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Abstract

Electrified propulsion systems offer the potential to reduce global CO, emissions in the

transportation sector, particularly in the field of urban mobility. Electric city buses com-
bine the benefits of public transport systems with locally emission-free mobility. To en-
sure sufficient range for daily duty cycles, energy efficiency is crucial. Thermal manage-
ment has a significant impact on the energy demand of battery electric vehicles.
Therefore, efficiency can be improved by employing an integrated thermal management
architecture that interconnects the individual coolant circuits and enables system-wide
optimization. This study proposes an approach to optimize the operating strategy for
the thermal management of a battery electric city bus. The important thermal compo-
nents, including the drive system, battery system and HVAC system, are investigated.
Experiments were carried out using a test setup of the system to identify the thermal be-
havior of the components. The study develops a simulation model of the thermal system
of a BEV bus and subsequently uses this model to optimize the operating strategy by
means of Bayesian optimization. The goal is to minimize energy demand under repre-
sentative driving and environmental conditions in the city of Hamburg. The simulation-
based analyses highlight potential gains resulting from the optimization of coolant tem-
peratures and the flow rates of the components. Finally, a route- and temperature-based
operating strategy is recommended.

Keywords: battery electric vehicle; electric city bus; thermal management; operating
strategy; reduced energy demand; Bayesian optimization

1. Introduction

The reduction of greenhouse gas (GHG) emissions is a desirable goal. Electrification
of the transportation sector is an option to reach locally emission-free mobility [1], and in
the best case the reduction of GHG emissions, if alternative sources for electricity are
used. The development of locally emission-free mobility focusses on several key areas.
In addition to the development of energy-efficient vehicles, another key focus is on an ef-
ficient, low-emission strategy for powering these vehicles. New and innovative ap-
proaches highlight opportunities for optimizing the energy supply, for example, through
solar energy [2]. Nevertheless, this article focuses on the consumer side and new devel-
opments in the area of vehicle energy efficiency. Especially in urban environments, the
public transportation sector accounts for a large share of total traffic. In Europe, latest
statistics show that newly registered electric buses account for a market share of over
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25% [3]. This trend is primarily caused by battery electric city buses (BEV buses). Due to
their high predictability regarding driving profiles and idle times, city buses offer ideal
conditions for electric mobility with respect to thermal management and efficiency opti-
mization. A key goal in the development of BEVs—whether passenger cars or commer-
cial vehicles—is to increase energy efficiency. Higher efficiency either results in a longer
driving range between charges, or it can reduce the battery capacity and, consequently,
the cost and the weight of the vehicle [4]. In addition to the improvement of the
component’s efficiency —an area where there is little remaining potential due to the high
level of technological advancement—thermal management is a key factor in the effi-
ciency of BEVs and especially BEV buses [5-7]. The thermal system of a battery electric
city bus comprises the electric drive system, the battery system and the heating, ventila-
tion and air conditioning system (HVAC system). The different components have differ-
ent thermal requirements, which must be combined to develop a thermal management
system that meets the respective goals.

Firstly, there are different permissible temperature ranges for different components.
When considering lithium-ion batteries (LIBs) as an energy storage system, a permissible
temperature range could be roughly between 15 °C and 35 °C [8,9], but in detail the pre-
ferrable temperature range depends on many factors, e.g., chemistry or spatial tempera-
ture distribution. If these limits are exceeded, the performance of the battery is reduced,
energy losses increase or safe operation cannot be guaranteed, as numerous studies have
shown [10-14]. Moreover, warm temperatures especially have an influence on battery
aging. Due to technological improvements in EV batteries or the implementation of ther-
mal management systems, this effect can be reduced [15]. The electric drive system,
specifically the inverter and the electric motor, has to be cooled, e.g., by a liquid coolant.
The maximum temperature varies depending on the design and manufacturer and is
usually not higher than 70 °C. The HVAC system must be designed to maintain a tem-
perature of approximately 21 °C in the passenger compartment as well as the driver’s
front box, although the temperature may vary depending on the ambient temperature
[16].

Secondly, the different components generate different heat flow profiles depending
on the underlying load profile. These heat flow profiles must be considered when de-
signing thermal systems, as they represent additional cooling requirements. The heat

generated by the battery QBat can be calculated by the joule heat Qjou and the reversible

heat J,;, . They depend on the battery current I, the open circuit voltage Upcy , the bat-

tery voltage U, and the cell temperature T', as shown in Equation (1) [17].

. . . U
Qpat =Qjau +Qrep =1 (Upcy—Up) ~ I T'%' 1)
The heat flows of the inverter Ql-nv , converter Q,,,, and the electric motor Qmot can

be calculated based on the thermal losses of the systems. For simplicity, all component
losses are assumed to be converted into heat within the respective thermal control vol-
umes. [18]. The relations (for traction and recuperation mode) are shown in the follow-

ing equations and are calculated by its electric power demand and its efficiency 7 :
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. (1 -ny08) *P, , P 20 (fract.),
Qmot _ mo el , mot mech , (2)

(1 mot) “Prrecn Pecn S0 (recup.)

. (1 _nimz) 'Pel, inv, in P20 (tract.),
Qino = 1 , 3)
—-1)P P <0 (recup.)

el,inv, out
inv

Qcon = (1 _ncon) 'Pel, con,in * (4)

The thermal requirements mentioned above illustrate the need for an adjustable, in-
tegrated thermal management system (TMS). Numerous studies reviewed different
kinds of TMS, their characteristics and design differences [15,19-21]. Nevertheless, re-
cent work mostly refers to either design optimizations of the thermal system [22,23] or
thermal management strategies for passenger cars [24] or specific applications like deliv-
ery vehicles [25]. In addition to energy-related factors, an adjustable TMS can predict the
battery’s state, for example, in combination with data-driven approaches for estimating
the state of health (SoH) [26].

