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Abstract: A thermal-based cost function is proposed to optimize the lithium battery size of an electric vehicle
(conventional battery-based energy storage system or hybrid battery/ultra-capacitor energy storage system) in
this paper. The proposed cost function is determined the battery lifetime with considering both the battery
current and battery temperature, besides the overall cost of energy storage system. The studied energy storage
systems are a conventional battery-based energy storage system and a hybrid energy storage system (HESS)
(battery/ultra-capacitor). In HESS case, the effect of ultra-capacitor (UC) adding is moderating the battery
current directly and battery temperature indirectly. The constraints of the optimum energy storage system
sizing problem are the vehicle performance (e.g., driving cycle tracking and vehicle range). In this paper As a
case study, an electric motorcycle modeled. The results show battery sizing should be redesign when the
battery thermal model consider. Also, battery life decreases, and a battery temperature rise and when the
ambient temperature growth, vehicle range increases. On the other hand, a lighter and cheaper cooling system
could use in HESS in comparison with the ESS. Finally, the battery life improvement for a HESS is more
noticeable when the battery thermal model used as compared with the case that the battery thermal model is
disabled.
Keywords: Lithium battery thermal model, Hybrid Energy Storage System, Battery sizing, Electric
motorcycle
1. Introduction
Energy wasting is an important issue in the vehicle [1]. Electric and hybrid vehicles [2] are an attractive
research subject in the last decades [3], because of efficiency and the regenerative braking ability. The battery,
as the energy storage system (ESS) of an electric vehicle, is a significant component of the EV [4]. A high
portion of the EV cost is related to the battery cost [5]. Also, the battery life is finite, and it should be replaced
after degradation [6]. Therefore, proper battery sizing and systematic design can improve the cost advantages
of the EV [7].
For a cell sizing process, the vehicle powertrain model and a precise battery model are used. There are
some EV powertrain models are developed recently, such as ADVISOR [8] and AVL/CRUISE [9]. In this
paper, the package of Esfahanian et al. [10] is utilized for powertrain modeling. A famous and efficient
approach to dynamical battery modeling is equivalent circuit [11]. On the other hand, many of the proposed
battery models do not have a thermal model [12] (they are temperature independent); while the thermal model
has a significant effect on the battery behavior [13] and maybe cause to explosion hazards (because of the
thermal runaway phenomenon) [14]. Battery heat produced during the vehicle driving cycles should be
handled to keep battery cell performance and good lifetime [15]. On the other hand, the effect of temperature
on the fulfillment of a system is also proofed in many applications, such as the catalyst of a four-stroke engine
[16].
Nelson et al. studied on the battery sizing for a plug-in hybrid electric vehicle [17]. They to look at the
price for the thermal management system and increase battery lifetime investigate the effect of the designed
system. However, the thermal model was not at the core of the battery sizing process [17]. Correa et al.
developed a sizing method for the battery in a fuel cell vehicle. They did not concentrate on the battery
temperature in their sizing process [18]. Colzi et al. proposed three items for battery sizing for a range
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extender electric vehicle: “mean daily traveled distance,” “total-life battery range,” and “the satisfaction of the
worst-case”. They did not mention the battery thermal behavior [19].
Hybrid energy storage systems (HESS) are introduced from 1989 [20] and they attracted considerable
attention. Fig1 shows the paper trends about the HESS (with these keywords: “Hybrid Energy Storage,”
“Hybrid Power Systems,” “Hybrid Energy System,” “Hybrid Energy Storage Systems”), which is indexed
from 1987 until now, in “scopus.com.” This figure presents the high attention to this subject in the last decade.
Wu et al. worked on a hybrid solar-battery design and management [21]. Ruiz-Cortes et al. studied on the
HESS for residential application [22]. Bartholomäus et al. proposed a Model predictive control for powersharing between battery and supercapacitor in a HESS [23]. In these works and much same as them, the
battery temperature and thermal behavior are not determined in the HESS sizing and control design process.
In this paper, the combination of battery and UC is assumed as the HESS [24]. The primary target of this
arrangement is to moderate the battery current to improve the battery lifetime [25]. An unaware point about
HESS is that the battery current reduction can reduce the battery temperature and improve the battery thermal
(cooling) system. Therefore, the battery lifetime maybe increases due to the lower battery temperature, in
addition to the effect of the lower battery current.

