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1 Abstract

This paper discusses a new approach to Electric Vehicle (EV) charging through
the use of a thermal-fluid exchange between the vehicle and the charging station. Charge
times that are longer than those required by combustion engines reduce the viability
of EVs among consumers. In this battery thermal management system, a liquid-cooled
charging cable is used to provide both electricity and coolant flow between the vehicle
and the charging station. A Simulink simulation is used to model the system across a
range of ambient temperatures and voltage architectures. Ambient temperature is varied
from 0° C to 37° C and voltages between 400 V and 800 V are tested. Simscape is used
to model the thermal, electrical, and fluid systems. The use of an organic Rankine cycle
is also explored. The simulation results show that the system is capable of charging a
vehicle from 0% to 100% in 255 seconds while keeping battery temperature and wire
temperature within a safe range. Through four experiments, the maximum battery cell
temperature is found to be 39° C and the maximum wire temperature is 50° C when

using an 800 V architecture with a maximum Rankine cycle efficiency of 18%.
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2 Introduction

In recent years, the automotive industry has experienced a shift toward the elec-
trification of vehicles. The impetus of this shift is due to a variety of factors; including
concerns about climate change, advances in battery technology, and a psychographic
change in the consumer. There are, however, significant downsides to electric vehicles
(EVs) compared to their internal combustion engine (ICE) counterparts. These down-
sides include high production costs, short battery range, and slow charging speed. This
research explores a new method of high-speed direct current (DC) charging with an aim
to eliminate the current downside of charging speed.

The Society of Automotive Engineers (SAE) has defined 3 levels of charging for
EVs. Level 1 and 2 are alternating current (AC) charging standards most useful for home
and work charging. Level 3 charging, however, is a DC standard aimed at providing much
higher charging rates [1]. This third standard is the focus of this research as it is currently
the limiting factor in long-distance transportation. Current level 3 charge rates are limited
to between 50-350 kW. At 350 kW, the Porsche Taycan can extend its range by 85 miles
in 10 minutes [2]. On the other hand, the Chevrolet Bolt, which charges at 50 kW is
capable of charging at a rate of 30 miles in 10 minutes [3]. In contrast, ICE vehicles can
refuel at a rate of 300 miles in about 4 minutes. To make EVs more compelling to the
consumer, the rate of charge must be increased significantly above its current levels.

There are two main limitations that bottleneck current charge rates. One limita-
tion is the fundamental electro-chemistry of lithium-ion cells. The other is the thermal
limitation in extracting heat out of the battery during the charging process. This research
takes electro-chemistry as a given and focuses on optimizing the heat transfer process.
As such, the charge rate was set to the maximum commercially available charge rate of
15C for a lithium-ion battery [4]. For reference, 1C means that a battery can charge from
0-100% in 1 hour. A rate of 15C indicates that a battery can charge from 0-100% in 4

minutes.



Heat is generated during charging through both the charging cable and the battery.
The heat generated through the cable is a function of its resistance and temperature. The
heat generated in a lithium-ion cell is a function of the internal resistance in that cell.
As the cell is charged, a current flows through the battery generating heat through a
resistance that is a function of the cell temperature. Existing research has determined
that an appropriate approximation for the heat generated by a battery cell is found when
using a two RC-branch equivalent circuit. This circuit is comprised of two resistance-
capacitor circuits in series [5]. Both the resistance and capacitance are a function of the
internal temperature of the cell. As the temperature increases, the resistance increases,
further increasing the temperature of the cell. This positive feedback relationship can
cause a thermal-runaway event in which the separation layers in the battery melt which
creates a short circuit, leading to a fire. Electro-chemical limitations create a narrow
optimal temperature window between 20°-40° C [6]. Cell temperatures outside this range
can lead to sub-optimal battery degradation over time. This research aims at creating a
thermal network to maintain this temperature range at high rates of charge.

There are two ways that EV battery temperature are currently regulated. In
a passively cooled battery pack, heat is extracted out of the battery through natural
convection between the pack and the atmosphere. This is the case with vehicles such
as the Nissan Leaf [6]. Active cooling is achieved by pumping a thermal-fluid, typically
consisting of a mixture of ethylene glycol and water, through the battery pack by forced
convection between the battery cells and the thermal-fluid. This thermal-fluid is cooled
with a radiator which exchanges heat with the atmosphere. Most automakers such as
Tesla, General Motors, Ford, and VW use this active method to cool the batteries during
charging due to its higher inherent heat transfer rate [6]. These active system are limited
by the size of the vehicle’s radiator, coolant volume, and pump power, due to vehicle
packaging and weight constraints.