This work describes a novel approach to model the thermal behavior of a reference
system and includes an optimization of the operating strategy for the TMS of a battery
electric city bus in order to reduce the overall energy demand. The system is based on
design-improved thermal management, described in Schifer et al. [27], in which the
thermal liquid circuits of the components were combined to exploit synergy effects and
increase efficiency. This paper proposes an improved simulation model for the described
system, whose thermal behavior has been validated through experimental studies. The
experimental procedures and their evaluation are described and quantified based on the
calculation of characteristic values. The presented results demonstrate that the system
can be modeled with a high degree of accuracy. Based on this model, a Bayesian opti-
mization algorithm is used to identify an optimized operating strategy depending on
boundary and load conditions like the driving profile and the ambient conditions. The
environment described in this study refers to the city of Hamburg but can be applied to
other use cases by adjusting these boundary and load conditions.

2. Modeling the Thermal System of a BEV Bus

The system under investigation involves the thermal components of a BEV bus,
which are the drive system (motor and inverter), the battery system and the HVAC sys-
tem. For simulative investigations, the components and their interactions are modeled in
MATLAB/Simulink and MATLAB/Simscape (Version R2026a) (MathWorks, Natick, MA,
USA) combined with an additional simulation of the HVAC system in Dymola (Dassault
Systemes, Vélizy-Villacoublay, FR) under usage of the TIL toolbox. An experimental
setup in the laboratory of Automotive Engineering of Helmut-Schmidt-University (cf.
[28]) is used for the calibration of the geometrical, physical and thermal parameters of
the simulation model.

2.1. System Description

The reference system consists of specific standard components of a battery electric
city bus. The drive system under investigation is the Voith Electrical Drive System
(VEDS) (Driventic GmbH, Heidenheim a. d. Brenz, DE), which comprises the inverter,
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the electric motor, the converter for supply of the low-voltage auxiliaries and the neces-
sary control units as well as the power distribution and charging infrastructure. The mo-
tor, inverter and converter are liquid-cooled. The battery system considered here is the
Webasto Commercial Vehicle (CV) Standard Battery System (Webasto SE, Stockdorf, DE)
composed of six separate liquid-cooled battery packs and a Vehicle Interface Box (VIB)
in the role of the battery management system (BMS). The HVAC system is an

Eberspéacher CO, heat pump AC138-125 HP (Eberspacher Siitrak GmbH & Co. KG,

Renningen, DE). Eberspécher has also designed the TMS, which uses the heat energy
supply from the HVAC system to bring the components to their optimal temperature
range. Table 1 lists the key parameters of the system under investigation.

Table 1. Parameters for the system under investigation.

Drive System Battery System HVAC System
Parameter Value Parameter Value Parameter Value
max. . heating
power Ppax =410 kW capacity Cpat =210 kWh power Pheat =24 kW
dur. nom. cooling
power Paur =310 kW voltage Unom =700V power Peoor =343 kv
motor n =3800 rpm max. P =460 kW refrigerant Ccoy
speed power max
motor Lithium-ion cells, prismatic
torque M =3100 Nm NMC

Central drive, no

transmission

The coolant supply of the individual components is realized by the thermal liquid
circuits. Their volume flow rates are maintained by adjustable water pumps. The pump
speeds and therefore the volume flow rates can be changed via Controller Area Network
(CAN)-Bus. The HVAC system, besides its functionality to provide a comfortable tem-
perature level to the passenger compartment and the driver’s front box, delivers condi-
tioned coolant (hot and cold) to the coolant tanks of the TMS. Switch valves are imple-
mented to change between hot and cold coolant supply for each component. The connec-
tion between the TMS and the individual component'’s coolant circuits uses valves actu-
ated by temperature-based control.

A control strategy is applied that opens each valve to reach the setpoint temperature
for the component’s coolant inlet. This temperature is set in the electronic control unit. In
addition, a radiator is added within the coolant circuit of the drive system to meet the
cooling requirements as much as possible. The schematic overview of the thermal liquid
circuits and the TMS, described in a previous work [27] in detail, can be seen in Figure 1.
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Figure 1. Schematic overview of the thermal liquid circuits and the thermal management system.

2.2. Simulation Model and Experimental Test Setup

The underlying modeling principle is a backward simulation using input signals
based on a defined driving cycle in combination with vehicle parameters of an exem-
plary battery electric city bus. The simulation model is divided in three different subsys-
tems: the mechanical subsystem, the electrical subsystem and the thermal subsystem.
The mechanical subsystem calculates the mechanical power demand of the drive system
from the specific driving cycle regarding the fundamental laws of longitudinal dynamics
as described, e.g., in [29]. The necessary vehicle parameters of the representative BEV
bus, precisely a 15 m solo bus, are shown in Table 2.

Table 2. Assumption of vehicle parameters for an exemplary BEV bus (15 m solo bus).

Parameter Value (15 m Solo Bus)
. . 1
vehicle weight My, = 15.000 kg
rolling resistance coefficient f= 0.005 [30]
aerodynamic drag force
.. c;= 0.4[31]
coefficient d
cross sectional area A= 7m?2 [31]
rotational mass factor A= A=1.05 [32]

1 Mean value calculated from actual measurement data.

The electric power demand of the drive system P, | is calculated from the me-

chanical power demand and the characteristic maps of motor and inverter. As described
above, the losses of the components are assumed to be thermal losses. The power de-

mand of the auxiliaries P, is assumed to be constant. The demands P, vEDs and

1, aux
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P

ol aux are added to the demand of the HVAC system P,; py4c , which is calculated by

the relation between ambient temperature and required thermal demand cherm,HVAC of

the HVAC system and the Coefficient of Performance ( COP ) of the HVAC system to

calculate the overall power demand P,; g, :

