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SUMMARY

Air transport is facing an important challenge when it comes to the reduction of its environmental footprint.
Hybrid electric aircraft offer a potential solution to reduce in-flight emissions. The essence of hybrid electric
aircraft is to combine multiple energy sources and energy conversion systems, in order to improve the over-
all energy efficiency and synergies, which could result in reduced emissions. Conventional design methods
for aircraft are based on a single energy source and gas turbines, at which power production and propulsion
are combined. However, hybrid electric aircraft allow for multiple energy sources and a decoupling of the
propulsive device from the power producing device. These two fundamental differences open a new design
space for future aircraft. As conventional design methods are not able to cope with the extended design space
of hybrid electric aircraft, the necessity arises for novel conceptual design methods. In the context of hybrid
electric aircraft, the energy sources are considered to be a combination of electrochemical batteries and con-
ventional jet fuel in this thesis.

One of the effects of increased electrification is the generation of heat, due to inefficiencies. As hybrid electric
aircraft further increase the electric power demand, even more heat will be generated. It is expected that the
emitted heat will affect the weight, drag, and performance of hybrid electric aircraft, due to additional sys-
tems to control and dissipate excessive heat. As high-power systems require cooling to prevent performance
degradation and battery thermal runaways, an adequate thermal management system is needed to control
the thermal behaviour of hybrid electric powertrain components. For this reason, a coupled design approach
between the hybrid electric powertrain and the thermal management system should be applied. Moreover,
the sizing of thermal management system components is based on the thermal behaviour of these power-
train components. Therefore, modelling of the thermal effects is needed to acquire improved insights in the
performance characteristics of hybrid electric aircraft during the conceptual design phase.

The objective of this thesis is to identify the impact of including a thermal management system on the power,
weight, and volume usage for a parallel-hybrid electric ATR72-600 regional aircraft reference design case, that
excluded the sizing of a cooling system.

A sizing methodology was developed for this case study. The sizing includes only the electric part of the
powertrain with a coupled thermal management system. The latter is a combination of a closed-loop liquid
cooling system and an air cycle system to pre-cool ambient air. The combination of all components that are
sized are described by the term "system". Furthermore, the same battery is used to power both the power-
train and the thermal management system.

The validation of the defined system is performed at individual system component level, as no similar ad-
equate reference data could be found in literature for this thermally-controlled electric propulsion system.
The validation of the battery, electric motor, heat exchanger, and air cycle system is emphasised by compar-
ing their performance behaviour to reference data.

The system is used to assess its impact with near-term and mid-term component technology levels, at which
it is sized for hot day conditions. Flight missions characteristics are taken from the reference design case and
used as input to capture the main sizing characteristics.

The results indicate a low feasibility potential if near-term technology levels are used. A higher feasibility
is obtained with mid-term technology levels. The battery is identified to be the most critical component in
terms of power, weight, and volume usage, which are driven by three interacting mechanisms. These are the
electric propulsion power, the required cooling power, and the thermal capacity as a function of the battery
weight. Concluding, the significant impact of a thermal management system can not be neglected in con-
ceptual design studies for hybrid electric regional aircraft.
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INTRODUCTION

This chapter first presents the urge for new aircraft designs in Section 1.1. It explains the need for in-flight
emission reduction of aircraft and the challenges related to the introduction of hybrid electric aircraft as a
potential solution. Second, Section 1.2 provides the research objective and the used approach. Thereafter,
the research scope and related research questions are stated in Section 1.3 and Section 1.4 respectively. Lastly,
the outline of this report is briefly discussed in Section 1.5.

1.1. PROBLEM DEFINITION
On average, global air traffic is predicted to grow annually at a rate between 4 % - 5 %, resulting in a doubling
approximately every 15 years [1, 2]. Around 2 % of the current global CO2 emissions due to human activity
originate from aviation [3]. Other aircraft operational emissions related to climate change include: nitrogen
oxides (NOx), sulphur oxides (SOx), water vapor (H2O), and contrails [4].

The European Commission (EC) and Advisory Council for Aviation Research and Innovation in Europe (ACARE)
have set ambitious goals to reduce air traffic emissions for the year 2050. Flightpath 2050, established by the
EC, is Europe’s vision on future air transport. The objectives are: 75 % reduction in CO2 emissions per pas-
senger kilometre, 90 % NOx emission reduction, and 65 % less perceived noise of flying aircraft relative to new
aircraft from the year 2000 [1]. A Strategic Research and Innovation Agenda (SRIA) has been established by
ACARE as a response to Flightpath 2050 [5]. SRIA is a stepwise approach to reach the emission goals set by the
EC. Examples of similar objectives are set by the National Aeronautics and Space Administration (NASA) and
the International Civil Aviation Organization (ICAO). These objectives are documented in the Environmen-
tally Responsible Aviation (ERA) project and the Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA) respectively [3, 6]. The recognised urge to realise major reductions in future air traffic
emissions calls for innovative new aircraft and propulsion designs.