This research introduces a new form of active cooling that eliminates the limita-

tions outlined above. It consists of a thermal-fluid exchange between the EV and a DC
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charging station. A pump in the charging station forces fluid into the battery through
a charging cable with a liquid jacket exterior. The cross-section of the cable is shown in

Figure
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Figure 1: Cross section of charging and cooling wire

This fluid flows through the battery pack, rapidly extracting heat out of the bat-
tery. It then travels back through the charging cable where it flows into a reservoir. The
heat can be removed from the fluid in a variety of ways. It can be dissipated through a
geothermal exchange between the fluid and bedrock, through an exchange between the
fluid and the atmosphere, or through using an additional organic Rankine cycle that can
use some of the heat energy to generate electricity. The schematic for this system is

shown in Figure
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Figure 2: System schematic with electricity and heat flows

The organic Rankine cycle is a two-phase cycle which uses a refrigerant as the
working fluid. Refrigerants are used to lower the evaporation temperature below the max-
imum expected temperature of the system. For example, in this research, the maximum
temperature of the system is 40° C, as this is the maximum safe battery temperature.
Accordingly, a working fluid must be selected with an evaporation temperature below
this maximum. The Rankine Cycle works in the following stages. In the first stage,
the liquid working fluid is pumped from low pressure to high pressure through isentropic
compression. In the second phase, the working fluid is evaporated in a heat exchanger
connected to the high-temperature source through an isobaric process. In the third phase,
The working fluid vapor expands through a turbine which rotates a shaft (this shaft is
connected to a motor that generates electricity) through isentropic expansion. The work-
ing fluid is a mixture of a fluid and a vapor at this point. In the last phase, the fluid is
cooled through a condenser through an isobaric process.

This research optimizes the thermal exchange between the battery cell, charge ca-
ble, organic Rankine cycle, and atmospheric/geothermal heat rejection through a system-
level computer simulation model. The next section outlines the methods, constraints, and

6



assumptions used to make this model.

3 Methods

3.1 Assumptions, Constraints, and Software Setup

The system size is set to cool a 100 kWh battery pack. This is the largest battery
pack available in a vehicle today. Furthermore, 18650 cylindrical battery cells are used in
this analysis as they are the most popular cells found in EV battery packs [7]. The cells
are assumed to have a uniform temperature throughout and are simplified using a 2-RC
equivalent circuit.

Throughout the modeling process, the system is considered ideal to reduce com-
plexity in the model. Moreover, various analytical and empirical relationships are used
to simplify actual heat transfer behavior. The modeling is constrained to a single vehicle
although the costs of the system would be reduced if multiple vehicles were connected to
the same thermal network. Since this system is considered to be ideal, the final results
can be multiplied by the number of desired vehicles to find the total performance for a
given charging station.

MathWorks’ Simulink, an add-in available for MATLAB, is used to run the system-
level analysis [§]. Simulink is a signal processing software package used to model and
simulate dynamic systems. Simulink uses blocks to represent each part of a system. The
blocks are a function that receives an input signal and transforms that signal which is
output into the system. These blocks are connected in a dynamic network that updates
the input to each block over time. Simscape, a tool within Simulink, is used to model
physical systems through a library of electrical, mechanical, fluid, and heat blocks. To-
gether, Simulink and Simscape are used to model the system and run the simulation on
the system. The time step for the simulation is set to 0.001 seconds and the length of

the simulation is dependent on the state of charge (SOC) of the battery cell.



3.2 Battery Cell Model

The 2RC lithium cell is adapted from T. Huria et al. "High Fidelity Electrical
Model with Thermal Dependence for Characterization and Simulation of High Power
Lithium Battery Cells,” [5] as this battery model is included in the MATLAB library.
The 3.6 V cell in this model is relatively uncharged. The following changes are made to
represent a 18650 lithium-ion cell. The initial SOC is set to 0% and the cell thermal mass
is set to 45 g to represent the average weight of a 18650 cell. The Simscape charging
model is shown below.
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Figure 3: Simscape cell-level model

To prevent excess heat generation in the battery throughout the charging process,
the current and voltage are regulated in what is known as a Constant Current Constant
Voltage (CCCV) charging scheme. For a 3.6 V cell, the current is held constant until the
terminal voltage reaches 4.35 V, the maximum voltage of a 3.6 V lithium-ion cell. At
this point, the circuit switches to a constant voltage configuration in which the current
is modulated to maintain 4.35 V. The cell continues to charge until it reaches a 100%

SOC at which point the simulation ends. The input current is set at the system-level and
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divided by the number of the cells in the pack. For a 100 kWh pack, the input current is
divided by 7716 cells. The charge rate is set at 54 W per cell. At this high charge rate,
there is a significant amount of heat generated in the battery that is extracted through
the thermal model.