: 1
Pet, Bat =Fet, vEDS *Fet, aux *Quherm, HvaC  Epp (5)
HVAC

These parameters are input signals for the electrical and the thermal subsystem. The

electrical subsystem calculates the characteristic electric values battery current I, battery

voltage Up,, and State of Charge SoC . For this purpose, characteristic maps of the bat-
tery system are used, which describe the cell voltage as well as the internal resistance de-
pending on SoC and cell temperature. The thermal subsystem models the thermal be-

havior of the components, in particular, their heat generation and the resulting tempera-
tures. The heat generations are calculated with the relations described in Equations (1)
(4). The cell temperature increase of the battery system is modeled by the thermal mass

My, and the voltage drop Vr ; as well as the internal resistance Ry ; for each cell:

dT V3

T,i
M, -—= L (6)
th At zl: RT ;

The temperature increase of the drive system components is simplified by their heat

flow QCO"W , the component’s mass mgmp and their specific heat capacity Ceomp

dT__ Qeomp (7)
dt Meomp *Ccomp

Different parameters are needed for the calculations in the simulation model. For
this reason, different sources of parametrization are implemented, which can be seen in
the overview in Figure 2. First, the characteristic maps and technical key figures are
taken by the manufacturer’s datasheets. In addition, the thermal behavior of the HVAC
system as well as the heating and cooling curves of the coolant tanks of the TMS are
modeled in Dymola and implemented via a functional mock-up interface (fmi). The pas-
senger compartment and the driver’s front box are not modeled in detail. Instead, their
thermal energy demand is accounted for using the empirically determined characteristic
curves described above, depending on the ambient temperature. A more detailed de-
scription of the simulation model and the underlying calculations can be found in
Schifer et al. [28].
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Figure 2. Structure and parameter sources of the simulation model including interaction with ex-

perimental results (iterative approach).

The simulative investigation is validated by experimental results. The experimental
investigation for validation processes is realized in a test setup on the institutes’” power
and inertia simulator (PAISI). The test setup comprises all described components as well
as the thermal circuits of the different systems. The test setup offers the ability to subject
the system to defined driving cycles. A longitudinal dynamics calculation combined
with calculation of inertia computes the driving resistances. The test setup with the indi-
vidual components labeled can be seen in Figure 3.

T : ) Z
1 : :
2 S kY.
= ’!!
; Pl
— . > | Ry
< =, = 5 | £\
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: = E — ’i. N
& A ‘ — —— | =G _
b= H T
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¥
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=/
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[T
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” T
CTE
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Figure 3. Test setup for experimental validation of the system with components labeled: (1) ABB
machines (PAISI); (2) axle; (3) electric motor; (4) power electronics; (5) battery system; (6) HVAC

system; (7) thermal management system.

2.3. Validation of the Simulation Model
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The modeling results have already been partially validated experimentally in earlier
studies [27,33]. In these studies, the validation focused on a split thermal management
system with separate thermal solutions for the battery system and the powertrain.
Experiments were conducted to validate the thermal behavior of the components. Due to
its high thermal inertia, the battery system was preconditioned, and the experiments
were conducted at both cold and warm initial temperatures. A comparison between sim-
ulation values and experimental results shows a high degree of accuracy [28,33].
However, the system under investigation in this research is based on an improved ther-
mal management system. Therefore, this study aims to validate the results of the im-
proved system.

The experiments are conducted using six different driving cycles, which are de-

scribed in the following chapter, and moderate ambient temperatures ( T, , =20 °C).

The results of the most important variables of the three different subsystems are shown
in Figure 4. Various performance metrics describing the deviation between simulative
and experimental results are calculated to evaluate the accuracy of the simulation model.

These include R2 , RMSE and MAE .

Pe1veps
I Bat
UBul
SoC
TM«)[
Tois
Teacu
Tcveps
TBul

TcBa

LCl LC2 LC3 LC4 LC5 LC6

RMSE

high dev.
Peveps in kW

Igain A 19:018 "8 79N 1 8.57 5.56

0.75 1.61 1.09 - 0.73

0:25| 0.11 0.06 0.13

Ugy in V
NJep R 0.23 1029 0.14 0.07 0.16

L 1.59 1.60 1.13 - 0.81
’ .02 g

Tprs in °C 1.02 0.96

1.49 0.97

oo R

0.11 0.10 0.09 0.08

Tgacy in °C

Tgq in °C m 0.13 0.12

I LN 0.46 0.45 0.8

0.32 0.34- ! 0.27 1 0.36
LC1 LC2 LC3 LC4 LC5 LC6 LC1 LC2 LC3 LC4 LC5 LCo6

low dev.

Figure 4. Evaluation of the experimental validation. simulative results of the three subsystems re-
garding the operating principle of the TMS in warm ambient conditions.

The various metrics were selected based on the different behavior of the data points
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. . . 2 o1 .
in order to achieve a comprehensive overall assessment. The R~ values indicate a high

degree of accuracy for the mechanical and electrical subsystems as well as for the ther-
mal subsystem of the drive system. However, due to the battery system’s high thermal

2
inertia, R yields poor results for its thermal behavior. The analysis shows low thermal
gradients for the battery system during a driving cycle. The inclusion of RMSE and
MAE indicates that the absolute error for the battery system is very low.

2.4. Simulative Investigation

The following evaluation in Figure 5 shows exemplary simulative results for impor-
tant key figures of the described subsystems and especially the operating principle of the

TMS. The input parameters in this test are a specific driving cycle and warm ambient
conditions.

Mechanical subsystem

60 — T 400 - —
Vyen in km/h — P yveps in kW
s Z 200}
g 40f =
- £ o
2207 E
-200
0 L 1 1 1 1 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
tins tins
Electrical subsystem
Il 800 T
400 } Igyin A Ugyin V
>
=
2 750
m
S
: - . ; 700 : ' * ; ;
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
tins tins
Thermal subsystem
35 T " T T T 80
TBat TMD‘
) 0w 60¢
s30T £
= Sa0)
25 20
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Figure 5. Exemplary simulative results of the three subsystems regarding the operating principle

of the TMS in warm ambient conditions.

