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Abstract— For the safe operation and control of battery
deterioration, thermal monitoring is extremely important. The
performance of a battery energy system and its accuracy in State of
Charge (SoC) (%) estimation for electric boats and electric vehicles
are significantly influenced by ambient temperature. In this study,
the battery will operate at extreme temperatures within Titicaca
Lake, located at an altitude of 3850 meters above sea level.
Therefore, the objective is to study a battery model that considers
ambient and extreme temperatures. The cell must operate at critical
values with a current of 150 A, a voltage of 3.65 V, and observe
thermal aging that affects the capacity due to multiple charges and
discharges. The method applied to lithium iron phosphate batteries
LiFePO4 involved wear testing, considering three stress factors
(time, temperature, and state of charge (SoC) (%)). Capacity
measurements and resistance calculations tracked short-term
degradation behaviors. The Shepherd model was established to
identify battery aging using a simple but accurate two-step
nonlinear regression approach; also, the thermal analysis of the
battery cell was conducted to identify the most critical zone of the
cell in terms of heat generation. This analysis allowed us to
maximize heat dissipation with only a forced air fan mounted on
the vital region. For further evaluation of the proposed strategies, a
computational fluid dynamics (CFD) model was built in COMSOL
Multiphysics® and validated with a thermographic camera to
identify the temperature in the cells. The final arrangement of the
LiFePOA4 battery is the 16slp prismatic cell type (16 cells in series
and one parallel), with the cell experiencing a temperature
variation of approximately 1° C higher than that of the outer parts.

Keywords-- LiFePOy battery; electric boat; recharging; state of
charge; battery thermal management; photovoltaic.

. INTRODUCTION

Cathodes of LiFePO, lithium batteries represent the
optimal choice for photovoltaic systems, as well as other
renewable energy applications, aiming to achieve energy self-
consumption [1]. Certain categories of lithium batteries
exhibit specific attributes related to weight, dimensions,
safety, and robustness, allowing them to adapt to scenarios
where lead-acid batteries are not viable [2].

Lithium iron phosphate LiFePO4 batteries represent a
category of rechargeable lithium-ion batteries designed for

high-power applications [3]. These batteries feature high
discharge currents, lack explosiveness, exhibit a significant
cycle life, and initially have lower energy density compared to
lithium cobalt oxide, but surpass it significantly by the third
year due to their greater stability [4].

A. Lithium Iron Phosphate LiFePO4

In 1996, the University of Texas discovered that
phosphate could be used as a cathode material for lithium
batteries [5]. This cathode material remains stable even under
overload conditions and can tolerate high temperatures
without decomposing. The cathode material in lithium iron
phosphate batteries is more reliable and safer than other
cathode materials such as LiCoO2 or LiMn204 batteries [6].
Phosphates have a cell operating temperature range of -30°C
to +60°C and a cell packaging temperature range of -50°C to
+60°C, which reduces the risk of overheating and fire hazard
[7]. This type of battery is made from nanoscale phosphate
materials and exhibits low resistance, long lifespan, high
capacity to handle heavy loads, improved safety and thermal
consistency, no toxic effects, and lower cost. It has a reduced
impact on cycle life concerning overcharge and undercharge,
although specific energy slightly decreases compared to
LiMn204. It exhibits some negative performance and lifespan
properties due to temperature [8]. Lithium-phosphate batteries
are capable of providing a specific energy and nominal voltage
of approximately 160 mAh/g and 3.40 V, respectively [9].
These characteristics make it straightforward to enhance
battery performance. Within lithium ion batteries, according to
its chemical composition, LFP (LiFePO4) is the cathode
source, see Figure 1, illustrates the types of cells for design
and chemistry [10].