The thermal model for the battery consists of forced convective heat transfer
between the battery cell and the thermal network. The cell area in contact with the
thermal-fluid is assumed to be the cylindrical part of the surface of the cylinder. The

fluid flows past the cylinder in a cross-flow configuration, shown below.

Forward
stagnation point Separation point
Boundary layer

Figure 4: Cylinder in Cross Flow [@]

The heat transfer out of the cell is dependent on the temperature difference be-
tween the battery and the fluid, the area of the cell, and the total heat transfer coefficient.

The heat transfer equation is shown shown in Equation

Q = hAAT (1)

The heat transfer coefficient is found using an empirical relationship for a cylinder

in cross-flow discovered by Churchill and Bernstein ﬂg[] shown in Equation .

4/5
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It should be noted that this relationship is developed for a cylinder with an infinite
length which introduces error in the case of this finite length battery cell. The flow velocity
is found by taking the volume flow rate of the pump and dividing it by the lateral cross-
sectional area of the battery pack. This area spans the width of the vehicle at 1.5 m and
has a height of the 18650 cells of 65 mm. After calculating the transient heat flow out
of the battery, this heat flow is inputted into the thermal network which is discussed in

section [3.41

3.3 Wire Model

The heat generated in the electrical wire connecting the charging station to the
battery pack is also modeled and simulated. The DC current runs from the charging
station through one conductor into the battery pack and then back out of the battery
pack through another conductor into the charging station to close the circuit. The total
length of this circuit is assumed to be 10 m. The material of the wire is assumed to be
copper, as copper is traditionally used for DC fast charge cables due to its high electrical
conductivity. The radius of the copper conductor is 6.25 mm.

The electrical resistance per meter of copper wire (0.019 ohms mm?/m) is a func-
tion of the temperature of the wire. As the temperature of the copper increases, the
resistance increases so that a temperature factor of 0.000393 per ° C is used to calculate
the resistance of the wire as the wire temperature changes |10]. The heat transfer out of
the wire occurs radially (see Figure (1)) and follows the relationship described in Equation
1l

Notice that the heat generated in the wire is a function of the current flowing
through the wire. Section discusses this relationship further. The mass of the wire,
along with the surface area of the wire is calculated and inserted into the thermal model

shown in Figure
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Figure 5: Simscape wire model

The fluid temperature calculated in section is used to find the heat transfer

rate out of the wire.

3.4 Thermal Network

The thermal network is comprised of a closed loop of coolant. A mixture of
ethylene glycol and water is used to maintain compatibility with traditional automotive
cooling systems. This thermal fluid recirculates between the vehicle and the battery pack
to cool the battery pack during rapid charging. An ideal pump is used to pump the fluid
at a constant rate of 200 liters/min. The flow rate is measured to calculate the velocity

of the fluid as described in section [3.2] The fluid network is shown in Figure [6]
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Figure 6: Simscape thermal-fluid model

The vehicle-level heat generation rate is used as the heat input of the thermal-fluid
network. This heat generation rate is calculated by multiplying the cell heat generation
rate derived in section |3.2| by the number of cells in the battery pack. The volume of fluid
is defined to be 20 gallons and its temperature is measured using a temperature sensor
attached to the fluid reservoir. The temperature of the fluid is also used to calculate the
heat transfer rate of the cell described in section [3.21and the wire described in section [3.3]
Heat exits the fluid network through a heat exchanger with the organic Rankine cycle
described in section B.5l

The initial temperature of the fluid is set at 20° C. Using this model, there are
two options for heat sinks; ambient atmospheric air and ambient geothermal average
ground temperature. If the atmospheric temperature is above 13° C, the heat sink is set
as the geothermal average ground temperature of 13° C. Conversely, if the atmospheric
temperature is below 13° C, the heat sink is set as the atmospheric temperature. This

method maximizes heat dissipation between the summer and winter.
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3.5 Organic Rankine Cycle Model

