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Abstract: Jute is a cheap, eco-friendly, widely available material well-known for its cooling properties.
In electric vehicles (EVs), dissipating a huge amount of the heat generated from lithium-ion batteries
with an efficient, light, and low-power consumption battery thermal management system (BTMS) is
required. In our previous study, jute fibers were proposed and investigated as a novel medium to
enhance the cooling efficiency of air-based battery thermal management systems. In this paper, as the
first attempt, jute was integrated with a phase change material (PCM) passive cooling system, and the
thermal performance of a 50 Ah prismatic battery was studied. Temperature evolution, uniformity,
and cooling efficiency were investigated. A comparison between the thermal behavior of the air-based
BTMS and PCM-assisted cooling system was performed. The results indicated that adding jute to
the BTMS increased the cooling efficiency and especially decreased the temperature development.
Furthermore, the temperature difference (AT) efficiency was enhanced by 60% when integrating jute
with PCM, and temperature uniformity improved by 3% when integrating jute with air-based BTMS.
This article compared the integration of jute with active cooling and passive cooling; thus, it shed light
on the importance of jute as a novel, eco-friendly, lightweight, cheap, available, and nontoxic material
added to two strategies of BTMS. The setup was physically made and experimentally studied for the
purpose of BTMS optimization.

Keywords: jute; electric vehicles; thermal management; evaporative cooling; passive cooling; air
cooling; phase change material (PCM); lithium-ion battery

1. Introduction

The electric vehicle (EV) market has matured over the last few decades because of
the future it promises of environmental and green transportation with zero emissions [1].
The lithium-ion battery (LIB) is the most preferred energy storage system used by the
majority of EVs [2] because of their large energy, high cycle life, light weight, and low
rate of self-discharge [3]. On the other hand, the performance characteristics of LIBs
are strongly limited by their operating temperature [4,5]. High charge and discharge
produce a huge amount of heat [6] and nonuniform surface temperature distribution [6,7].
Moreover, heat generation can diminish battery performance [8,9], leading to a quick
thermal runway [10]. Therefore, solutions to this issue are demanded to exceed the last
stage of large-energy LIB applications. Maintaining the operating temperature within the
proper range requires an effective battery thermal management system (BTMS) [11]. As
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pointed out by many researchers [12], BTMSs can be classified into air cooling (active and
passive cooling) [13], liquid cooling [14], phase change material (PCM) cooling [15], heat
pipe cooling [16], and hybrid cooling [17], which is a combination of two or more of the
mentioned cooling strategies.

A liquid cooling system is the most common cooling strategy used in electrified
vehicles [18]. Because of high thermal conductivity and heat transfer efficiency [19], it can
control battery temperature development and distribution [20]. However, liquid cooling
systems have complexity in structure, water leakage risk, and additional weight and energy
consumption [21].

The heat pipe has better thermal performance and higher thermal conductivity [22]
compared to the other passive cooling strategies, but the contact area of the heat pipe
system with the battery is small, and the system structure is volumetric [23,24].

Air cooling systems are considered one of the most traditional, common, and widely
embraced cooling strategies in industrial applications [25]. This is due to their simplicity
in structure, flexibility in maintenance and packaging, water leakage avoidance, and low
weight and power consumption [26]. However, the main concerning points are low cooling
efficiency and nonuniform temperature distribution [27]. Nevertheless, respectable research
efforts have been employed to optimize the air cooling strategy [28]. Na et al. [29] proposed
an optimization for an air cooling BTMS with a reverse airflow design. They compared the
results with unidirectional airflow by computational fluid dynamics (CFD) and declared
that the maximum average temperature differences were enhanced with a reverse airflow
design. Chen et al. [30] improved the BTMS with U-type airflow and concluded that
battery temperature difference and power consumption were minimized. Wang et al. [31]
experimentally found that by reciprocating airflow, uneven temperature distribution caused
by heat accumulation could be mitigated. Xie et al. [32] experimentally and numerically
researched the effects of inlet and outlet angles and the channel width between battery
cells on the heat dissipation rate. They revealed that airflow channels had a remarkable
influence on the maximum temperature rise and the temperature difference. In terms of
safety, alternative BTMSs have been studied and proposed, such as helium-based [33] and
ammonia-based [34] battery thermal management.