An overview of the mechanical subsystem shows the velocity profile v , (t) and
the calculated power demand P, yppg(t) resulting from the longitudinal dynamics
model. The battery current I ,(t) arises out of this power demand, the additional

power demand of further components like auxiliaries P, and the HVAC system

1, aux

P

o1, HvAc and the modeled battery voltage Up,, :

; Py vEDs *Pe, aux *Per, Hvac TPel, HVAC, add
Bat = i . 8)
Bat

In this case, P, pyac describes the energy demand of the HVAC system to fulfill
the thermal demand of the cabin. In addition, Pel,HVAC,add includes the additional
power demand for the TMS calculated from the mass flow nip,s , the specific heat ca-

pacity of the coolant ¢ ; and the temperature difference A Ty, s of the TMS:

, coolan

1
‘AT

P [
IMS - COPyyuc

el , HVAC, add =mTMS 'Cp , coolant (9)

Further evaluations show the temperatures of the components as well as the operat-
ing profile of the TMS by the temperature control valve positions for both liquid cooling
cycles. The variable valve position is controlled by the value:

0% (closed) >valveyes >—100 % (opened) . Moreover, the setpoint temperatures (SPs) and

the coolant inlet temperatures are shown.

The results describe the ability of the TMS to control the coolant inlet temperatures
of the components according to their SP in high accuracy. Moreover, the analysis of the
thermal behavior shows that the control of the coolant temperatures has an influence on

the component temperatures. The battery temperature Tg,, is reduced (due to its high

thermal inertia with a small gradient) and the temperatures of the drive system compo-

nents T, Tpis and Tpucyy are kept nearly constant after activation of the TMS.

ot 7
Moreover, an important fact regarding the operating strategy of the TMS can be seen:
Within the control strategy, it is not foreseen to heat the coolant circuit of the drive sys-
tem externally due to self-heating of the components. The activation of the TMS only

represents the cooling demand of the drive system when exceeding the setpoint
temperature.
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3. Optimization
3.1. Boundary Conditions

The goal of this study is to develop an optimized operating strategy for the TMS of
the electric city bus depending on the boundary conditions, which are driving profile
and ambient conditions. Therefore, these conditions must be defined for this study. In
previous work, representative driving cycles for BEV buses have been defined using
measurement data of the city of Hamburg [27]. The database contains more than 4000 in-
dividual driving cycles that are processed by a methodical approach including the defi-
nition of characteristic values, dimension reduction and a cluster analysis to identify six
representative driving cycles (Load Case 1-Load Case 6). The cycles, including the vehi-

cles’ velocity profile v, (1) and the altitude profile, can be seen in Figure 6.

Vveh

altitude
L C 1

o g 100 ; oadiCase : e g 100
g £ g =
=8 s0F 1238 s
52 52
£2 OMMMMMM%MWM 22 bl

0 500 1000 1500 2000 2500 0 1000 2000 3000 4000

tins tins

. 100 | Lcl>ad Casel3 | - 100 | LoadICase4 : :
£ £ £ £
~ -~
= 9 =g 50 B
= 2 =

0 1000 2000 3000 4000 0 500 1000 1500 2000

tins tins
100 Load Calse 5 100 . Load Case .6 :

£ g £ g
E g g g
=3 50 =3 S0
= E 5 2
B 0 B 0 |

0 500 1000 1500 0 500 1000 1500

tins tins

Figure 6. Driving cycles (Load Case 1-Load Case 6) for further investigations. Cycles are defined

by a methodical analysis of real driving profiles in the city of Hamburg ( NCycle ~4000).

The characterization of the different representative load cases has been done in pre-
vious work by Schifer et al. and is listed below [27]:

* Load Case 1: medium duration, low-demanding topography, high average speed;

¢ Load Case 2: high duration and trip distance, demanding topography, high dynam-
ics, high number of stops;

* Load Case 3: high duration and trip distance, demanding topography, high dynam-
ics, high idle times;

* Load Case 4: medium duration, low-demanding topography, low dynamics, low av-
erage speed, high idle times;

¢ Load Case 5: low duration and trip distance, demanding topography, high idle
times;

* Load Case 6: low duration and trip distance, demanding topography, short idle

https://doi.org/10.3390/en19215291


https://doi.org/10.3390/en19215291

Energies 2026, 19, 5291

12 of 32

times.

To determinate the ambient conditions, an analysis of climate data for the city of
Hamburg was conducted. The ambient temperatures recorded by the Deutscher
Wetterdienst (DWD) at measuring station No. 1975 (Hamburg-Fuhlsbiittel) over a 50-
year period (1976-2025) are analyzed and examined [34]. To eliminate extreme individ-
ual events, the 1%- and 99%-percentile of the temperatures are considered. Figure 7
shows the evaluation of the climatic data including the 1%- and 99%-percentiles and the
25%- and 75%-boxplots of the temperature distribution for each month.

40 1 1 1 | 1 1 1 ] I | 1 1

Jul: 30.4°C
30 e -

20

T in °C

-10F 1 +=

Jan: — 12.1°C

_20 1 1 1 L L 1 L 1 [ 1 1 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 7. Analysis of climatic data for the city of Hamburg over the past 50 years (1976-2025).
Measurement station based in Hamburg-Fuhlsbiittel (No. 1975) [34].

From the six load cases and the minimum and maximum temperature, twelve test
cases can be defined. The test matrix for optimization is defined in Table 3.

Table 3. Test matrix with details for definition and nomenclature of test cases.