The organic Rankine cycle is designed using a MATLAB script (See Appendix
for more information) that interpolates temperature-dependent specific entropy values
from a REFPROP database. REFPROP is a tool created by the National Institute
for Standards and Technologies (NIST) with highly accurate thermophysical data for a
variety of different fluids [11]. Since the Rankine cycle is a two-phase cycle, the working
fluid is selected from the REFPROP database to find an organic fluid that operates as
both a liquid and a gas at moderate pressures at room temperature. R-134a is selected as
the working fluid, as it is the most common working fluid that operates at a temperature
range between 20 and 40° C. The temperature vs. specific entropy (T-S) diagram is
created using the MATLAB script and plotted in Figure[7] Each line represents a different
pressure. The lines left of the bell-shaped curve show fluid liquid states and the lines right

of the bell-shaped curve show fluid vapor states.
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Figure 7: T-S diagram for R-134a (Data acquired from REFPROP)

State 1 is defined as the saturated liquid point at the lower temperature boundary.
The MATLAB script receives a low temperature input and uses Figure [7] to interpolate
the specific entropy and pressure values. State 4 is calculated in a similar manner at
the saturated vapor point. State 3 is calculated at the same specific entropy as state 3
but the pressure is increased until the temperature of the vapor reaches the thermal-fluid
temperature described in section State 2 is calculated at the same pressure as State
3 and the same specific entropy as State 1. With the temperature, pressure, and specific
entropy known at all 4 states, the relevant work flows and heat flows are calculated. The

efficiency of a Rankine cycle is defined by Equation [3]

Qin
Wturbine - Wpump

7]:
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The power generated by the Rankine cycle is computed by multiplying the heat in
times the efficiency of the cycle. Throughout the simulation, this efficiency is calculated
at each time step as the fluid temperature fluctuates. The charging rate input described

in section [3.6|is subtracted by the power generated by the Rankine cycle to find the actual

charging rate.

3.6 Top-Level System Model

The top-level system model (shown in Figure |§)) integrates the battery cell model,
wire model, thermal network, and organic Rankine cycle model into 1 system. At this
level, the overall vehicle voltage architecture is defined to be either 400 V or 800 V. The
number of batteries is set so that the total battery capacity is 100 kWh. The charge
current is set to a rate of 15C and the battery cross-sectional area is defined to span the

entire width of the vehicle with a height of 65 mm (the height of an 18650 cell).
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Figure 8: Simscape vehicle-level model

The fluid temperature and flow velocity from the thermal-fluid network is used
to calculate the heat transfer rate out of the battery cell. This rate is multiplied by the
number of cells in the pack and used as the heat input for the thermal-fluid network.
The vehicle charge rate is calculated by multiplying the cell voltage, cell current, and cell
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number. The resulting charge rate is divided by the charger voltage to find the current
that travels through the charging cable. This current is inserted into the wire model. The
heat generated in the wire model is added to the heat generated by the battery pack to
find the total heat rate entering the thermal fluid network. The power that the Rankine
cycle generates is subtracted from the nominal charge rate to find the actual charge rate.

The simulation is set to stop when the cell SOC reaches 1, indicating that the
battery pack is fully charged. The following variables are plotted using the scope for
further analysis in section 4} cell charge rate, cell charging current, cell terminal voltage,
cell SOC, cell temperature, cell heat generation rate, wire heat generation rate, wire tem-
perature, fluid temperature, Rankine cycle heat input, Rankine cycle efficiency, Rankine

cycle net work, vehicle charge rate, and vehicle heat generation rate.

4 Results

The results section is divided between 4 experiments. The first experiment utilizes
a 400 V architecture with an ambient outside temperature of 20° C. The second exper-
iment utilizes a 800 V architecture with an ambient outside temperature of 20° C. The
third experiment utilizes a 400 V architecture with a higher (summer) ambient outside
temperature of 37° C. The fourth experiment utilizes a 400 V architecture with a lower
(winter) ambient outside temperature of 0° C. These experiments are chosen to show the
advantages and disadvantages of two voltage architectures as well as the performance of

the cooling system across a range of real-world ambient temperature conditions.

4.1 400 V Architecture Results

The results for the 400 V architecture are shown below. This experiment is used

as the baseline for the subsequent experiments.
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Cel Charge Rate

Figure 9: Cell level charge data using a 400V architecture

Figure[9shows a standard CCCV charging scheme. The current is at its maximum
until the terminal voltage reaches 4.35 V. At this point, the current decreases to reduce
heat generation at the end of the charge cycle. Note that the sharp discontinuities found
in this figure, as well as the rest of the figures is due to insufficient Look-up-table (LUT)
data acquired from T. Huria et al. [5]. This empirically generated LUT data is used to

correlate resistance and capacitance at various cell temperatures and SOCs.
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Figure 10: Cell level temperature and heat rate data using a 400V architecture

Figure shows that even though current is reduced at the end of the charge
cycle, heat generation stays relatively constant. This is due to the temperature dependent
resistance of the cell. Asthe temperature of the cell increases, the resistance also increases.