A phase change material (PCM) is a substance that can absorb or release heat at a spe-
cific temperature value when it reaches the melting point and transforms from one physical
phase to another [35,36]. The PCM absorbs the heat accumulated on the battery surface by
conduction [37]. It has large latent heat and constitutes a low-cost thermal management
strategy [38]. On the other hand, PCMs suffer from low thermal conductivity, and thermal
management systems based on them are considered volumetric and massive. Therefore,
many studies have been recorded to overcome these disadvantages [39]. Hussain et al. [40]
used paraffin as a phase change material and infiltrated it into graphene-coated nickel
foam. They claimed that the battery temperature rise was decreased by 17%. Li et al. [41]
proposed an optimized design to reduce the mass and volume of PCMs. Huo et al. [42] em-
ployed a porous medium for PCM heat transfer improvement. Zhang et al. [43] suggested a
combination of PCMs and designed a composite of olin/expanded graphite (EG)/paraffin.
They found that the complex could control the battery temperature rise at 45 °C ambient
conditions and a high discharge rate.

A respectable research effort has been performed to optimize battery thermal manage-
ment either experimentally [42,43] or by thermal modeling [44,45].

All the mentioned studies were carried out targeting battery thermal management
system optimization. Most of the optimization techniques did not take environmental
aspects into consideration and even ignored them at some stages. Moreover, leakage,
bulkiness, volumetric, uneven temperature distribution, and complexity in design are the
most common issues between all existing battery thermal management systems. Therefore,
in this paper, environmental and novel design optimization is proposed to enhance battery
thermal management performance and design. Jute, as a cheap, eco-friendly, lightweight,
available, and novel cooling medium, was integrated as a first attempt into a BTMS [46]. An
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active air cooling strategy was chosen as the common BTMS used in industrial applications.
Then, jute was integrated into the system, and the results indicated an improvement in
battery thermal performance [46].

In this study, a promising passive cooling strategy, a PCM with high latent heat, was
chosen to combine with jute, since the PCM strategy is not enough to maintain the tempera-
ture within the preferable scope, especially for the demands of future EVs with fast charging.
Therefore, merging further cooling mediums such as jute with PCM was hypothesized to
contribute to enhancing thermal performance and lowering the temperature increase.

Therefore, the PCM cooling strategy was built with and without jute. Then, the
thermal behavior of a 50 Ah prismatic battery cell was investigated. Maximum tempera-
ture, temperature differences, and distribution with cooling efficiency were analyzed. A
comparison among different BTMSs (natural convection, active air cooling, and passive
PCM cooling) integrated with jute was studied. The results indicated that integrating jute
with BTMSs improved thermal performance with less weight, cost, and equipment, with
respect of the environmental side, and kept the main purpose of EVs within the environ-
mental aspect. The remainder of the paper is arranged as follows: Section 2 describes
the experimental setup and the proposed design, Section 3 discusses and analyzes the
thermal performance of integrating jute with PCM, and Section 4 presents the analysis for
integrating jute with air-based BTMS. A comparison among BTMSs integrated with jute is
represented in Section 5 and the experimental uncertainty analysis is given in Section 6.
Finally, the conclusion and future work are drawn in Section 7.

2. Methodology and Development

A prismatic lithium-ion battery holding a large capacity of 50 Ah was used; its specifi-
cations are reported in Table 1.

Table 1. Battery properties declared by the manufacture.