Fig1. HESS paper trends (in scopus.com)
The next section is about lithium battery modeling, especially about battery thermal model. In section 3,
the case study of this paper will be introduced In this article; an electric motorcycle is investigated in the FTP
driving cycle. After that, the HESS modeling and sizing will be discussed.
2. Lithium battery modeling
The lithium battery model consists of an equivalent electrical circuit, which has a dynamic model of this
energy storage system. The lithium battery model is implemented in MATLAB/Simulink software (Fig2).

Fig2. Lithium battery dynamic model in MATLAB/Simulink [26]
The equations of Fig2 are as follows [27]:
o Discharge model (
):
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(1)
o

Charge model (

):
(2)

where:

is nonlinear voltage (V).

is constant voltage (V).

is polarization resistance ( ).

is low-frequency current dynamics (A).

is battery current (A).

is extracted capacity (Ah).

is maximum battery capacity (Ah).

is exponential voltage (V).

is exponential capacity (Ah−1).
The battery model information is listed in Table 1. As seen in this Table, the model parameters of the
LiFePO4 cell are determined by Omar et al. [28] (3rd column) and are scaled for the case study battery pack in
the 4th column.
Table 1: Lithium battery (LiFePO4) parameters
Values for battery
Values for one
Items
Units
pack
LiFePO4 cell [28]
(case study)
Nominal voltage
V
3.3
72.6
Rated capacity
Ah
2.3
33.8
Battery response time
s
30
30
Maximum capacity
Ah
2.3
33.8
Cut-off voltage
V
2.475
54.45
Fully charged voltage
V
3.748
82.456
Nominal discharge current
A
2.3
130.13
Internal resistance
0.014
0.0152
Capacity at nominal voltage
Ah
2.25
33.0652
The effect of temperature on the model parameters is represented by these equations [26].
o Discharge model (
):
(3)
(4)
o

Charge model (

):
(5)
(6)
(7)
(8)
(9)
(10)

where:




is nominal ambient temperature (K).
is the cell or internal temperature (K).
is ambient temperature (K).
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is reversible voltage temperature coefficient (V/K).

is Arrhenius rate constant for the polarization resistance.

is Arrhenius rate constant for the internal resistance.

is maximum capacity temperature coefficient (Ah/K).
The cell or internal temperature, , at any given time, , is expressed as:
(11)
where:




is thermal resistance, cell to ambient (°C/W).
is the thermal time constant, cell to ambient (s).
is the overall heat generated (W) during charge/discharge process and is given by
(12)
The generalized life model as a function of the C-rate (ratio of the battery current to its capacity) is
proposed by Wang et al. [29] as follows:
(13)
where
is the capacity loss in percent, is the pre-exponential factor and is a function of
(Table 2), is the gas constant, is the absolute temperature, and
is the Ah-throughout which is
expressed as
.
Table 2: Values of with respect to the C-rate [29]
C-rate
C/2
2C
6C
10C
Values
31630
21681
12934
15512
The life capacity (Ah) of the 2.6 Ah LiFePO4 battery cell for different battery currents are calculated using
Equation (13). The life capacity is defined as the amount of capacity that the battery can provide at a
particular current before its capacity reaches 20% [30].
The driving cycle capacity loss (
) is given by Equation (4) [30].
(14)
where is the battery current at th time step and varies from zero to the driving cycle duration (
the time step for the calculations and
is the life capacity and is a function of .

).

is

3. Case study (electric motorcycle)
As a case study, an electric motorcycle is examined in FTP driving cycle [31] (Fig3).