The peak cell temperature is just above 35° C which occurs toward the end of the charging

cycle.
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Figure 11: Wire temperature and heat rate data using a 400V architecture

Figure|l1|shows that the heat generated by the wire is also maximized near the end
of the charging cycle. Since the wire resistance is dependent on the voltage architecture.
The temperature of the copper conductor using a 400 V architecture is high at close to
120° C. The fluid temperature increases throughout the charging cycle as it absorbs the
heat generated by the battery cell and the wire. This heat is dissipated through the

Rankine cycle at a lower rate than the the heat absorption rate.
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Figure 12: Organic Rankine cycle efficiency and work using a 400V architecture

Figure[12]shows that the Rankine cycle efficiency increases as the fluid temperature
increases. Since the heat sink temperature is constant, the increase in fluid temperature
leads to a larger temperature difference, increasing the efficiency of the Rankine cycle.
Note that there is a discontinuity in the solver at the beginning of the simulation which
creates a spike in the heat rate. The other experiments also exhibit this issue and initial

time response data should be ignored for the purposes of this analysis.
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Figure 13: Vehicle level charge rate and heat rate results using a 400V architecture

Figure shows the overall charge rate achieved and subsequent heat generated
by the battery cell and the wire. The peak charge rate is relatively constant around 1700
kW until the current is reduced near the end of the charge cycle. The heat generation
rate is relatively constant throughout the charge cycle with an average just over 200 kW.

The 0-100% charge time is just over under 260 seconds.

4.2 800 V Architecture Results

The results for the 800 V architecture are shown below.
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Cell Charge Rate

Figure 14: Cell level charge data using a 800V architecture

Figure [14] shows that the charge current is reduced about 40 seconds sooner than
in the 400 V case. The terminal voltage decreases as the temperature of the battery
increases. With an 800 V architecture, the battery temperature is lower which increases

the terminal voltage thus causing the current to be reduced earlier.
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Figure 15: Cell level temperature and heat rate data using a 800V architecture

When compared to Figure [I0] Figure exhibits a similar trend. The cell tem-

perature is slightly lower due to the lower system fluid temperature.
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Figure 16: Wire temperature and heat rate data using a 800V architecture

Figure [16| shows a heat generation rate in the wire that is much lower than the
heat generated rate in Figure [11] The peak wire heat generation rate is 8 kW compared
to 33 kW from the 400 V experiment. This large reduction in heat translates into a
peak wire temperature of 50° C, compared to a peak wire temperature of just under 120°
C in the 400 V experiment. The fluid temperature maximum is also reduced to 32° C,

compared to 33° C from the 400 V experiment.
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Heat Input Rate

Figure 17: Organic Rankine cycle efficiency and work using a 800V architecture

Figure [L7] shows a reduction in the fluid temperature relates to a reduction in the

Rankine cycle efficiency. The efficiency decreases by 1% compared to a 400 V architecture.
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Figure 18: Vehicle level charge rate and heat rate results using a 800V architecture

Figure [18/shows that the overall charge rate is similar to the charge rate shown in
Figure[I3] Since the current is reduced sooner, however, the charge takes about 5 seconds
longer to complete. The heat generation rate is reduced by about 20 kW throughout the

charge cycle due the the decrease in current flowing through the charge cable.

4.3 High Ambient Temperature Results

The results below use an ambient outside temperature of 37° C and a 400 V archi-

tecture. A geothermal heat sink with a temperature of 13° C is used in this configuration.
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Figure 19: Cell level charge data using a 400V architecture at an outside temperature of 100 Fahrenheit

Compared to Figure [9 Figure shows that the elevated ambient temperature
allows the cells to charge at the maximum current rate for longer, as the terminal voltage
stays below 4.35 V for longer. This shortens the charge time by about 5 seconds, compared

to the 20° C ambient temperature case.
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Figure 20: Cell level temperature and heat rate data using a 400V architecture at an outside temperature
of 100 Fahrenheit

Figure 20 shows that the maximum cell temperature is reached early in the charge
cycle at around 10 seconds. This cell temperature stays below 40° C (the threshold at
which battery degradation begins to occur) and decreases throughout most of the charge

cycle.
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Figure 21: Wire temperature and heat rate data using a 400V architecture at an outside temperature of
100 Fahrenheit