Item Parameter Specification
Nominal capacity 50 Ah
Nominal voltage 3.7V

Battery weight 900£25¢g
Battery dimension 148 x 98 x 27 mm

With the aim of generating as much heat as possible, a high, constant current of 125 A
(meaning a 2.5 °C discharge rate) was injected into the battery, first in natural convection
without any cooling system. Then, jute fibers were prepared to be integrated into the
following cooling strategies: active air cooling using fans and passive cooling with PCM
assistance. Afterward, battery temperature increase, temperature distribution, and cooling
efficiency were investigated for each of the cooling strategies integrated with jute. In the
end, a comparison between the proposed BTMSs was made. Figure 1 gives an overview of
the experiments carried out and result analysis.

2.1. Experimental Setup

In order to conduct trustworthy and accurate tests, an experimental test bench was
built in the MOBI (mobility, logistics, and automotive technology research center) laboratory
at Vrije Universitiet Brussel. The equipment and setup used in this study can be divided
into general setup and specific setup.

The specific setup is illustrated and clarified separately in the following section for
each cooling strategy. However, the general test bench and setup is shown in Figure 2.
It consisted of a battery tester (PEC manufactured ACT0550 model) with an accuracy of
£0.005% for the voltage reading, used to cycle the battery; a CTS manufactured climate
chamber, to control battery surface temperature; four thermocouples with accuracy of
£3%, used for temperature measurements; and a microcontroller device, used to record the
thermocouples’ temperature readings. Finally, all the mentioned equipment were linked
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to a computer to monitor the parameters (voltage, current, and temperature) and acquire
the data.

‘ Battery in natural convection ‘

V.

Jute integration with varied cooling

strategies
Jute with the air-cooling Jute with the passive cooling
system system

\s/

¥ ] .
‘ Thermal performance comparison ‘

Temperature development ‘ ’ Temperature uniformity ‘ ’ Cooling efficiency

Figure 1. Design of the study and work flowchart.
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Figure 2. Schematic of the test bench: (a) battery tester; (b) 50 Ah battery; (c) climate chamber;
(d) microcontroller; (e) computer.

2.2. Description of the Proposed Designs

Jute is considered a low-cost, natural fiber [47] and cellulosic material [48]. Because of
its attractive cooling efficiency, light weight, low cost, and environmental benefits [49-51], it
was chosen to insert into a battery thermal management system. Dedicated test setups were
designed and constructed to evaluate the performance of jute fibers used in two strategies
of BTMS, which are described in the following subsections.

2.2.1. Passive Cooling PCM-Assisted BTMS

An illustrative image of the proposed design as it was tested in this study is shown
in Figure 3. Four thermocouples (glass-encapsulated sensors, standard type, B57560G,
B57560G1) with accuracy of +3% were used for temperature measurement. Three thermo-
couples were attached to the front side of the battery at the locations shown in Figure 3, and
the fourth was used to record the ambient temperature. Then, the battery was surrounded
with jute mesh and placed in a plexiglass case constructed to fit with the battery, jute, PCM,
and thermocouples. A composite paraffin\graphite PCM was prepared, representing the
passive cooling system. Its thermophysical properties are given in Table 2.



Energies 2022, 15, 873

50f16

Figure 3. Thermocouple locations on the battery surface (left)y PCM case with jute (right):
(a) plexiglass case; (b) battery; (c) thermocouples; (d) PCM; (e) jute.

Table 2. Specifications and thermophysical properties for the PCM used.

Properties Value
Thermal conductivity 232 W/m-K
Heat capacity 1430 J/kg-K
Density 1305 kg/m?
Melting temperature 27-28 °C
Latent heat 150,000 J/kg

The PCM complex was poured into the plexiglass casing at an environmental tem-
perature of 25 °C. The battery was discharged from a 100% state of charge (SoC) to a 0%
state of charge, and the temperature was recorded at three cooling conditions. First, battery
temperature measurements were taken inside the case without any PCM or jute. Then,
PCM was poured into the case, and the measurement was recorded in the presence of the
paraffin/graphite PCM. Finally, jute was wrapped around the battery periphery and PCM
was poured into the plastic casing.

