and current and integrate these over 
the time, we can obtain the energy driven out from the battery, which can be converted 
into the driving distance using the correspondingly developed algorithm. 
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On the other hand, since we know the temperature profile of the route (Figure 13), 
we can determine the average temperature over the entire route as if the trip was made at 
a constant temperature; this allows us to evaluate the influence of continuous temperature 
variation on the driving range. 

By doing so, we obtained the global driving range of the simulated trip (Table 1). 

Table 1. Global driving range of simulated trip. 

Constant Ambient Temperature 538 km 
Variable ambient temperature 494.5 km 

The comparison of the two values from Table 1 shows there is a shortening of 43.5 
km because of the influence of the variable ambient temperature, and a reduction of 8% 
in the global driving distance. 

5. Conclusions 
The present study has analyzed the effect the environmental temperature caused by 

climatic variability on the performance of an electric vehicle’s battery, and thus on the 
driving range. The study concludes that changes in environmental temperature modify 
the driving range of an electric vehicle according to an inverse potential function of the 
working temperature. 

Variable ambient temperatures influence the performance of electric vehicle batteries, 
reducing their capacity and delivery of energy. The reduction in capacity generates a 
shortening in the driving range that depends on the fluctuation level of the temperature 
along the trip. 

The influence of the variable ambient temperature on the battery performance was 
modeled and simulated. A theoretical approach was developed to parametrize the influ-
ence of a sudden variation in the ambient temperature on the behavior of an electric vehi-
cle’s battery. 

The theoretical approach was validated by means of an experimental prototype that 
reproduces the real driving conditions of a specific route. The reproduction of real driving 
conditions was simulated using a control module that commanded a variable resistance, 
which played the role of the external load, and a temperature module, which played the 
role of weather environment. 

A software program based on developed algorithms was implemented in the control 
module to faithfully reproduce the real driving conditions; this software was used to set 
up the simulation conditions and to adjust the variable parameters, when necessary. 

The results from the comparison between theoretical approach and experimental val-
ues show a perfect match within a 99.89% accuracy. This high correlation value validates 
the proposed methodology as well as the control software. 

The analysis of the results obtained from the simulation process and from the exper-
imental tests shows there is a reduction of 43.5 km in the global driving range for a trip 
distance of 538 km, which means there is a shortening of 8%. The results correspond to a 
specific geographical area in the nearby of the city of Lyon (France), for a temperature 
fluctuation of 39 °C, from −6 °C to 33 °C. 

The results of the study can be applied to other geographical areas, although the re-
duction in driving range may vary according to climatic conditions. 
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