Fig3. FTP driving cycle (speed vs. time curve)
Main specifications and characteristics of the electric motorcycle and its powertrain are presented in tables
3 and 4, respectively.
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Table 3: Electric motorcycle specifications
Items
Units
Total mass (with driver)
kg
Rolling resistance coefficient
Drag coefficient
Frontal area
m2
Tire radius
m

Values
250
0.003
0.4
0.6
0.24

Table 4: Powertrain specifications of the electric motorcycle
System
Item
Units
Values
High voltage
Voltage
V
70
bus
6
Power
kW
(peak 12)
Traction
motors
70
Torque
Nm
(peak 140)
286
LiFePO4
Type
cells
(22 series
13 parallel)
Battery pack
Voltage
V
72.6
Capacit
Ah
33.8
y
Cycle
cycle
2000
life
s
The powertrain model is similar to the proposed models of Esfahanian et al. [10]. The performance of the
designed battery pack is listed in Table 5. In this calculation, the thermal model of battery is neglected, and
the battery temperature is assumed 25oC (for battery life determination). As seen in this table, the driving
cycle tracking error is very low, and the vehicle range is about 100 km (acceptable). The number of the
parallel battery (capacity) can be resized to adopt the vehicle range and battery life. It is evident that if the
battery capacity is rising, the vehicle (motorcycle) range would be increased. However, the added weight of
the bigger battery maybe hurt the vehicle range. On the other hand, the larger battery has a lower
with a specific battery current; therefore, the battery life would be increased. Because of the battery life is
lower than 10 years, the battery should be replaced one time and the overall cost of the battery is twice of the
initial battery cost.
Table 5: The performance of the designed battery pack without thermal model in 25oC
Tracking error
Vehicle range
10-year overall
Initial cost (USD) Battery life (year)
(km/h)
(km)
cost (USD)
0.18
99.23
1250
6.08
2500
If the performance of Table 5 is recalculated in other ambient temperature, three first columns of that table
are not varied (the thermal model is not activated). Fig4 shows the battery life and overall cost vs. ambient
temperature for the designed battery pack without a thermal model. As shown in this figure, in a warm
environment (more than 25oC), the 10-year overall battery cost would be greater than 2500 USD, because the
battery life is lower than five years and the battery replacement exceeds one time during ten years.
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Fig4. Battery life and overall cost vs. ambient temperature for the designed battery pack without thermal
model
Battery current, battery temperature and battery life loss for 13 parallel battery pack, with and without
battery thermal models are shown in Fig5. As presented here, the battery current for both models is very
similar. However, the battery temperature of the battery thermal model is higher than of the battery model
without thermal modeling. Therefore, the battery life loss (down figure) of the battery with the thermal model
is greater than another model.

Fig5. Battery current (up left figure), battery temperature (upright figure) and battery life loss (down figure)
for 13 parallel battery pack, with and without battery thermal models
Considering the battery thermal model maybe affect the battery sizing. The performance of the designed
battery pack with a thermal model in 25oC is listed in Table 6. As seen in this table, the battery pack with 13
parallel branches have about 95 km vehicle (motorcycle) range, which is lower than previous case (100 km).
Therefore, the number of parallel battery branches should be resized to 14. In this case, the vehicle range
would be about 101 km. The bigger battery pack (14 parallel) is more expensive in comparison with the initial
design (initial and overall costs). However, both of the designed battery packs have good thermal performance
(6th column of Table 6).
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Table 6: The performance of the battery pack with thermal model in 25oC
Number of battery
parallel

Vehicle range
(km)

Initial cost
(USD)

13
14

94.81
101.21

1250
1346

Maximum
10-year overall
battery
Battery life (year)
cost (USD)
temperature
(oC)
5.50
2500
26.00
5.93
2692
25.39

Fig6 shows the battery temperature rise (oC) (solid line) and tracking error (km/h) (dashed line) vs. ambient
temperature for the resized pack (14 parallel branches). As seen in this figure, both of the performance is good
and acceptable.

Fig6. Battery temperature rise (oC) and tracking error (km/h) vs. ambient temperature for resized pack (14
parallel branches)
Fig7 shows the vehicle (motorcycle) range (km) in different ambient temperature. As seen in this figure,
the vehicle range improved with an ambient temperature rising and are higher than 100 km, except in 15oC
ambient temperature. It is a reason that some of the battery thermal management systems have a warm-up subsystem for working in cold environment.