2.2.2. Active Air Cooling BTMS

An illustrative image of the test bench for air cooling with jute is shown in Figure 4. A
casing was prototyped from plexiglass, and the battery was placed in cross-section inside
the casing. Four fans were set on both sides of the case. Two fans on one side were used
to blow the air with a speed of 7 m/s, and air circulation surrounded the battery before
exiting from the suction fans with airflow of 2.5 m/s on the opposite side of the case.

A frame of jute fibers was prepared to fit with the case side. Furthermore, a filling
water system was designed to feed the jute with water and drain the extra water from the
cooling system.

For the purpose of validating the proposed air-based cooling design, a high discharge
current (125 A) was applied to the battery with four conditions of airflow for the proposed
design. The first condition featured two functional suction fans while the opposite side
fans were in off mode and not operated. In the second condition, the air cooling case was
operated with four fans; two fans were used as inlets, and the airflow traveled through
the case to the other two suction fans (outlets). Then, the jute frame with the water
filling system was fixed to the cooling case, replacing the inlet fans, in the third condition.
In this condition, the jute was saturated with water and revealed to the exhaust fans,
where the airflow evaporated the water from the jute’s surface and cooled down the
battery temperature. Therefore, the jute was wet at the beginning of the test and was then
dehydrated. In the fourth condition, the jute frame was kept in its place, facing the suction
fans, but it was refilled with water and maintained as wet during the entire test time.
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Figure 4. Proposed air cooling design with jute (Reprinted with permission from ref. [46]).

3. Thermal Performance of Jute Integration with PCM-Assisted Cooling System

The amount of thermal energy that could be stored in the jute fabric increased by
applying PCMs on its textiles. This was due to the nature of PCMs and latent heat. When
the battery was wrapped with jute fabric integrated with PCMs, the battery grew cooler
when its temperature rose and hotter when the battery temperature decreased. This was
because the heat from the battery was used to melt the PCMs in the jute fabric, essentially
cooling the battery down. Furthermore, when the battery temperature decreased again, the
energy stored as latent heat was released again, which in turn kept the battery warmer for
a longer duration.

3.1. Temperature Development

Temperature development (evolution) and increase were calculated as the average
surface temperature among the three thermocouples attached to the battery. Figure 5
compares the temperature increase in three tests, which were performed to represent
the cases of no cooling (Box), cooling assisted with PCM, and cooling with jute merged
into PCM. As expected, the use of PCM resulted a noteworthy reduction in the surface
temperature. The maximum temperature for the battery surface reaches 46 °C in the no-
cooling condition, but applying the PCM as a cooling medium decreased the maximum
temperature at the end of discharge to 40 °C. Furthermore, an additional reduction in
temperature occurred when jute was merged with PCM; a maximum temperature of
36 °C was obtained when the battery was fully discharged. This was because the thermal
properties and cooling efficiency of jute were enhanced by merging it with the PCM [51-53],
which led to better cooling performance.

3.2. Uniformity

Temperature uniformity can be defined as the temperature distribution throughout the
cell surface. This distribution becomes more nonuniform at critical discharge current, which
leads to heat accumulation and thermal runaway [52,53]. To measure the cooling uniformity
for the proposed cooling strategy, the temperature nonuniformity (temperature distribution)
over the surface of the battery was analyzed in this research. It was studied as the average
of the differences between every two contiguous points of temperature obtained at the three
thermal sensor locations. Figure 6 shows the temperature nonuniformity (temperature
distribution) versus time for all three cases studied. The maximum nonuniformity of the
temperature distribution on the battery surface was 2.7 °C, 2.4 °C, and 7.14 °C for the
no-cooling (box), PCM cooling, and PCM+jute conditions, respectively. The pure PCM
cooling case achieved the best temperature uniformity, whereas the PCM+jute response
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of heat dissipation was slower, and the temperature distribution was mostly nonuniform.
The deficiency in thermal performance could have been due to the fiber cumulation and
the absence of uniformity in the distribution the of jute [51-55].
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Figure 5. Temperature increase over time during fast discharge with a constant high current of 125 A.
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Figure 6. Temperature nonuniformity (temperature distribution) as a function of time for the passive
cooling strategy.

