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Abstract. With the necessity of moving toward greener power systems, the International Maritime Organization set goals
that are helping to pave a path to hybrid and even fully electric vessels. In that scenario, lithium-ion batteries emerge as an
alternative solution for energy storage system and usually this kind of battery requires some sort of thermal management,
specially under high power demand. A lot of works studied different techniques of thermal management. This paper
develops two different models to compare which strategy is better efficiency wise. In both models, a cascade non-linear
model predictive controller is used to control battery’s core temperature to any desired set-point. Finally, for a created
current input, it was found that the liquid cooling strategy spends more energy than the air cooling strategy.

Keywords: Battery Thermal Management Systems, Hybrid power systems, Marine vessels, Non-linear model predictive
control.

1. INTRODUCTION

Greenhouse gases emission has been a growing society concern for years now. Several agendas were created aiming
at containing and reducing emissions for the next decades. Looking specifically at the maritime sector, a major emission
contributor figuring among the top 10 emission countries if considered a country by itself (Crippa et al., 2019), it is pos-
sible to see the International Maritime Organization (IMO) taking action and setting audacious goals for 2050. Probably
the one that stands out the most is taking ships and vessels emissions to half or lower the levels from 2008 (IMO et al.,
2018).

Such goals come with technological challenges and developments. Hybridization is looking promising as a short to
medium term solution toward these goals, it may also assist on development of zero emission technologies at smaller
scales first. In the work of Geertsma et al. (2017), it is suggested that hybridization may lead to 10-35% emission
reductions depending on the hybrid architecture used. As a matter of fact, most of these types of power train use an
Energy Storage System (ESS) and typically Lithium-ion Battery (LIB) is the choice. This kind of battery provides great
energy density when compared to other battery technologies and LIB technology has already reached commercialization
stage (Van Schalkwijk and Scrosati, 2002).

Energy demand on any transportation task can be extremely high and in the case of electrical components that high
demand is associated with heat generation and temperature increase through Joule effect. In the case of LIBs it can be
extremely harmful, once it operates safely and efficiently in temperatures between 273K to 328K while charging or 273K
to 313K while discharging (Lu et al., 2013). Extremely low temperatures cause sluggish response from the battery (Shi
et al., 2012) and extremely high temperatures may cause thermal runaway, acceleration on the aging process and fire
(Wu et al., 2019). Because of all that, most LIB applications require some kind of Thermal Management System (TMS)
associated with it.

Multiple techniques can be used on a TMS, three of the most common are air cooling, liquid cooling and Phase Change
Material (PCM) cooling. Typically for marine application the technique used is either air cooling or liquid cooling, mostly
because PCM cooling strategies may not be appropriate due to high heat generation load and long operation time (Khateeb
et al., 2004).

Battery thermal management systems have been the interest of study in many works and many different approaches
were studied. Some works look for an arrangement of battery module that is capable of minimizing the temperature
difference between cells. In Yang et al. (2015), an optimization approach was used to find the best arrangement for air
cooling strategy. In Zhao et al. (2019), a tube with variable geometry that increases heat exchange area as liquid increases
temperature was studied, with that the difference between the first and last battery of the pack could be diminished.
More into controls and models, works like Lopez-Sanz et al. (2016) introduce the use of model predictive control in road
vehicles to guarantee battery operation at an optimal temperature range and in Schimpe et al. (2018) a TMS on maritime
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application was modelled.
This paper studies two TMS strategies, one air based and the other liquid based, both using a Non-linear Model

Predictive Control (NMPC). All of that is presented in details in the following sections showing a general view of the
systems, models used, controller and tuning proposed and finally results from simulations and discussions about which
approach brings better energy efficiency for a thermal management system.

2. SYSTEM DESCRIPTION

Generally ESS, in marine application, are kept in containers and disposed in racks. Some manufacturers already have
battery containers with a functional thermal management system in their catalogs (Fig. 1).

Figure 1. Example of container energy storage system from catalog.

For this study, due to the lack of information about the entire system, a system will be built based on information
from Schimpe et al. (2018) and catalogs. Therefore, each module is built to have nominal energy of 600 Wh, made out
of A26650 LIB (26 mm of diameter and 65 mm of height) in a 9Sx9P configuration. The container has size of a regular
20 ft container and is capable of storing up to 480 modules in a 4SX120P configuration, totalizing 288 kWh of nominal
energy.