Basic Driving Cycle Tymp=—12.1 °C T,np=30.4 °C
Load Case 1 Opt _1_cold Opt_1_warm
Load Case 2 Opt_2_cold Opt_2_warm
Load Case 3 Opt_3_cold Opt_3_warm
Load Case 4 Opt_4_cold Opt_4_warm
Load Case 5 Opt_5_cold Opt_5_warm
Load Case 6 Opt_6_cold Opt_6_warm

3.2. Optimization Algorithm

The optimization problem is defined by an expensive solution of the objective func-
tion since the objective function consists of the time-consuming simulation model in
MATLAB/Simulink and Simscape. Moreover, it shows nonlinear behavior because of the

https://doi.org/10.3390/en19215291
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dynamic simulation including differential equations, switching processes (e.g., valves)
and other nonlinear thermal relations as described in [35]. Many well-known optimiza-
tion methods do not fit non-linear objective functions and high amounts of constraints
[36]. One common method to solve the described optimization problems is the Bayesian
optimization algorithm. Bayesian optimization is advantageous for non-linear, time-con-
suming objective function, as mentioned in numerous studies [37-41].

The Bayesian optimization algorithm uses a probabilistic surrogate model, mostly a
Gaussian Process (GP) model, which approximates the objective functions and the con-
straints. It combines a mean function and a covariance function and assumes a multivari-
ate Gaussian distribution of the observed data [42]. The solution of the Bayesian
Optimization including the GP model can be done in MATLAB.

The decision where to search for the optimum of the objective function is defined by
the Acquisition Function (AF) that refers to the balance between two different methods,
exploration and exploitation. Exploration searches among values with high uncertainty
whereas exploitation tries to investigate areas with high optimality. There are different
forms of AFs that can be found in the literature [40,42]. In this case, the Expected
Improvement (EI) method should be used, which calculates the expected improvement
with respect to the optimum obtained so far depending on the input signals and the ob-
jective function [40].

3.3. Optimization Problem

The optimization problem in this work is a typical minimization problem. The over-

all energy demand E, p,; should be minimized according to six different constraints or

optimization variables. The overall energy demand of the system is defined by the en-

ergy demand used for tractive effort of the vehicle E, the energy demand of the

1, tract 7

auxiliaries E, the energy demand of the HVAC system E,; pjyac capi, for condition-

1, aux ’

ing the cabin and the energy demand of the thermal system E, . The calculation of

1, therm .
the energy demands is described in Equations (10)—(14).

s [ 1 N
abg (Pel, tract +Pel, aux +Pel, HVAC, cabin +Pel, therm ) ’ Eel, Bat 20 (dzschargmg) ’

"Bat dt, (10)

0 | "Bat (Pel, tract TPel, aux TPel, HVAC, cabin TPel, therm ) + B, Bar <0 ( charging)

Eel, Bat ™~

tabs
Eot tract= [ Por, veDs (1) dt, (11)
0
tabs
Eel,auxz/Pel,aux(t) dt, 12)
0
tabs ,
B, tvac, cabin= | Qenerm, Hvac () COPrnc dt, (13)

0
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tabs tabs

. 1 1
Eel,therm.= /QTMS(t) ’
0

di- / iggs () € ATy g e dt . (14)
p, coolant ™S cop
) HVAC

COPhyac

The energy demand used for traction depends on the driving cycle (Load Case) and

the ambient conditions, especially the ambient temperature T, . Moreover, the drive
system’s efficiency is linked to the component temperature. The component temperature

can be controlled by its coolant circuit and therefore depends on the coolant inlet tem-

perature T ypps i, sp - The energy demands of the auxiliaries and the HVAC system

are defined by the ambient conditions but also by the length of the driving cycle {,;,; and

therefore the duration of activation of the low-voltage system and the HVAC system.
The interdependencies can be seen in Equations (15)—(17).

Eel, tract =f (vveh (t) ’ gmdient (t) ’Tumb ’TC, VEDS, in, SP) ’ (15)
Eel, aux =f(tabs 'Tamb) ’ (16)
Eel,HVAC, cabin =f(tabs ’Tumb) ’ (17)

The energy demands of the auxiliaries and the HVAC system are assumed to be
constant, depending on their dependencies within an analyzed optimization run. Thus,
the energy demand of the thermal system should be minimized. The design variables are

the setpoints for the coolant inlet temperatures of drive system Tc vEDS, in, sp @and bat-
tery system Tc py; 4, sp » the pump factors of both systems, which correlate with the

volume flow rates ];mmp C,VEDS, in + and the volumes of the TMS tanks for

fi)ump, C, Bat,in
cold water VC, CW, tank and hot water VC, HW, tank - These variables are combined in the

vector «, as mentioned in Equation (18). The design variables are constrained by the

lower and upper bounds. These bounds depend on technical thresholds or physical lim-
its as well as constructive restrictions and are shown in Table 4. The limits on coolant
temperatures are directly related to the component’s temperature limits. For various rea-
sons, these temperatures are controlled by the coolant inlet temperatures. First, the
model’s control strategy applies to the actual system on the test bench. This system al-
lows the inlet temperatures to be set via a setpoint signal. Furthermore, previous investi-
gations have confirmed that the technical limits of the component temperatures can be
monitored by adjusting the coolant temperatures. Due to its high thermal inertia, the
temperature of the battery system follows the coolant temperature with a delay. Due to
the increased cooling requirements of the components, the temperature of the drive sys-
tem is more dynamic and measurably higher than the coolant temperature. Taking this
effect into account, the selected limit values for the drive system are low to ensure that
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the maximum temperatures are not exceeded.

Table 4. Lower and upper bounds for the optimization variables according to technical thresholds
and physical limits.

Lower Bound Optimization Variable Upper Bound

30 °C 50 °C

Tc,VEDS, in, SP

B rc Tc, Bat, in, SP 3 C
08 Joump, C, VEDS,, in 12
0.8 fiﬂump, C, Bat,in 1.2
1 Ve, cw, tank 101
1 Ve, Hw, tank 101

The optimization problem is defined in Equation (19) by its objective function f, the

design variables and their constraints.