3.3. Efficiency

Three parameters were considered to determine the cooling efficiency: maximum
temperature (Ty4y) efficiency, temperature increase (AT) efficiency, and uniformity effi-
ciency. The maximum temperature for every cooling scenario, T)x), Was compared with
the maximum temperature that the battery reached without any cooling system, T';;,(Box)
(Equation (1)). The same was done for battery uniformity efficiency (Equation (2)). Then,
because the initial temperature for the three cases did not have an equal value, it was
trustworthy to give a comparison of delta T for both cooling cases. Delta T (AT) represents
the difference between the maximum temperature the battery reached and the initial tem-
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perature at every time interval. Then, AT efficiency was calculated the same way as Ty
efficiency and uniformity efficiency (Equation (3)).

T, -T
Taxefficiency = max(;ox) max (k) x 100 €))
max(Box)
T, -T
Tynaxefficiency = ’”""(;f"") max(k) . 100 2)
max(Box)
AT — AT
AT efficiency = ’”“"Z‘j") max(k) s 100 3)
max(Box)

The efficiency compression between the PCM cooling strategy and the PCM+jute
cooling technique is clarified in Figure 7. Uniformity efficiency was not achieved with
the PCM+jute technique. However, the maximum temperature efficiency was enhanced
with the PCM+jute technique by 23%, which indicated better performance than the PCM
cooling strategy (13% T,y efficiency). Moreover, a notable improvement in AT efficiency
occurred when jute was embedded in the PCM. Increases in AT efficiency of 37% and 60%
were obtained for the PCM and PCM+jute cooling strategies, respectively.

100

-
|
=

o
=

Efficiency (%)

-100

-150

@ Tmax efficiency Odelta T effeciency B uniformity efficiency
Figure 7. Efficiency comparison for cooling strategies: (1) PCM, (2) PCM+jute.

4. Thermal Performance of Jute Integration with Air Cooling Strategy

When moistened jute fabric is affected by a hot environment, the latent heat is absorbed
by some of the water droplets, which then evaporate and change their phase from liquid to
vapor [53]. Moreover, the remaining nonabsorbed water withdraws from the jute fabric to
the outside air.

4.1. Temperature Development (Evolution)

Temperature development and increase were calculated as the average of the tem-
peratures recorded at the three thermocouple locations. The average temperature trend is
plotted in Figure 8, which displays the curves of average surface temperatures for the bat-
tery cell over time for the following cooling five cases: no-cooling (NC) condition; a forced
air cooling strategy including two cases, first with two outflow fans and second with both
inflow and inflow fans; then combining air cooling with jute for evaporative cooling; and
the fourth cooling case evaporative cooling through entirely wet jute. The most aggressive
temperature rise was recorded for the case of no cooling (NC), in which the temperature
reached 48 °C when the battery fully discharged. Then, the temperature was diminished
impressively by the case of using two exhaust fans, reaching approximately 40.5 °C. A
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significant reduction in temperature occurred in the evaporative cooling case, where jute
was integrated into the forced cooling. With this integration, an interesting improvement
in the cooling was obtained during the discharge process of about two degrees on average.
This was due to the vacuum position of the jute, where it enhanced and cooled down
the airflow temperature. Although jute helped with cooling, air humidity contributed
to a further increase in temperature, and this was noticed with both cases of integrating
jute (wet until getting dehydrated and wet throughout the discharge time). However, the
final temperature reached with evaporative cooling was about 38.5 °C. Nonetheless, with
the use of four fans, the highest temperature obtained was around 37.5 °C, which was
the lowest maximum temperature that occurred among all the forced cooling cases. This
discussion resulted in a novel outcome, that the same rate of cooling improvement occurred
by using four fans or two fans. However, by utilizing jute, further reduction in weight,
power consumption, and cost can be gained.
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Figure 8. Battery surface temperature as a function of time for all the tests (Reprinted with permission
from ref. [46]).