Hybrid Electric Aircraft (HEA) offer a potential solution to reduce in-flight emissions [7]. The essence of HEA
is to combine multiple energy sources and energy conversion systems. This allows to improve the overall
energy efficiency and system synergies, which could result in reduced in-flight emissions. However, higher
degrees of electrification imply higher electric losses which generate heat. Therefore, adequate system heat
control becomes essential to keep safe and optimal operating conditions [8, 9]. It has already been shown
that excessive heat rejection capabilities, are critical for the flight performance of future high-power electric
aircraft, nor can the significant increase in system weight and drag be underestimated [8, 10, 11].

The current feasibility boundary to apply hybridisation is identified to be for the regional aircraft segment
[12–14]. First, this is because the typical flight lengths are relatively shorter compared to medium-haul flights,
suppressing the additional energy storage weight and volume. Second, a market growth for regional aircraft is
predicted while operational costs could be reduced if hybrid electric technologies are used [9, 15, 16]. Third,
regional aircraft account for 14 % of the global aviation CO2 emissions [15]. This further puts the focus on re-
gional aircraft as an opportunity to significantly reduce in-flight emissions. For these reasons, several hybrid
electric aircraft studies have been conducted based on a typical regional aircraft [12, 13, 15–19].
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2 1. INTRODUCTION

The type of Hybrid Electric Powertrain (HEP) architecture distinguishes different types of HEA. The most
common HEPs are the series and the parallel architectures. It has been shown that a series architecture has
a larger weight than a parallel architecture [13, 20]. Furthermore, the parallel HEP architecture is likely to
become feasible first in future regional HEA, as it less sensitive to electric component developments and
features a lower integrated design complexity to allow for retrofitting of conventional aircraft [19, 20].

1.2. RESEARCH OBJECTIVE AND APPROACH
The objective of this study is to identify the impact of including a Thermal Management System (TMS) on the
power, weight, and volume usage for a parallel-hybrid electric regional aircraft, in order to facilitate concep-
tual design space exploration studies for future HEA. Even though the design of HEPs already increases the
conceptual design phase complexity, the impact of a TMS has to be taken into account as it influences the
viability of future HEA. To satisfy the research objective, several steps are taken.

First, a literature study is conducted to review the current technology state of parallel-hybrid electric archi-
tecture components and projected future developments. Next to this, a TMS approach has been chosen that
is able to dissipate high heat losses while being not too complex for a conceptual design study. In case a
component has to be modelled with more detail, to predict essential component behaviour, an adequate
parametric model is obtained. Furthermore, a system sizing methodology is developed, in order to assess the
system impact while being able to identifying sizing characteristics.

Second, the HEP and the TMS components are connected and placed inside a simplified representation of a
typical regional aircraft. This allows to see the volumetric impact of these components and identify the most
critical ones.

Third, the individual components are individually validated to see if they perform in a predictable way, in
accordance to reference data. As no comparable system could be found in literature with adequate reference
data, only component validation is conducted. Once validated, two component technology level scenarios
are imposed to see the impact on the power usage, weight and volume. Sizing characteristics and critical
components are identified for a typical regional aircraft flight mission at different atmospheric conditions.
Finally, conclusions and recommendations are drawn from the found results.

The chosen simulation environment is the software package PaceLab SysArc 1. This software enables the
conceptual design and analysis of aircraft system architectures including a volumetric 3D representation of
components inside the aircraft. It feature, a large internal component library to build complex HEPs. Further-
more, the standard components can be tailored and new ones can be constructed as well. Components are
connected by an automatic routing algorithm. The shortest routes along permissible pathways are computed
and visualised in the 3D view of the aircraft. Moreover, custom defined flight missions can be imposed.

1.3. RESEARCH SCOPE
This research is a case study limited to a single type of reference aircraft, the regional turbo-prop ATR72-600.
The parallel HEP architecture is used, at which the sizing process excludes the sizing of the gas turbine to
simplify the analysis. This implies that a reference case study with a similar aircraft, HEP, and without the in-
tegration of a TMS has to be used. Therefore, the focus of this study is narrowed down to the sizing impact of
the TMS on the electric part of the parallel HEP and the TMS itself. Suitable reference case study results have
been found in the study by Zamboni [20]. These are taken as input in this case study to estimate the impact
on power, weight, and volume if the reference parallel HEP case study is supplemented with a coupled TMS.

For the TMS, a closed-loop liquid cooling system in combination with an Air Cycle System (ACS) is modelled,
to enable HEP operation even at high ambient temperatures. The TMS is designed to be driven by electric
power from the battery pack. This prevents the use of bleed air and allows to capture sizing characteristics
that will probably be encountered during the design of fully electric aircraft as well.