Tc,vEDS,in, sp
Tc, Bat,in, sp

Joump, C, VEDS, in (18)

];Jump, C,Bat,in

Ve, cw, tank

VC ,HW , tank

m}n Eel, Bat ( :1:) (19)

subject to #/° < z<a PP’

The optimization is performed using the Bayesian optimization algorithm in
MATLAB. The algorithm is defined by its parameters, such as a maximum iteration
number of 200, an amount of 20 initial and random calculations and the definition of the
acquisition function. In this case, the expected improvement plus method is used, a
MATLAB defined variation of the expected improvement method. The optimization pro-
cedure including all test cases is shown in Figure 8.
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Bayesian optimization algorithm
optimization variables: Tc,vms,m.xpl Tc,nat,in,sm pump,c,vm)s,m/f,mmp,{.‘,naz,m/ Vr.‘,!:vv,:ankr VC/IWlnnk
initial calculations n,,, = 20, maximum iterations n,,, = 200
acquisition function: expected improvement (EI+)

A 4 \ 4
Load Case 1 Load Case 2 Load Case 3 Load Case 4 Load Case 5 Load Case 6

cold cold | le-lI'm| cold | |war'm| | cold | |Wal‘m| co]d I |Wal‘m| cold | IWaI'm|

NNV

Results: min E,;,, by minimization ofE

‘el therm

Opt_run E pee Variable_1 Variable_2 Variable_3

Figure 8. Optimization procedure and conditions of the Bayesian optimization algorithm.

4. Results

The optimization procedure describes twelve optimization results. The first part of
the evaluation focuses on the optimization algorithm and the quality of the results. The
second part compares the optimization results of all runs to define optimal values for the
optimization variables.

4.1. Evaluation of Optimization Quality and Significance of the Results

Figure 9 shows the results of the optimization for Opt_1_cold and Figure 10 shows
the results for Opt_1_warm. Further optimization results can be found in Appendix A.
Results show the calculated energy demand depending on the different optimization
runs (a) and the coverage of the variable space (b). Additionally, the percentage of valid
simulations is mentioned as there is a possibility that single simulations gain errors due
to specific selection of the optimization variables.
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Figure 9. Results of the optimization for Load Case 1 at cold ambient conditions (Opt_1_cold): (a)

calculated energy demand E,; g, for all iterations; (b) energy demand E,; p,; depending on the

different variable spaces.
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Figure 10. Results of the optimization for Load Case 1 at warm ambient conditions (Opt_1_warm):

(a) calculated energy demand E, p, for all iterations; (b) energy demand E,; p,; depending on

the different variable spaces.

For Opt_1_cold, it can be observed that the variation in the energy demand over the
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iterations is minor compared to Opt_1_warm. The warm conditions cause higher devia-

tions in energy demand, depending on the optimization variables. This behavior is anal-

ogous to the other optimizations under the influence of other load cases. Furthermore,
the results show, especially in the Appendix, that the optimum can be found in different
iterations. The improvement of the best-so-far values between iteration 100 and iteration

200 is < 0.1%. The diagrams in Figures 9b and 10b show the calculated energy demand

depending on the optimization variables in the constrained variable space. The evalua-

tion shows three important findings that correspond to the additional analyses in Appen

dix A:

* An assertion on the quality of the investigation of the variable space can be formu-
lated. The amount of 200 iterations fills the space under investigation for all vari-
ables. Therefore, the overall quality of the optimization can be considered sufficient.
This leads to a positive conclusion regarding the scope of the investigation under
the given parameters.

e  For cold ambient conditions, a decrease in the energy demand can be reached by re-

ducing the battery pump factor fpump C Bat,in @nd therefore the volume flow rate.

Moreover, there is a correlation between high battery setpoint temperatures

T Bat,in, sp @and low energy demands at cold ambient conditions, which is not a

hundred percent resilient. Other variables show a minor influence at cold
conditions.
e  For warm ambient conditions, the lowest energy demand can be identified in com-

bination with high setpoint temperatures T- yppg i, gp and Te gy o op

Moreover, a slight correlation between low energy demands and lower pump fac-

tors ﬁaump,C,VEDS,in and J;mmp,C,But,in can be assumed.

To evaluate the convergence behavior and reproducibility of the Bayesian optimiza-
tion, five exemplary optimization runs were conducted using different random seeds.
Each run comprises 200 objective function evaluations. The results are shown in
Figure 11. The evaluation demonstrates a rapid reduction in the objective function dur-
ing a small amount of iterations. Only marginal improvements were observed during
the remaining evaluations. It is shown that the objective function values are largely in-
sensitive to the random initialization for the investigated conditions. The results suggest
that 200 iterations provide a conservative approach for the investigated test. However,
the observed behavior does not constitute mathematical proof of convergence to the
global optimum.
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Figure 11. Convergence histories of exemplary optimization runs (Opt_1_cold) performed with
five different seeds. Relative improvement of the objective function value between iterations 100
and 200.

Considering that a single iteration lasts between 120 and 300 s, depending on the
driving cycle, the total duration for 200 iterations in the test setup used is 6.6 to 16.6 h.
Therefore, the conservative approach is a sufficient compromise between improvement
and computational costs.

In the next step, a correlation analysis was conducted to determine the influence of
the parameters on the overall energy demand. The Spearman correlation is used to eval-
uate the optimization variables with highest and lowest correlation. The Spearman cor-

relation calculates a unitless factor S€[-1,1] . Positive correlation is linked to a posi-

tive Spearman factor, and negative correlation is linked to a negative Spearman factor
[43]. The results for all twelve test cases are shown in Figure 12.

https://doi.org/10.3390/en19215291


https://doi.org/10.3390/en19215291

Energies 2026, 19, 5291

20 of 32

Ve Hwank
Teveps.insp
Ve.owtank
f]‘mmp,C.VEDSJn
f pump,C,Bat,in
TeBatinsp

r

-0.5 0.5
(a) Opt_1 cold

VC,CW,tank
TevEDS.in.sp
fpump,C.VEDS,in
Ve Hwank
TeBatinsp
fpump.C,Bul,in

r

-0.5 0 0.5
(c) Opt_2_cold

VC,HW,mnk
VC,CW,mnk

Te vEDs.insp
fi)ump,C.VEDS,in
fpump,CBat,in
T Batin.sp

]I"”