4.2. Uniformity

The temperature nonuniformity (distribution) over the battery surface was studied
and calculated the same way as described in Section 3.2. Figure 9 shows the nonuniformity
temperature versus time for all active cooling strategies. Each second, the measurement was
recorded twice; therefore, the horizontal axis represents the time field and is the discharge
time duplicated. It was found that except for evaporative cooling with fully wet jute, the
temperature uniformity for all cooling strategies increased progressively to meet the peak
when the battery was completely discharged. The maximum nonuniformity on the battery
surface was 1.29 °C, 1.42 °C, 1.40 °C, and 1.39 °C for the natural air convection with no
cooling (NC), air cooling with two fans, air cooling with four fans, and evaporative cooling
with jute, respectively. However, in the fully wet jute cooling scenario, the uniformity
characteristic grew at the early part of the battery discharge process, then arrived at a mostly
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stationary status and kept semi steady uniformity characteristics between 0.5 and 1 °C.
Furthermore, close to the highest temperature, the temperature distribution for evaporative
cooling with the fully wet jute strategy was the lowest among the active cooling strategies.

'''' Air cooling (2 Fans)

----- Air cooling (4 Fans)
Evaporative cooling with jute

----- Evaporative cooling with fully wet jute

~~~~~ Natural air convection

500 1000 1500 2000 2500 3000 3500
Time (S)

Figure 9. The nonuniformity temperature distribution versus time for different air-based cooling
strategies (Reprinted with permission from ref. [46]).

4.3. Efficiency

All the active cooling strategies’ efficiencies, in terms of maximum temperature (Tyx)
efficiency, temperature increase (AT) efficiency, and uniformity efficiency, are summarized
in Figure 10. Ty;qx, AT, and uniformity efficiency were calculated the same way as explained
in Section 3.3. The T,y efficiency for all active cooling strategies fluctuated between 14%
and 20%. The best cooling system in terms of Ty efficiency was the cooling scenario with
four fans; in second place, the cooling scenario with jute achieved an efficiency of 18.7%.
Furthermore, AT efficiency reached 44.45% with the four-fan cooling strategy and 33.06%
with the wet jute strategy. Uniformity efficiency was accomplished exclusively in the wet
jute strategy by 2.5%. Last but not the least, it is noteworthy that integrating wet jute with
an active cooling strategy could contribute to improving the cooling efficiency in terms of
Tmax, AT, and uniformity simultaneously.



Energies 2022, 15, 873

11 0f 16

L Y B~ |
I — N — I — I )

Efficiency (%)

—
=

B Tmax efficiency
m delta T efficiency
-
1 2 u 3 4

B uniformity efficiency

Figure 10. Efficiency comparison for cooling strategies: (1) air cooling (two suction fans); (2) air
cooling (suction and blow fans); (3) evaporative cooling with jute; (4) evaporative cooling with fully
wet jute (Reprinted with permission from ref. [46]).

5. Thermal Performance Comparison of Combining Jute into the (Active Cooling)
Air-Based Cooling Strategy and (Passive Cooling) PCM-Assisted Cooling Strategy

5.1. Temperature Development

Figure 11 compares the changes in the average battery surface temperatures measured
by thermocouples under different cooling conditions. The thermal schematic shows that
the battery temperature reached the highest value, around 48 °C, in natural air convection
with no cooling (NC). The temperature increment decreased by applying different cooling
strategies: cooling with fans (active cooling), evaporative cooling (EC) with combined
jute, and passive cooling assisted with PCM. Comparing active cooling and EC, EC with
wet jute obtained a relatively close result to active cooling with four fans, but with less
equipment, weight, and power consumption. Moreover, comparing EC with passive
cooling, an additional reduction in temperature occurred with passive cooling integrated
with jute. It can be concluded that jute had a positive impact on both environmental aspects
and temperature enhancement for cooling strategy optimization.