Similarly, Figure shows that the temperature of the fluid decreases slightly
throughout the charge cycle. This is in contrast with the case shown in Figure [11} The
fluid temperature decreases as the heat dissipation rate is greater in this case due to the
larger temperature difference between the battery cell and the ground temperature. The

wire temperature and heat generation rate is similar to the baseline case.
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Heat Input Rate

Figure 22: Organic Rankine cycle efficiency and work using a 400V architecture at an outside temperature
of 100 Fahrenheit

Figure 22| shows that the Rankine cycle efficiency peaks in the beginning of the
charge cycle due to the high initial fluid temperature. The peak Rankine cycle efficiency is
18% which is higher than the baseline efficiency of 15% shown in Figure[12] Furthermore,
the maximum power generated by the Rankine cycle is about 50 kW in this case, versus

about 30 kW in the baseline case.
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Charge Rate, Heat Generated Rate

Figure 23: Vehicle level charge rate and heat rate results using a 400V architecture at an outside
temperature of 100 Fahrenheit

Figure [23| shows that the average charge rate is about 1600 kW compared to the
baseline case of 1700 kW. The heat generation rate is similar to the baseline case. The

charge time is reduced by about 5 seconds to 250 seconds, compared to the baseline case

shown in Figure [13]

4.4 Low Ambient Temperature Results

The results below use an ambient outside temperature of 0° C and a 400 V ar-

chitecture. The atmosphere is used as the heat sink with a temperature of 0° C in this
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configuration.

Cel Charge Rate

Figure 24: Cell level charge data using a 400V architecture at an outside temperature of 32 Fahrenheit

Figure 24] shows that the cell reaches a terminal voltage of 4.35 V early on in the
charge cycle. This reduces the charge current but as the cell continues to heat up, the
terminal voltage decreases and the charge rate returns to its maximum until 145 seconds
at which point it begins to decrease. This takes place about 70 seconds earlier than the

baseline case shown in Figure [0
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Figure 25: Cell level temperature and heat rate data using a 400V architecture at an outside temperature
of 32 Fahrenheit

Figure shows that the cell reaches its maximum temperature of around 28°
C about halfway through the charge cycle. Due the the reduction in current earlier in
the charging cycle, the SOC is more parabolic compared to cases with higher ambient

temperatures.

33



Wire Heat

Figure 26: Wire temperature and heat rate data using a 400V architecture at an outside temperature of
32 Fahrenheit

Figure [26| shows that the wire temperature is reduced by about 10° C versus the
baseline case shown in Figure [II] The fluid temperature stays relatively constant at
around 25° C throughout the charge cycle, compared to the steady increase shown in the

baseline.
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Figure 27: Organic Rankine cycle efficiency and work using a 400V architecture at an outside temperature
of 32 Fahrenheit

Figure [27] shows a Rankine cycle peak efficiency just below 18% which is higher
than the efficiency of 15% shown in Figure [12] even though the fluid temperature is lower
throughout the charge cycle. The average Rankine cycle power is also higher, at 40 kW

versus 20 kW from the baseline case.
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Charge Rate, Heat Generated Rate

Figure 28: Vehicle level charge rate and heat rate results using a 400V architecture at an outside
temperature of 32 Fahrenheit

Figure[28|shows that charge rate decreases quite early in the charge cycle compared
to the baseline case shown in Figure [I3] This increases the charge time by 50 seconds
to 305 seconds versus 255 seconds. However, the heat generated throughout the cycle is

relatively similar.
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5 Discussion

Experiment || Charge Time (s) | Maximum Cell | Maximum Wire | Maximum
Temperature Temperature Rankine Cycle
(Celsius) (Celsius) Efficiency (%)

400 V, 20 C || 255 35.5 115 15

800 V, 20 C || 260 34.5 50 14

400 V, 37 C || 250 39 110 18

400 V, 0 C || 305 28 105 17.5

Table 1: Overview of results for four experiments

Table [I] compares the results from four experiments shown in section [4 The
Simulink model can be used to simulate a wide variety of initial conditions. Therefore,
the model’s capability is more extensive than the results from these four experiments.
These four experiments are used to make comparisons between different architectures and
different operating conditions. For the purposes of this analysis, the following paragraphs

will explore the trends in each column of Table [I]