-1

-0.5 0 0.5
(e) Opt_3_cold

Veowank
fpump,C.VEDS.in
VC,HW,\;mk
TevEDs.insp
fpump.C,Bat,in
TC.Bal.in.SP

n

-0.5
(g) Opt_4_cold

VC,HWJunk
Ve.owank

T vEDs.insp
finump.C.VEDS.in
fpump.C,Bul,in
TC‘Bal,in.SP

r

-1

-0.5 0 0.5
) Opt 5_cold

T vEDs insp
VC,HW,mnk
fi)ump,C.VEDS,in
Ve .owank
TC.BaI,in,SP
fpump,C,BaLin

f

-1

-0.5 0 0.5
(k) Opt_6_cold

Ve Hwank
VC.CW.lzmk
TeBatinsp
fpump.C,VEDS.in
fpump.C,Bal,in
Tc vEDs.insp

.
'
o
n

0 0.5 1
(b] Opt 1_warm

VC.HW.l:mk

Ve ewank
fpump.C,Bal.in
fpump.C,VEDS.in
TC.Ba[.in,SP
TC.VEDS,in,SP

il

-1 0.5 0 0.5 1
(d) Opt_2_warm

VC.HW.lank
VC.CW.lzmk
fpump.C,Bal,in
foump.C,VEDS,in
Tepatinsp

T vEDs.insp

-1 0 0.5 1
(€3] Opt 3_warm

S
th

Ve.cWank

Ve aw ank
fpump.C.Bﬂl.in
Tepatinsp
fpump.C,VEDS.in
Teveps.insp

N
'
=]

3 0 0.5 1
(h) Opt_4_warm

VC‘CW,lank

Ve w ank
fpump,C.Bal.in
TC.Bal.in.SP
fi)ump.C,VEDS.in
TC‘VEDS.in(SP

-1 0 0.5 1
(§)] Opt 5_warm

&
W

Ve ow tank
VC.HW.Iank
TC,Bal,in,SP
fpump.C.Bal.in
fpump.C,VEDS.in
T vEDS jn,sp

-1 - 0 0.5 1
m Opt 6_warm

(=]
n

Figure 12. Results of the Spearman correlation analysis (correlation between the variables and the

energy demand).

Four key findings can be determined by evaluation of the sensitivity analyses in

Figure 10:

®  The variables of the VEDS cooling circuit ( TC, VEDS, in, SP + ];mmp/ C,VEDS, in ) show

weaker correlations to the energy demand in cold ambient conditions compared to

the variables of the battery cooling circuit ( T¢ g iy sp - Joump, C, Bat, in );
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* Both setpoint temperatures T yrpg i sp @and Te gy iy sp have stronger correla-

tion to the energy demand at warm ambient conditions;
* The pump factors (and therefore the volume flow rates), especially for the battery

circuit ];mmp, C, Bat,in ’ have strong correlation at cold ambient conditions;

e Tank volumes V- cw tank @0d Ve gw tank have weak correlation to the energy de-

mand regardless of the ambient temperatures.

The comparatively low correlation coefficients for tank volumes suggest that, under
the examined optimization conditions, these parameters are less strongly correlated with
fluctuations in energy demand. However, this observation does not establish that their
physical influence is negligible, as nonlinear relationships and interactions with other
parameters may not be captured by the correlation analysis. Therefore, tank volumes are
not considered in the correlation-based analysis of the dominant optimization variables.
This limitation serves to focus the interpretation of the model under investigation and
does not imply that the tank volumes in the TMS can generally be disregarded.

4.2. Optimization Results

If the tank volumes do not affect the energy demand in a significant way, the defini-
tion of optimum variable values should focus on the temperatures and the pump factors.
These variables are software-defined parameters. The setpoint temperatures as well as
the pump factors can be set in the control strategy via CAN-Bus. Therefore, an optimiza-
tion of the system can be done easily, depending on spontaneous changes in the operat-
ing point of the BEV bus.

Table 5 shows the optimized values calculated by the Bayesian optimization.

Table 5. Optimization results: optimal values for optimization variables.

Tc, VEDS, in,SP 0

Test Case TC, Bat,in, SP in°C fpump, C,VEDS,in fpump, C,Bat,in
°C
Opt_1_cold 37.41 15.01 0.91 0.80
Opt_2_cold 35.95 15.05 1.10 0.80
Opt_3_cold 39.41 15.02 1.06 0.80
Opt_4_cold 46.23 15.14 0.91 0.80
Opt_5_cold 36.73 15.10 1.09 0.80
Opt_6_cold 44.34 15.03 1.14 0.80
Opt_1_warm 30.13 15.41 1.19 1.20
Opt_2_warm 30.14 15.36 1.19 1.20
Opt_3_warm 30.14 15.59 1.19 1.20
Opt_4_warm 30.11 16.08 1.18 1.20
Opt_5_warm 30.09 15.02 1.19 1.20
Opt_6_warm 30.32 15.87 1.20 1.20

5. Discussion

Each combination of optimized variables correlates with an optimized value for the

https://doi.org/10.3390/en19215291


https://doi.org/10.3390/en19215291

Energies 2026, 19, 5291

22 of 32

overall energy demand E,; p,, - Table 6 shows the optimized energy demand in compari-

son to a baseline configuration. The baseline configuration of the operating strategy was
described in [27] in the context of the introduction of the TMS design change. It consists
of the average values between the upper and lower bounds of the constraints and is de-
fined by the operating strategy used for validation tests. This baseline configuration is
defined by the following:

Table 6. Optimization results: potential energy savings by an optimized operating strategy in com-

parison to the baseline scenario.