B. Reaction of Lithium Iron Phosphate LiFePO4 Battery
Chemical

A new type of high-performance battery is the lithium iron
phosphate LiFePOs battery. An electrochemical process underlies
its chemical reaction mechanism [11]. It has been extensively
utilized in energy storage systems and electric boat because of its
benefits, which include high energy density, extended cycle life,
and environmental friendliness [12].
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The two primary components of the chemical process in a lithium
iron phosphate LiFePO, battery are the charging reaction and the
discharging reaction [13].
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Fig. 1 Charging-discharging process of a LiFePO4 type battery

In the process of charging, the positive electrode (lithium iron
phosphate) undergoes a reaction where it relinquishes oxygen
molecules, converting them into iron trioxide (Fe203), and
simultaneously discharges electrons, see Eq. 1. Conversely,
the negative electrode (graphite) assimilates electrons and
transforms lithium ions into metallic lithium [14], [15]. The
process is shown in Figure 1.
Positive reaction:

LiFeP0O, = Li,—,FePO, + xLi* + xe~ (1)

Negative reaction:
xLi*+ xe” + 6C = Li,Cq4 (2)

Total reaction:
LiFePO, + 6C = Li,— FeP0,+ Li,Cg4 ©)

LiFePO4 is the chemical formula of lithium iron phosphate; in
the Eq. 1. Li;—FeP0O4 js a vacancy-containing chemical
compound; XLi* represents lithium ions that have lost X
electrons; Xe~ represents the X electrons released; and 6C is
the chemical formula of graphite.

When the battery is charged, lithium ions move from the
positive electrode to the negative electrode, where they react
chemically with graphite and cling to the graphite's surface,
forming lithium compounds. At the same time, electrons in the
battery travel from the positive to negative electrodes,
producing current in the external circuit. As a result, lithium
iron phosphate batteries have high energy density, a long cycle
life, and are environmentally friendly, making them promising
for use in the field of renewable energy.

1. THE OPERATIONAL ENVIRONMENT OF AN ELECTRIC
BOAT

2.1 Power System Structure

An autonomous electric boat is being constructed with
photovoltaic systems and a special nautical lithium battery that
enhances the protection and performance of this electric
vessel. It measures 7.5 meters in length from bow to stern,
2.20 meters in width, and is powered by a NAVY 6.0 electric
motor with 9.9 HP, 39-60 V dc. It uses a LiFePOq lithium-ion
battery model E-163 with 8345 Wh and 163 Ah capacity,
charged by a CH4200 lithium battery charger of 30A, 220V
AC 1440 W. The boat also features a solar charge controller
for the E-series 48 V battery, 1600 W, and a photovoltaic
system with 6 Monocrystalline RenePV 24 V dc, 270 W,
Voltage at Pmax of 31.35V and Current at Pmax of 8.61A.

Z ElectricwMotor
Navy 6.0

Fig. 2 Here we can see the electric boat in operation with the LiFePO4
lithium-ion battery model E-163, NAVY 6.0 electric motor, Photovoltaic
system, Charged 30A serie CH4200

The choice of the electrical system depends on various factors
such as the aquatic environment, navigation conditions, and
economic costs. This document considers the basic structure
of the hull, vessel, or outer lining that wraps around and
waterproofs its framework, forming the hull and the cabin area
where the photovoltaic system is mounted. When the electric
boat docks, it is powered from the 220 V electrical grid with a
transformer capacity of 10 kVA. Single-phase industrial
simple charging point, type 1 up to 125 A, SAE J1772/IEC
62196-2, considered within the Battery Electric Vehicle
(BEV) technology, which is a fully electric vehicle powered
exclusively by a lithium battery.
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Fig. 3 This is a figure. Schemes follow the same formatting. If there are
multiple panels, they should be listed as: (1) NAVY 6.0 electric motor, (2)
LiFePO4 lithium-ion battery model E-163, (3) Charged 30 A serie CH4200,
4) Power and data cable (5) Drawer for the system (battery, charger and
wiring), (6) secondary drawer for charging cable.
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N Solar Charger.

4 l.-il tj

| Batterry Charger in 220
| VAG, Single-pase.

Fig. 4 Parts that make up the propulsion system.