5.2. Uniformity

According to Figure 12, the use of the PCM+jute technique decreased the temperature
uniformity more than the rest of the cooling strategies. However, with the use of jute inte-
grated into the active cooling with fans, the uniformity was enhanced, and an improvement
in temperature distribution was achieved.

5.3. Efficiency

In Figure 13, all the performed characterizations are abbreviated to a single plot, which
describes and compares the efficiency for every cooling scenario. Maximum temperature
(Tax) and AT efficiency were generally achieved under most of the cooling strategies,
but integrating jute with PCM led to the highest Ty, and AT efficiency at 23% and 60%,
respectively. Uniformity efficiency was not accomplished under most of the cooling strate-
gies, excepting PCM and EC with wet jute. Therefore, it can be concluded that jute had a
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remarkable impact on the cooling efficiency in terms of Tax, AT, and uniformity and could

be integrated into BTMS design optimization.
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Figure 13. Efficiency comparison for cooling strategies: (1) PCM, (2) PCM+jute, (3) 2 fans, (4) 4 fans,
(5) EC with jute, (6) EC with wet jute.

6. Experimental Uncertainty Analysis

Using the method presented by Moffat [56], the experiment error analysis was estimated.
Assuming that the result, S, of the experiment is acquired from a set of measurements
as follows:

S=S5(x1,X2,X3, ... ., Xn)

The uncertainty is specified by the following equation:

" 2y 1/2
S = {2 (gfk(sxk> } @)

k=1

where 45 is the total uncertainty and dxy is the uncertainty of every singular measurement.
The uncertainties of experimental equipment were assumed as the absolute bias given by
the aperture specification and described in Section 2.1. However, the uncertainty of the
average temperature measurement was acquired based on the average temperature of the
thermocouples attached to the cell. Thus, the total uncertainties were calculated following
Equation (5) and estimated as 3.6%.

AT

Tx (ATri/ Tri) (5)

gl

I
—_

7. Conclusion and Future Work

This study attempted to investigate and analyze a novel and environmental optimiza-
tion for LIB thermal management systems by integrating jute fiber with an active cooling
strategy and a passive cooling strategy with PCM. It concluded with interesting results,
which are summarized as follows:

1.  Integrating jute fabrics with PCM (passive cooling strategy) achieved the desired

effect on the battery thermal behavior and enhanced the cooling efficiency; temper-
ature difference (AT) efficiency was enhanced by 60%. Furthermore, less PCM and
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nonenvironmental cooling material was used. Therefore, system weight reduction
and environmental material enhancement were achieved.

2. By adding jute to active cooling, high cooling efficiency was delivered with the wet
jute in terms of maximal temperature, AT, and temperature uniformity; the latter
improved by 3%. Merging jute into BTMS design would boost the opportunities for
electric vehicles to work properly in hot environments.

3. Comparing the integration of jute with active cooling (air-based) and passive cooling
(PCM), the results indicated that uniformity efficiency with the PCM+jute technique
was mostly not achieved, while it was enhanced with the active cooling strategy.
Therefore, integrating jute into an active BTMS has great potential to improve BTMS
cooling efficiency in terms of Tyyay, AT, and uniformity together.

4.  Lastbut certainly not least, jute, as a novel, eco-friendly, weightless, cheap, available,
and nontoxic material, was added to two strategies of BTMS. The setup was physically
made and experimentally studied for the purpose of BTMS design optimization. This
work will be extended in the future to the modeling stage and simulation. Jute fabric
thermal properties will be studied more, and further investigation with analysis will
be added to optimize battery thermal management environmentally.
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