2.1 Air Cooling System

The first cooling systems modelled uses air as cooling fluid and consists in a HVAC controlling temperature inside
a container and fans blowing air through the battery module. The battery module is assembled with St = 35 mm
(transverse distance) and Sl = 32 mm (longitudinal distance) as Fig. 2 shows. This module design was chosen because
it delivers better temperature uniformity throughout the module and optimal heat exchange, when compared to staggered
configuration and different distances of aligned configuration (Yang et al., 2015).

In this case, the container will be considered insulated, consequently it does not exchange heat with the outsides. The
total number of fans necessary depends on the selected fan size. For a fan with 560 mm of diameter (a small size fan for
marine application) it would be necessary 30 fans to cover all area with air flux, where each fan is capable of blowing air
through 16 modules (equivalent to 8 drawers from a rack).

2.2 Liquid Cooling System

Typically a liquid cooling strategy involves the use of a cooling device, either a chiller or a radiator, and a pump. A
cooling device is used for controlling inlet fluid temperature in the module and a pump is used to pump fluid into the
system. A specificity of this kind of TMS is that two approaches can be used, a direct contact and an indirect contact one.

A direct contact liquid cooling is not commonly used because it requires special oils and can be extremely expensive
(Wu et al., 2019). Consequently, an indirect approach is used for this model. It is based on the geometry presented on
Zhao et al. (2019), where aluminum cooling channels allow heat exchange between fluid and battery to happen. These
channels have a unique geometry that enlarges contact area between tube and cell through variations of Θ, as Fig. 3 shows.
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Figure 2. Schematic of battery module design for air cooling strategy.

Values of Θ typically vary up to 50.75◦, thickness in the contact area is approximately 0.5 mm and channel’s height and
width are equal to 2 mm and 63 mm, respectively.

Figure 3. Schematic of battery module design for liquid cooling strategy (Zhao et al., 2019).

Rounding everything up, the purposed system uses 30 pumps and chillers on an indirect channeled liquid cooling
approach, the fluid used is a water/glycol mixture and the assumption of disregarding conduction heat transfer and heat
losses is used.

3. COMPONENTS MODELS

3.1 Fan and Pump Models

The main objective on the fan/pump model is understand how volume flow correlates to power consumption in this
kind of component. It is well known that this relations is close to a third order polynomial and a lot of parameters can
affect this. However, for this model, a general approach that uses physical dimensions, fluid properties and an assumption
of static fluid on the inlet will be used. With that, the relation can be described by:

Pflux =
Q3ρ2

2A2
fluxηflux

(1)

where Pflux is the necessary power, Aflux stands for the outlet area of the equipment, ρ is the fluid density, ηflux is the
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equipment’s efficiency and Q is the volume flow rate. Physical parameters and characteristics of each equipment can be
seen in Tab. 1.

Table 1. Parameters values for fan and pump models.

Parameters Fan Pump
Pflux, [W] 25 to 250 10 to 100
Aflux, [mm2] 2462 128
ρ, [ kg

m3 ] 1.15 1069
ηflux, [%] 50 50

3.2 Battery Model

A complete battery model consists of 3 sub models that correlate at some point. The electrical sub model determines
the terminal voltage of the batteries. The thermal sub model estimates the temperature in the core of a battery cell, once it
is practically impossible to directly measure and it is usually the spot with highest temperature in a cell. Finally, the last
sub model is the aging model, which is capable of predicting when a battery is reaching the end of its life.

3.2.1 Electrical Model

For the electrical sub model is used a equivalent circuit model with two RC pairs, like that shown in Fig. 4. This
model is also known as Thevenin model and uses two RC pairs because shows good accuracy without compromising
computational performance (Choi and Chang, 2020).

Figure 4. Equivalent circuit model representation (Lin et al., 2014).

The parameters VOCV , Rs, Rn and Cn of the model can be determined in bench tests and vary according to the state
of charge (SOC), state of health (SOH) and battery temperature. For this model, the values used come from the work of
Lin et al. (2014), in which the variation of these parameters was mapped under temperature and SOC variation.

Dynamic states described by this model are SOC,

˙SOC = − I

CbatNp
, (2)

and tensions of both RC pairs,

V̇n =
Vn

RnCn
+

I

CnNp
. (3)

From that, terminal voltage in the battery pack can be calculated via

Vmodule = Ns

(
VOCV − V1 − V2 −Rs

I

Np

)
, (4)

where Ns is the equivalent number of battery cells in series, Np is the equivalent number of battery cells in parallel and I
is the current input on the energy storage container.
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3.2.2 Thermal Model

Two states can be analyzed by the thermal model: surface temperature (Ts) and core temperature (Tc). The dynamics
of each of these variables can be expressed based on energy balance and goes as it follows:

Ṫc =
Qg

Cc
+

(Ts − Tc)
RcCc

(5)

Ṫs =
Qf

Cs
− (Ts − Tc)

RcCs
(6)

In the equations above, Qg stands for the heat generated by a battery module and Qf is the heat dissipated thought
fluid flow. Generated heat can be calculated with an equation purposed by Bernardi et al. (1985). Nevertheless, there is a
better approximation that does not bring instability to the model (Lin et al., 2014).