The primary propulsion engine that powers the propeller must
adhere to all applicable regulations or standards set out by the
maritime inspection organization. These include those
pertaining to the marine motor, motor protection class,
insulation level, and other technical indications. Furthermore,
the motor needs to function properly in environments with
mildew, oil, salt, and damp air. To prevent motor blockages
due to propeller windings, the motor needs to have a one-
minute overload capacity. The motor's speed range need to be
sufficient for the propeller's needs. The DC motor has low
cost, good durability, and simplicity.

When operating at full speed, the motor's rated power should
match the propulsion's rated power. In the Figure 5 displays
the motor's primary technical specifications.

Gharoer gl Cable
sitve & Negaive)

Fig. 5 Components of the propulsion system for the electric boat of the
project; solar panel, solar charger, remote switch, battery LiFePO4, motor,
battery charger

2.2 Battery Experiment

The capacity of prismatic LiFePO, cells typically ranges from
100 to 300 Ah. This capacity range makes them suitable for
applications requiring moderate to high energy storage
capacity, such as electric vehicles (EVSs), energy storage
systems (ESS) for residential or commercial use, and
industrial applications.

A commercial LiFePO4 battery with a capacity of 163 Ah, 3.2
V is used in this investigation, is an aluminum-cased lithium
iron phosphate prismatic battery that is ideal for power
applications such as electric vehicles and boats.

I11. RESULT AND ANALYSIS

3.1 Result of Temperature behavior for LiFePO,
prismatic cells
Heat transfer in fluids in vector form can be described
using the concept of heat flux, which is a vector quantity
indicating the amount of heat crossing a surface per unit time
and area. In vector terms, heat transfer in fluids is expressed
as:
qg=-k-VvrT (4)

where; T is the heat flux vector, indicating direction and
magnitude, K is the thermal conductivity of the fluid, V7 is the
temperature gradient, a vector indicating the direction and rate
of temperature change in space.

In the Eq. 4, The negative sign indicates that heat flux
always moves from regions of higher temperature to regions
of lower temperature, in accordance with the second law of
thermodynamics. k - VT represents the amount of heat
flowing through a surface per unit area and time, where VT
defines the direction and magnitude of the temperature
gradient.
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In the equation 5, this vectorial model is fundamental for
formulating and solving heat transfer problems in fluids,
especially in applications where the direction and spatial
distribution of heat within a fluid system are considered; 2
density, C» specific heat, ¥ Velocity Vector, @ Heat flux by
conduction, @ Heat source, @t.a Thermoelastic effects. (M.
Soltani et al. 2019). (J. Jaguemont et al. 2016).

ar — —
pCpE+pCpu-VT+V-q = Q + Q4 (5)

COMSOL Multiphysics® created the 3D-thermal model
to determine the cell's thermal behavior. An energy balance
equation is used to specify the transient thermal distribution
within the cell. This equation formulates the quantity of
thermal energy that the cell generates for its surroundings as
follows. (M. Soltani et al. 2019).

ar ar  a‘r  a°
me, o+ Qe = k[5z 5252 v 4, (g
where mass, heat capacity, temperature, thermal

conductivity, and heat generation are denoted by the letters m,
Cp, T k and 1, respectively. In this paper, the polarization
process and the cell's ohmic resistance are used to compute the
heat generation of the cell. Additionally, Eq. (7) makes use of
the tab domain.

Gy,= Ry I +Ry-I; + Ry I3 ©)

wherein, I and Rp: represent the current and ohmic
resistance of the cell. (J. Jaguemont et al. 2016)

Jeonvy = hs(rmnb - T) (8)

where I and S stand for the cell's cross section area and
coefficient of heat transfer, respectively. Tams and T also show
the battery and the surrounding temperature. A thermal camera
clearly shows that the temperature distribution within the cell
region is not uniform in Fig. 6.

According to the model described in Eg. 4 and 5, you can
see the simulation for the prismatic lithium cells; within the
cell, there is a negligible variation in temperature. As would
be predicted given that this is the location that is farthest from
the cooling surfaces, the highest temperature is reached within
the jelly roll, about in the center of the cell. During discharge
and charging, the temperature rises; that is, it does not attain a
constant state. See the figures 6 to 8.
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Fig. 6 This is a figure of Temperature Field of prismatic lithium cell,
simulated in COMSOL.
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Fig. 7 Surface temperature, simulated in COMSOL
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Fig. 8 The temperature increases during discharge and charge.