Optimized Baseline
Test Case Eo at in kWh  E, pg, in kWh APel, Bat 10 %
Opt_1_cold 16.9290 17.2790 2.03
Opt_2_cold 32.3378 33.0246 2.08
Opt_3_cold 32.2425 32.9271 2.08
Opt_4_cold 10.9773 11.1787 1.80
Opt_5_cold 8.8621 8.9789 1.30
Opt_6_cold 10.9970 11.0707 0.67
Opt_1_warm 9.8233 10.8723 9.65
Opt_2_warm 19.6603 21.2421 7.45
Opt_3_warm 19.7902 21.3551 7.33
Opt_4_warm 5.9865 6.8700 12.86
Opt_5_warm 4.5435 5.3971 15.82
Opt_6_warm 7.0018 7.8300 10.58

*  Setpoint temperatures T yrpg i, sp=40 °C; Te gy iy sp=25 °C;

Pump factors ];mmp, C,VEDS,in =f%mmp, C,Bat,in =1
The percentage improvement is calculated in Equation (20) and describes the overall
energetic potential of the optimized operating strategy.

AEe _ Eel , Bat , baseline _Eel , Bat, optimized 100% . (20)

!, Bat —
Eel, Bat , baseline

The evaluation of the energetic improvement AE, p . shows mean values of 1.66%

for cold ambient conditions and 10.61% for warm ambient conditions. The difference can
be explained by the operating strategy of the VEDS coolant circuit, which is not exter-
nally heated and therefore has no energy demand in cold conditions. Moreover, the vari-
ance in energy demand within one test case is higher for warm ambient conditions, as
described in Figure 9a and Figure 10a and in Appendix A. For this reason, the potential
for energy savings is higher at warm ambient conditions under the influence of different
operating strategies.

Additionally, it can be stated that the energetic potential for cold ambient conditions
is reduced for the short driving cycles Load Case 5 and Load Case 6. In this case, the im-
proved thermal management cannot make a significant benefit under usage of different
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operating strategies due to the very short time ( =30 min ). This behavior results from

the thermal inertia of the system.

An evaluation of the optimized variables shows that the setpoint temperatures in
warm ambient conditions are higher than in cold ambient conditions, which is explain-
able due to the functionality of the TMS. But, especially for cold ambient conditions, the
setpoint temperatures differ between the individual Load Cases. One reason is the dura-
tion of the driving cycles; another is the driving dynamic of the cycle, especially when
considering the self-heating of the drive system, which is higher under higher loads.

The conducted analyses demonstrate the potential for reducing total energy de-
mand for two defined ambient temperatures, which represent the extreme values for the
city of Hamburg. Further studies are examining intermediate temperatures with the goal
of providing a comprehensive assessment of energy-saving potential. Therefore, three
intermediate temperatures were evaluated, and the operating strategy of the thermal
management system was optimized. Figure 13 shows the evaluation of the energy im-

provement AE,; p . as a function of ambient temperature, as well as the standard devia-

tion as a function of the various driving cycles. It can be observed that the energetic im-
provement can be assumed to be linear and increasing as ambient temperatures rise.

Furthermore, analysis of the standard deviation reveals a stronger influence of the Load
cycle at higher ambient temperatures.

15 | | |
—&— AE;puzto T
— — = = Linear regression
10— —
IS
R=
g
<
5 — —
0 | | | | | | | | |
-15  -10 -5 0 5 10 15 20 25 30 35

Tamb in °C

Figure 13. Energetic improvement by an optimized operating strategy of the thermal management

system for intermediate ambient temperatures.

Finally, it should be noted that the calculated energetic potentials apply for individ-
ual drives that are started under the defined ambient conditions and without thermal
preconditioning. Further investigations should be carried out regarding combinations of
Load Cycles to consider preheated systems. To provide an overview of the capabilities of
the proposed method, further analyses demonstrate the influence of combined driving
cycles. To gain insight into energy savings on longer and more realistic bus routes, the
six Load Cases were combined, and an optimization for extreme temperatures was per-
formed. The results are presented in Table 7.
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Table 7. Optimization results: potential energy savings by an optimized operating strategy in com-

parison to the baseline scenario for combined driving cycles.

Optimized Baseline
Test Case AE in %
Eu at in kWh  Ey pg, in kWh el, Bat " 7
Combination _cold 105.1329 105.8819 0.71
Combination_warm 71.5220 74.8174 4.40

6. Conclusions

The thermal management of BEVs shows potential to reduce their overall energy
demand. Besides a reduction in greenhouse gas emissions, reduced energy demand
causes an increased vehicle range. Especially in the field of electric city buses, the energy
demand has an important role to fulfill the driving assignment. Due to its high pre-
dictability, daily circulations are tightly connected to the vehicle range. The present work
proposes an optimized operating strategy for the thermal management of an electric city
bus with the goal of reducing the overall energy demand. A method including the mod-
eling of the thermal system in MATLAB/Simulink and Simscape calculates the thermal
behavior of the system in high accuracy. Representative driving cycles and ambient con-
ditions are extracted to reflect city bus operations in the city of Hamburg. An optimiza-
tion using the Bayesian optimization algorithm yields an optimized operating strategy
for the thermal management of the overall system depending on the specific driving
profile and the ambient temperature. The optimization variables are the setpoints of the

coolant inlet temperatures of the components ( T~ veps in sp» Ic Bat.in.sp ) @ well as

pump factors that correlate with the coolant flow rates in the components (

J;ump, C,VEDS,in’ ];ump, C, Bat,in )- These parameters are set in the electronic control unit

and can be adjusted depending on the concrete driving assignment. Therefore, a driving
profile- and ambient temperature-based operating strategy can be defined. Summed up,
a mean reduction of roughly 1.8% in cold ambient conditions and roughly 8.9% in warm
ambient conditions in overall energy demand can be achieved for the described applica-
tion. The method described can be used to optimize the system for additional driving cy-
cles or ambient conditions. It is recommended to repeat the optimization under the ad-
justed conditions to obtain results for an energy-optimized operating strategy for the
thermal management system.
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Figure A9. Results of the optimization for Load Case 6 at cold ambient conditions: (a) calculated
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