Qg =
I

Np

(
VOCV −

Vmodule

Ns

)
(7)

Dissipated heat is calculated as stated below.

Qf = hAcont (Tbi − Ts) (8)

Parameters like Cc, Cs and Rc are thermal capacity of battery’s core, thermal capacity of battery’s surface and equiv-
alent thermal resistance of the battery respectively. Those values are determined in Lin et al. (2014).

In the dissipated heat equation there is a variable Tbi that stands for fluid inlet temperature. It has its own dynamics
that will be better described in following sections. Still looking at Eq. (8) is worth mentioning that Acont is the area of
the battery cell that exchanges heat with the fluid and varies according to cooling strategy. Like contact area, heat transfer
coefficient depends on the cooling strategy and can determined through Nusselt’s empirical number correlation. For the
air cooling approach the Zukauskas’ Nusselt correlation is used

Nuair = CRemDPr
0.36

(
Pr

Prs

)0.25

(9)

and for liquid cooling the Dittus-Boelter’s Nusselt correlation is used

Nuliq = 0.023Re0.8D Prn. (10)

These correlations use several parameters that vary according to flow conditions and sometimes with thermal condi-
tions. All this information is described in detail by Kreith and Manglik (2016).

3.2.3 Aging Model

The aging model is derived from an empirical equation based on tests and assumes an end of life (EOL) at 20% loss
on battery’s capacity (Perez et al., 2017). From this formulation, the dynamic of SOH can be stated as

˙SOH = − |I|
2CbatNpNc

(11)

From SOH’s dynamic, Nc is the number of cycles completed until battery’s EOL, this value can be calculated based
on what is presented by Zhang et al. (2017).

3.3 HVAC and Chiller Models

There are multiple ways of modelling components like HVAC and chiller, the less complex is that presented in Carta-
gena et al. (2018). In this model, the component is modelled as a whole and is based on temperature difference imposed
on heating and cooling coils. The formulation is shown in the following equations:

Tins = δTbi + (1− δ)Tamb + ∆h −∆c (12)

Pcool = Kfṁ
2
ins + ṁinscp

(
∆h

ηcool
+

∆c

COP

)
(13)

where Tins represents the temperature of the fluid leaving the component, ṁins is the mass o fluid being insufflated
or reciculated, ∆c is the temperature difference imposed to the cooling coil, ∆h is the temperature difference imposed
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to the heating coil, δ is the recirculation rate, Tamb stands for ambient temperature, Pcool is the required power, Kf

is a coefficient of energy consumption, COP is the coefficient of performance of the machine and ηcool is the heating
efficiency of the machine. With that, the dynamics of inlet and outlet temperatures of the battery pack (Tbi and Tbo
respectively) can be written as:

Ṫbi =
ṁinscp(Tins − Tbi)

Cfluid
+
ṁfluidcp(Tbi − Tbo)

Cfluid
(14)

Ṫbo = − Qf

Cfluid
+
ṁfluidcp(Tbi − Tbo)

Cfluid
(15)

The differences between HVAC and Chiller models are the numerical values of ṁins, δ, ∆h and ∆c. The values of
these parameters for both models are given in Tab. 2. Also, there are slight differences in the values used to calculate
the power used in the process, in this case, parameters Kf , COP and ηcool from Eq. (13). This differences are pointed
out in Tab. 2 too. Parameters with "-" mean that they are not used, once in cases like the chiller, the power necessary to
recirculate the fluid is already provided by the pump.

Table 2. Parameters values for HVAC and Chiller models.

Parameters HVAC Chiller
cp, [ kJ

kgK ] 1013 3323
δ, [%] 80 0
Kf , [Ws

kg ] 65 -
mins, [kgs ] 10 -
∆h, [K] 0 to 5 0 to 2.5
∆c, [K] 0 to 30 0 to 20
ηcool, [%] 90 90
COP 4 4

4. CONTROLLER

The entire system functionality is based on two controllers. The first one is used to determine Pflux and a desired inlet
fluid temperature (Tf ) that takes the battery’s core temperature to the reference. The second one is used for Tbi tracking
Tf through the actuation of HVAC or chiller, depending on the strategy used. A general view of the control strategy and
system model interactions can be seen in Fig. 5.