The significance of the metal foils in cooling the cell is
seen by the temperature along the roll layer's cross sections at
that location. The temperature displays a local maximum on
the negative current collector foil and a local minimum on the
positive foil. The cell's outside cooling is the cause of the
minimum. Since it is the layer farthest from the cooling tab,
the maximum is. At the location of the negative foil, an
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identical but opposite effect is observed. The nearest foil that
is closest to a tab tends to chill the jelly roll layer's
components.

Finally the variance in external temperature is a result of
the disparity in thermal conductivity between the metal
components and the electrical insulators. The bottom of the
cell, where the jelly roll and battery container are in close
contact, has the highest temperature. See the Figure 7.

3.2 Result of external temperature behavior for the
prismatic LiFePOs (16 cells in series and one parallel cells)

The thermographic camera monitors the first charging
process of the photovoltaic system and the discharge of the
battery to the electric motor, providing information about the
temperature distribution and potential short circuits. The
automatic detection of hot spots recognizes and automatically
reports deviations from the target temperature.

Hot spots in batteries during operation can provide an
indication of the areas where the battery will fail. This adverse
thermal behavior can quickly spread throughout the battery in
a domino effect known as thermal runaway, which can lead to
catastrophic failures. Excessive voltage, charge, ambient
temperature, or a combination of these factors can trigger
thermal runaway. Sealed cells can sometimes explode
violently if the safety vents become clogged or fail to function.
Lithium-ion batteries are particularly prone to thermal
runaway.

Fig. 9 External temperature behavior for the prismatic LiFePO4 (16 cells
in series and one parallel cells).

Fig. 10 The temperature increases during discharge and charge 29.8 °C
t0 35.7° C.

The cell's temperature under natural air cooling is taken
into account for the beginning temperatures of 20.1 °C to 35.7
°C at a 53 Amp. discharging rate. However, during charging
with the photovoltaic system, the temperature varies between
20 °C at a charging current of 13 A. See the Figures 9 and 10.

IV. CONCLUSIONS

With the proposal to reduce polluting emissions from
electric boats within the bay of Lake Titicaca, thereby
improving air quality, flora, and fauna, this study presented a
hybrid energy system powered by a photovoltaic DC system
and conventional AC grid according to the characteristics
reflected in current electromobility standards such as SAE
J1772, IEC 61851, and GB/T 20234-2. A method for
designing parameters of the hybrid energy system based on
loads like the 6 kW, 9.9 HP propulsion motor and auxiliary
equipment was suggested. The results of the experiments
demonstrate that the proposed technique for designing system
parameters and control strategy for the hybrid energy system
are satisfactory; the energy capacity meets the navigation
requirements on Lake Titicaca. The benefits of energy
conservation and emission reduction are clearly evident.

Thermal modeling is an effective way to understand the
thermal behavior of LiFePO4 lithium-ion batteries during
charging and discharging. With charging and discharging, the
internal heat generation of the battery increases, thereby
raising its temperature with an uneven distribution and partial
degradation of the battery.

Non-destructive  evaluation  of  batteries  using
thermographic cameras allows for determining the
temperature distribution in the lithium-ion battery. The key to
solving the safety issue lies in thermal control, including heat
generation and internal and external heat transfer. Therefore, a
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model was created independently for each cell, capturing the
geometric thermal effects on the thermal abuse behavior of the
battery based on the charging of the photovoltaic system and
discharge to the electric motor.

The analysis of discharge voltage characteristics in the
prismatic cell type shows that comparing the rate of voltage
changes in the final discharge phase will allow us to detect
SoC imbalances. Parameters were obtained that will enable us
to develop a damage protection system for the entire cell
arrangement for LiFePO4 batteries in 16S1P configuration.
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