5.1 Charging Time

The charge time is not directly a function of the vehicle battery voltage architec-
ture. Since the charging power is set at the cell level to maximize the charge rate without
exceeding a charge rate of 15C, the voltage architecture does not decrease the charge rate.
Instead, charging is slowed by the lower average cell temperature experienced at 800 V.
This lower cell temperature is a result of the decreased fluid temperature from a lower
wire heat generation rate. Charge time is much more dependent on the temperature of
the battery cell during charging. As the temperature of the cell increases, the resistance
of the cell decreases. This leads to more efficient charging at higher temperatures. Over
the three charging temperatures of 0° C, 20° C, and 37° C, the higher the average tem-
perature of the cell during charging, the lower the overall charging time. Furthermore, at
temperatures below 20° C, the charging time increases significantly from 255 seconds at

20° C to 305 seconds at 0° C. Above 20° C, however, the charging time does not decrease
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by the same level. The charging time at 37° C is only 5 seconds shorter than the charging
time at 20° C. This is the result of a non-linear relationship between cell temperature

and resistance.

5.2 Cell Temperature

Similarly, the maximum cell temperature mostly a function of the ambient tem-
perature. The difference between using a 400 V architecture and an 800 V architecture
resulted in a temperature decrease of 1° C. Conversely, the ambient temperature of the
system had a greater impact on the maximum temperature of the cell. As the ambient
temperature of the cell increased, the temperature of the cell also increased. At 0° C
the maximum temperature is 28° C, at 20° C, the maximum temperature is 35.5° C,
and at 37° C, the maximum temperature is 39° C. Even at high ambient temperatures,
the cell maintains a temperature below 40° C. Above 40° C, lithium ion cells experience
accelerated degradation so the results in Table [1| show that this system is successful in
controlling the temperature of the cells within a safe range. As the temperature of the
coolant increases, the heat dissipation rate also increases because the heat flux is a func-
tion of the temperature difference. This effect aids in the cooling of the battery cells at

elevated temperatures.

5.3 Wire Temperature

The maximum wire temperature stays within 10° C between 0 to 37° C when using
a 400 V architecture. The maximum temperature of the wire reaches 115° C during
charging. This temperature is quite high and may be undesirable for safety reasons.
Interestingly, the maximum temperature occurs at 30° C, and not at 37° C. This is
due to the decreased efficiency of charging at 20° C. The temperature of the wire is
time dependent because the temperature of the wire increases throughout the simulation

(with the exception of when the current is reduced toward the end of charging). Since the
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shortest charge time occurs when the ambient temperature is 37° C, the amount of time
when a current is applied to the wire is shortest. This is why the maximum temperature
at 37° C is lower than the maximum temperature at 20° C. The temperature of the wire
is mostly a function of the voltage architecture since the heat rate is dependent on the
current. At 400 V, twice the current is required for the same power output as an 800 V
architecture. Table [I| shows that the maximum wire temperature is reduced from 115°
C to 50° C when switch from a 400 V to a 800 V architecture. At 50° C, the copper
conduit is operating within a safer temperature range. The heat generated by the wire is
far greater at 33 kW for a 400 V architecture compared to 8 kW for a 800 V architecture.

This leads to a more efficient charge cycle.

5.4 Rankine Cycle Efficiency

Rankine cycle efficiency is a function of the temperature difference between the
heat source (the coolant temperature in this case) and the heat sink (the ground or air
temperature). Therefore, there is only a 1% difference between the maximum Rankine
cycle efficiency as it applies to the 400 V and 800 V architectures. For the 20° C and 37°
C cases, the heat sink is set to use the ground temperature of 13° C. Since the efficiency
is a function of the temperature difference, there is a greater maximum efficiency of 18%
at 37° C versus 15% at 20° C as expected. When the ambient temperature is 0° C, the
atmosphere is used as the heat sink as it is colder than the average ground temperature.
The creates a maximum efficiency of 17.5% which is similar to the maximum efficiency at
37° C. It should be noted that all of these efficiencies are relatively small. The maximum
power generated by the Rankine cycle is only about 50 kW. This value is much smaller

than the charging power of approximately 1800 kW.
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6 Conclusion

The report above characterizes the performance of a battery thermal management
system between an EV and and a charging station. Through four experiments that varied
the voltage architecture and ambient temperature, the following conclusions were found.

As the temperature battery cell increases, the charging time decreases. This cell
temperature is found to be higher at higher ambient temperatures and lower voltage
architectures. Charging time decreased by 50 seconds when the ambient temperature
was increased from 0° C to 20° C. In industry, automakers have implemented battery
preheating to decrease DC fast charging time |12]. Even at an ambient temperature of
37° C, the temperature of the battery reached a maximum of 39° C. Lithium-ion batteries
degrade prematurely above 40° C so this cooling system was successful in controlling the
battery’s temperature below this threshold.