Figure 5. Block diagram representation of controller and system functionality.

The controller chosen is a non-linear model predictive control because it deals well with multiple control actions and
all non-linearities of the system. NMPC also brings flexibility to the control allowing the use of different cost functions.
For the purpose of this study, the cost function is defined as

J =

∫ tf

t0

(
||x− xref ||2Q + ||u||2R

)
dt (16)

The tuning parameters in Eq. (16) are Q and R. Both are weighting matrices for states and controls respectively and
are tuned according to Bryson’s rule (Bryson and Ho, 2018). Therefore, for the thermal battery controller, states, controls
and matrices are:

x = [Tc, Ts]
T

; u = [Pflux, Tf ]
T

; Q = diag

(
1

0.12
, 0

)
; R = diag

(
1

P 2
fmax

,
1

802

)
; (17)
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On the other hand, for the HVAC/Chiller, the controller parameters are:

x = [Tbi, Tbo]
T

; u = [ṁins,∆h,∆c]
T

; Q = diag

(
1

0.12
, 0

)
; R = diag

(
1

m2
max

,
1

∆2
hmax

,
1

∆2
cmax

)
; (18)

Another important factor in the application of NMPC is the horizon prediction length (Nh). As the objective here
is to reach a reference temperature and keep track of the inlet temperature the choices made were Nhbattery = 30 and
Nhcool = 10, so that both controllers would be able to track correctly with no significant stationary error.

5. METHODOLOGY

The entire code was written in MATLAB and used CasADi as an auxiliary tool to solve the non-linear optimization
problem. CasADi is a powerful open source tool, that provides fast solution for non-linear programming problems (NLP)
and can be easily implemented on other coding languages (Andersson et al., 2019).

The integration method used is a fourth order Runge Kutta and due to a future application of this work, a time step of
0.1 s was used.

A synthetic current input was created to simulate both models (Fig. 6). In addition, three different reference values for
core temperature were set along simulation in order to test the robustness of the controller.

Figure 6. Synthetic current input for simulation.

6. RESULTS

Foremost, first thing to be done is to verify controller system’s performance. Figure 7 shows that both TMS were
capable of tracking reference temperature. However, liquid cooling strategy had a slower response and did not present
relevant overshoot. This might represent the case of using less powerful components or weakening control tune on the air
cooling system.

During the first 700s of simulation is possible to notice that core temperature does not go directly to 300K. It happens
so, because of a sudden change in current input that happens at around 350s, at that point of time the battery goes from a
fast discharge to a fast charge mode and due to a natural hysteresis that batteries have during that process a small instability
in the model can be noticed.

In general both models responded well and were capable of going after the reference, therefore did not presented
significant differences in core temperature values. Consequently, most of other results that can be provided by the model
does not present relevant differences in value as Fig. 8 shows.

To compare the energy spent on each cooling system, actuation results were normalized for energy spent to control
a single battery module instead of a entire container. Figure 9 compares the energy used to move the fluid on each
system. There it is possible to see that most of the time the liquid cooling system requires less energy for the same task.
Meanwhile, Fig. 10 compares the energy spent by the cooling device and is possible to notice that more power is required
by the liquid cooling technique. That result was not expected at first but it makes sense once thermal inertia on the liquid
cooling TMS is smaller, consequently chiller needs to actuate more to constantly keep tracking Tf .
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Figure 7. Comparison of core temperature results from air cooling and liquid cooling strategies.

Figure 8. Three outputs from the model. On the upper it is presented the terminal voltage variation on the battery module.
On the lower left the state of charge variation is presented and on the right side the state of health variation is presented.

In total, for this simulation, a liquid cooling strategy spends 72.24% more energy to accomplish the same task as an air
cooling strategy. Such difference is considerably large and considering the fact of liquid cooling techniques being more
expensive, it is hard to consider it a better option.

7. CONCLUSION

This paper successfully modelled two different thermal management systems for vessel application. Although, both
need to be validated, they already provide qualitative results that allow comparisons between them to be drawn. As a result
the liquid cooling system showed to be less energy efficient alongside a more complex and expensive system. However,
it is not possible to infer that air cooling is better than liquid cooling. Many other designs need to be tested and in cases
that it is necessary dealing with space issues, air cooling might not support the power demand.
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Figure 9. Pflux comparison between models.

Figure 10. Pcool comparison between models.
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