Fig7. Vehicle range (km) vs. ambient temperature for resized pack (14 parallel branches)

91

Journal of Engineering Technology
Volume 6, Special Issue on Technology Innovations and Applications
Oct. 2017, PP. 85-99

Fig8 shows the battery life and overall cost vs. ambient temperature for the resized battery pack (14
parallel) with a thermal model. As shown in this figure, in a warm environment (more than 25oC), the 10-year
overall battery cost would be greater than 2500 USD, because the battery life is lower than five years and the
battery replacement exceeds one time during ten years. This figure’s trends are similar to the Fig4.

Fig8. Battery life and overall cost vs. ambient temperature for the resized battery pack (14 parallel)
4. Hybrid energy storage system
The proposed HESS in this paper is combined with a battery pack and a UC pack. The battery dynamics
model is discussed in Section 2. Here, the UC model and the HESS control system is introduced.
4.1 Ultra-capacitor model
Fig9 shows the equivalent circuit model of the UC [32] in MATLAB/Simulink.

Fig9. UC dynamic model in MATLAB/Simulink [33]
The UC output voltage is calculated using a Stern equation [34] Equation (15).
(15)
where
(16)
To model the self-discharge phenomenon, the UC electric charge is corrected as equations (17) and (18)
(when
):
(17)
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(18)

The parameters , , and
are the rates of change of the UC voltage during time intervals (
( , ), and ( , ) respectively (Fig10).

Fig10.

, ),

An overview of some parameters of UC model [33]

4.2 HESS control system
The HESS configuration is “UC-battery active topology” (Fig11).

Fig11.

UC-battery active topology [35]

A straightforward and powerful HESS control system, power distribution control strategy (PDCS), is used
for this case study. The role of PDCS is distributing the demanded electric power between battery and UC. In
the UC-based PDCS [36], the prior energy storage system is the UC, and the battery provides extra power
(when the UC cannot generate all the demanded power) (Fig12).

Fig12.

Flowchart of the UC-based PDCS [37]
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5. HESS sizing
In Table 7, the performance of HESSs with different UC capacities are listed. These results are determined
without battery thermal model, and it is assumed that ambient temperature is 25oC and the battery pack has 13
parallel branches.
Table 7: The performance of different HESSs without thermal model in 25oC and 13 parallel batteries
UC
Tracking error
Vehicle range
Initial cost
Battery life
10-year overall
capacity
(km/h)
(km)
(USD)
(year)
cost (USD)
(F)
0
0.18
99.23
1250
6.08
2500
20
0.16
94.71
1951
6.48
3201
40
0.17
96.65
2053
6.65
3303
60
0.17
97.87
2154
6.69
3404
80
0.18
98.92
2255
6.72
3505
100
0.18
94.71
2356
6.67
3606
120
0.19
95.35
2458
6.68
3708
As shown in Table 7, tracking errors (second column) are small and acceptable in all rows (every UCS),
and it does not change noticeably. About vehicle range (third column), the UC adding causes to loss some
fields, except in 80 F case (fifth row) which the vehicle range is near to conventional ESS. This phenomenon
is related to heavier HESS pack in comparison with the standard ESS. The initial HESS costs (fourth column)
are rising with UC capacity growing, same as battery life values (fifth column).

