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Foreword

The shift towards electric mobility has a positive impact on the environment. However, it comes
with its challenges too, the range of the electric vehicle being one of the main ones. To enhance
the range of the electric bus, the various subsystems have to be optimized, both in design as well
as energy consumption. The climate system being one of the main energy consumers, a need for
the development of an energy efficient thermal management system was realized. Sina’s assignment
involved the design of a thermal management system and the development of an air quality model of
the bus cabin. He also had to improve the existing thermal model of the bus cabin. Both the thermal
model and the air quality model are sufficiently validated. These models were then used to develop
optimal controllers to regulate the cabin temperature and air quality, performing a trade-off between
energy consumption and passenger comfort. The results show promising improvements of about 15%
energy savings in the climate system, hence making a good step towards fighting range anxiety. Sina
has made a good effort to make the usage of the models and thermal management system user friendly,
which is very useful in future development and testing.

Roshni Digumoorthi,
Energy Management Specialist @ VDL ETS
Energy Management Team, Concept Development Department

September 27", 2019
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Preface

This report is the final assignment for the Professional Doctorate in Engineering (PDEng) degree in
Automotive Systems Design (ASD) at Eindhoven University of technology (TU/e). The design and
study represented in this report is developed under the collaboration between VDL Enabling Transport
Solutions (ETS) and Eindhoven University of Technology. This project has been made possible by the
funding of Electric Mobility Europe and the European Commission in the context of the COSTART
Project, as part of the ERA-NET Co-fund scheme under Horizon 2020.

The main aim of this work is to represent a conceptual design of a smart Thermal Management System
(TMS) that can consume less energy on HVAC system during the winter conditions in order to improve
the driving range of VDL's electric buses, and to model the dynamic behavior of C'Oy concentration
in the e-bus cabin to control it for human comfort goals and combined energy saving strategies. This
report covers the high-level design of the TMS, and the derivation of fundamental requirements for its
future development. Furthermore, basic saving strategies have conceptually showed insights on future
developments of the system and next steps towards integration of electric mobility in public transport
systems.

Chapter 1 and Chapter 2 are interesting for readers who are interested in having an overview of the
context and challenges related to multi-zone thermal management of e-buses and smart control system
design.

Chapter 3 and Chapter 4 are mainly devoted to technical details for thermal and CO5 concentration
models, therefore, these chapters are mainly interesting for domain specialists in thermal domains and
particle concentration domains for human comfort.

Chapter 5 is describes the control techniques and strategies utilized to design a conceptual smart
system which can manipulate systems modeled in previous chapters in order to obtain the desired
goals of the work. This chapter can be interesting for domain specialists in control engineering and
specifically thermal process control engineers.

Results reported in Chapter 6 can be particularly important for industrial partners such as VDL-ETS
for defining the road map for future developments.

Sina Sarneizehdoost

September 17" 2019
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Executive Summary

Aiming at zero emission and increasing demand for higher efficiency without sacrifice in performance
has pushed the industry towards electrification. The automotive industry is not an exception to this
transition. However, this transition is not similarly simple in every industry. One of the most important
challenges in the automotive industry and specifically in public transport is the range anxiety which
delays the integration of e-mobility in public transport fleets.

The challenge arises when e-buses experience severe weather conditions specifically in northern and
central Europe, where the range of these buses is reduced up to 60% every winter due to heating and
comfort requirements, a situation which introduces scheduling complexities for the bus fleet owners
and increases the total cost of ownership for fleet operators and municipalities.

Currently HVAC systems of the electric buses are working independent of the number of passengers on
board. In addition, comfort criteria such as CO, concentration have not been taken into consideration
as a controllable parameter and it has usually been feed forward controlled according to the maximum
capacity of the public transport vehicle. That results in consuming more energy in conditions when
the vehicle is not running at full passenger capacity. Therefore, the potential for energy saving and
consequently range extension is considerably high.

One of the greatest challenges in optimizing the energy consumed by the HVAC system in an e-bus
is accuracy in modeling the dynamics of thermal behavior and comfort criteria behavior. First of
all, there are limited studies in this domain for automotive applications and they are not sufficiently
accurate. Thus, considerable effort goes to improving the accuracy of available models in the thermal
domain and modeling and validation of CO, concentration dynamics.

Additionally, a definition of a multi-zone thermal management strategy in e-bus passenger cabin is
proposed. This strategy is fitted to a conceptual thermal management and control system design in
order to reduce energy consumption and follow the required trajectory dictated by comfort indicators.
As a result, based on mutual control of CO, concentration and air temperature in specified zones,
TMS is showing up to 15% energy saving in the HVAC system. This achieved energy saving can be
used to extend vehicle range.

VDL is producing a variety of e-buses which are used in various weather conditions in northern and
central European countries. In this regard, each product type comes with an HVAC system, and thus,
improving the energy consumption by this system in every product can lead to an extension in the
range of total fleet of public transport in target countries.
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