Increasing the voltage of the battery pack also increases the temperature of the
charging cable. The temperature decreased from an unsafe 115° C to a safer 50° C. From
this analysis, it is recommended that higher voltage architectures are used to reduce
excess heat generation in the charging conductor.

At higher coolant temperatures, Rankine cycle efficiency is higher. R-134a was
selected as the working fluid for the organic Rankine cycle due to its frequent use in
automotive applications. There are however, significant environmental concerns with the
use of R-134a. Accordingly, a less harmful working fluid should be selected. Additionally,
with peak efficiencies below 20% it is unlikely that the additional cost of constructing an
organic Rankine cycle power plant would outweigh the benefit of energy recuperation.

The main goal of this analysis was to design a system capable of charging an
EV with a large 100 kWh battery pack in the same time as a gasoline-powered vehicle
through four experiments with varying voltage architectures and ambient temperatures.
The average charge time using this system 255 seconds with a maximum charge time

of 305 seconds at 0° C. Assuming an average refueling time for an ICE vehicle of 240
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seconds. This system is capable of charging the battery pack from 0% to 100% within a
minute of an ICE vehicle while maintaining safe battery and charge cable temperatures.
This system has the potential to eliminate slow charging times and range anxiety thus

increasing the adoption of EVs.
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A Rankine Cycle MATLAB Code

$Import REFPROP data
m=100;

n=100;

fluidTables = twoPhaseFluidTables ([80,500],[.001,7],m,m,n, ...

'R134a', 'C:\Users\mcele\OneDrive — Washington University in St.

Louis\Backup7-17-19\Programs\REFPROP') ;
T_liquid=fluidTables.liquid.T;
s_ligquid=fluidTables.liquid.s;
p-liquid=fluidTables.p;
T_vapor=fluidTables.vapor.T;
s_vapor=fluidTables.vapor.s;
p-vapor=fluidTables.p;

T_sat=[];

$Find Saturation points

for i=1l:n
Tl_sat (i, 2)=T_.liquid(m,1i);
Tl_sat(i,1l)=s_liquid(m,1i);
Tl_sat (i,3)=p-liquid(i);

end

for i=1l:n
Tv_sat (i,2)=T_vapor (1l,1i);
Tv_sat (i,1)=s_vapor(l,1i);
Tv_sat (i, 3)=p-vapor (i);

end

%Plot T-s diagram
hold on
% plot (fluidTables.liquid.s, fluidTables.liquid.T)

% plot (fluidTables.vapor.s, fluidTables.vapor.T)

plot(Tl_sat (:,1),Tl_sat(:,2));

44



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

63

plot (Tv_sat (:,1),Tv_sat (:,2));

hold off

%$In and out temperatures
Thigh=350;

Tlow=286;

$State Calculations
$State 1
T1l=Tlow;
T_row=0;
for i=1:m
if Tl_sat(i,2) > T1
T_row=ij;
break
end
end
S1=T1l_sat (T_.row,1);

P1=Tl_sat (T_row, 3);

%$State 4
T4=T1;
T_row=0;

for i=1l:m
if Tv_.sat(i,2) > T1
T_row=ij;
break
end
end
S4=Tv_sat (T_row, 1);

P4=P1;
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%State 3

T3=Thigh;

53=S4;

target_t below = 0;

target_t_below_p = 0;

for p_.index=1:n
target_index = 0;

for s_row=l:m

s_test=s_vapor (s_.row, p-index) ;

if s_test>S4
target_index = s_row;
break
end
end

if target_index > 1

t_test=T_vapor (target_index, p-index) ;

if t_test > target_t_below & t_test < T3

target_t_below = t_test;

target_t_below_p = p_index;

end
end
end

P3=fluidTables.p(target_t_below_p);

%State 2

P2=P3;

S2=S81;
target_index=0;

for s_row=1l:m

s_test=s_liquid(s.-row, target_t_below_p);

if s_test>S2
target_index = s_row;

break
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end
end

T2=fluidTables.liquid.T (target_index, target_t_below_p);

$Calculate enthalpies (kJ/kg)
H1=S1T1;
H2=S2+T2;
H3=S3+T3;

HA=S4+T4;

$Calculate Heat and Work Flows (kJ/kg)
W_pump=H2-H1

Q_in=H3-H2

W_turbine=H3-H4

Q_out=H3-H2

efficiency=(W_turbine-W_pump)/Q_in
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