Fig13. Battery life and HESS overall cost vs. UC capacity for testing without thermal model in 15 oC
ambient temperature and with 13 parallel battery
Same as Table 7, the HESS performance is studied in different ambient temperature and without battery
thermal model. In some environmental conditions, show that HESS overall cost is better than conventional
ESS overall cost. As a sample, Fig13 shows the battery life (solid line) and HESS overall cost (dashed line)
versus different UC capacities. As seen in this figure, adding UC (higher than 40 F) can reduce the HESS
overall cost (because of the battery life would be over than ten years).
At a glance, suitable UC capacity for converting conventional ESS to the hybrid ESS is about 80 F,
reference to the results of HESS without battery thermal model in different ambient temperature. The main
UC capacity criteria are the vehicle range (e.g., Table 7 column three) and the HESS overall cost (Fig13
dashed line).
The performance of different HESSs with the thermal model are listed in Table 8. The ambient
temperature is 25oC and the number of batteries in parallel is 14. The tracking errors (second column) are low
and acceptable in all rows (every UCS), and it does not change noticeably, same as Table 7. In the same
manner, 80 F case (fifth row) has the best solutions in sight of the vehicle range, battery life, and maximum
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battery temperature. The results of the last column (maximum battery temperature) show that a HESS needs a
lighter and cheaper battery thermal management system in comparison with a conventional ESS. Adding UC
and lower battery current is the reason of lower battery temperature in HESS as compared with the standard
ESS.
Table 8: The performance of different HESSs with thermal model in 25oC and 14 parallel batteries
Initial
10-year
Maximum
UC capacity
Tracking
Vehicle
Battery life
cost
overall
battery
(F)
error (km/h) range (km)
(year)
(USD)
cost (USD) temperature (oC)
0
0.17
101.21
1346
5.93
2692
25.45
20
0.16
95.82
2047
6.44
3394
25.25
40
0.17
97.70
2149
6.64
3495
25.19
60
0.17
98.93
2250
6.72
3596
25.17
80
0.18
99.99
2351
6.75
3697
25.16
100
0.18
95.74
2452
6.68
3799
25.17
120
0.19
96.38
2554
6.69
3900
25.17
As seen in Table 8 and mentioned before, the maximum battery temperature is reduced in HESS case in
comparison with the conventional ESS. The maximum battery temperature reduction for HESS compared
with the standard ESS in different ambient temperature are presented in Fig14. In this figure, the number of
batteries in parallel branches are 14 and UC capacity (for HESS case) is 80 F. As shown in this figure, the
HESS has better performance in higher ambient temperature for temperature reduction in comparison with
lower ambient temperature. This phenomenon indicates that in warm weather, the advantages of adding UC in
ESS is more noticeable, in sight of the thermal management system.

Fig14. Maximum battery temperature reduction for HESS in comparison with the conventional ESS in
different ambient temperature
Fig15 shows the battery life increase for HESS compared to regular ESS in various ambient temperature;
with and without battery thermal model. Same as previous cases, the number of batteries in parallel branches
are 14 and UC capacity (for HESS case) is 80 F, in this figure. As shown in this figure, the UC adding has
better results in lower ambient temperature for battery life increase in comparison with higher ambient
temperature. Also, battery life increase with battery thermal model is higher as compared with the second case
(without battery thermal model).
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Fig15. Battery life increase for HESS in comparison with the conventional ESS in different ambient
temperature; with and without battery thermal model
Fig16 shows the Battery SoC for HESS with and without battery thermal model. As seen in this figure, in
thermal modeling case (more actual case) the battery SoC is lower than of the battery model without a thermal
model. Therefore the effect of the thermal model should be considered for electric vehicle range calculation.

Fig16.

Battery SoC for HESS with and without battery thermal model

6. Conclusion
The thermal modeling of the lithium battery is considered in this paper for studying its effect on battery
and hybrid battery/ultra-capacitor sizing process for an electric vehicle. As a case study, an electric
motorcycle is investigated in this research work.
The results of the conventional Energy Storage System (ESS) (battery) show that without battery thermal
modeling, 13 parallel batteries are suitable for the electric motorcycle. On the other hand, with battery thermal
modeling, at least 14 parallel batteries are needed to satisfy the vehicle range criterion (about 100 km) in 25oC
ambient temperature. Some other outcomes, in this case, are listed below:
 Battery life is decreased when the ambient temperature growth.
 Battery temperature rise is increased when the ambient temperature growth.
 Vehicle range is increased when the ambient temperature growth.
In the Hybrid Energy Storage System (HESS) (battery/ultracapacitor) case, 80 F UC is a good sizing
solution in both with and without battery thermal model. Some conclusions, in this instance, are listed below:
 As seen with battery thermal model, in HESS the maximum battery temperature is lower than a
conventional ESS. Therefore, a lighter and cheaper cooling system can be used in HESS in comparison
with the ESS.
 Battery life improvement for a HESS is more noticeable when the battery thermal model is used as
compared with the case that the battery thermal model is disabled.
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