1Pacelab SysArc is a commercial preliminary aircraft design software package used for system architecture and energy management
analyses. The standard version 7.1 is customised and used for this study.
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The results are based on hypothetical near-term (around the year 2025) and mid-term (around the year 2030-
2040) component technology level scenarios [21, 22]. A long-term component technology level projection
comprises too high uncertainties and is therefore only qualitatively discussed.

1.4. RESEARCH QUESTIONS
Given the presented research objective and scope, the following related research questions are defined:

• What are the figures of merit in terms power, weight, and volume to account for a liquid cooled TMS
with a coupled ACS for the two technology level scenarios?

• What is the required maximum cooling power and at which flight segment does it occur?

• What is the effect of different maximum battery pack temperatures at take-off on the attainable electric
power usage from the battery pack?

• What is the effect of a higher battery cell specific heat capacity on the battery sizing?

• How is the battery pack power usage affected by different atmospheric temperature profiles?

• Which components are the most critical in terms of power usage, volume, and weight?

• What are potential practical installation issues on board the aircraft for a thermally-controlled electric
propulsion system?

• What is the impact on the feasibility of a regional parallel HEP aircraft for a near-term and a mid-term
technology level scenarios?

1.5. DOCUMENT OUTLINE
This document continues in Chapter 2, with background information on the topic of HEA characteristics with
the focus on the parallel-hybrid electric powertrain in Section 2.1. A qualitative assessment and comparison
of thermal management system cooling strategies is presented in Section 2.2. The potential of superconduct-
ing technology and related design challenges are discussed in Section 2.4. This chapter closes in Section 2.5,
with a comparison of battery cell technologies that could potentially be used for future hybrid electric aircraft.

The used methodology is explained in Chapter 3, including a flowchart that describes the sizing process in
Section 3.1. The validation of the individual system components is discussed in Chapter 4. The results are
presented in Chapter 5. First, the sizing characteristics used are given in Section 5.1. Second, the trade study
results are discussed in Section 5.2. The weight and volume impact are examined in Section 5.3, including a
visual impression of a sized system inside the aircraft. Finally, the conclusions of this thesis and the recom-
mendations for future research are given in Chapter 6.





2
BACKGROUND INFORMATION

This chapter begins in Section 2.1 with general characteristics of HEA, at which the parallel-hybrid electric air-
craft is highlighted. A qualitative assessment of three different thermal management system cooling strategies
is presented in Section 2.2. Electric power transmission characteristics are given Section 2.3. The opportu-
nities and challenges of superconducting technology are discussed in Section 2.4. The last section compares
different battery cell technologies in Section 2.5.

2.1. ADVANTAGES AND CHALLENGES OF HYBRID ELECTRIC AIRCRAFT
The implementation of HEPs in aircraft applications is expected to give several advantages and disadvan-
tages, compared to conventional aircraft propulsive systems. The potential of reducing in-flight emissions
to lower the environmental footprint is one of the main advantages [7]. Due to the implementation of a sec-
ond energy source, dependency on fossil fuel will be less. It allows to scale-down turbomachinery, which
will result in reduced atmospheric heat release by less combustion along with reduced noise. Moreover, the
replacement of hydraulic and pneumatic systems by electrical systems offer: higher efficiencies, improved
reaction time, and lower maintenance costs [7, 23]. It also paves the way for integration of High Temperature
Superconducting (HTS) technology, for electric transmission cables, and electric machines. HTS machines
can enable the mitigation of heat related electric power transmission losses, to further improve system effi-
ciencies [24]. HEPs offer the possibility to decouple the propulsive device from the power producing device.
This allows independent optimisation of the propulsive and the power producing device. It also enables more
design flexibility with an extended design space. The possibility to rethink conventional aircraft design allows
for enhanced aero-propulsive synergy, i.e. improved aircraft performance due to propulsion-airframe inter-
action effects. Distributed propulsion over the wing is one promising example. Furthermore, it allows for
reduced wing area or increased effective bypass ratios, by distributing propulsive units over the airframe to
enhance aircraft performance [25]. Positioning of propulsive units at critical airframe positions can reduce
drag. Wing tip vortex drag can for example be reduced by adding propellers that rotate in the opposite swirl
direction.

Advances in battery performance are of paramount importance, as it will determine future HEA feasibility.
The current energy densities of batteries are not sufficient enough to enable large commercial HEA to fly.
However, smaller general aviation aircraft are already able to fly all-electric as the impact of the battery weight
is less pronounced compared to larger HEA. Technology advances are needed as larger aircraft are the main
contributors to in-flight greenhouse emissions [26]. Another important factor is the development of electric
machines, to improve overall system efficiencies. A possible way to further increase system efficiencies is
offered by HTS technology. However, the added complexity of HTS technology integration, which requires
a cooling system to reach super conducting temperatures, offers vast challenges and is not likely to become
available within 20 to 30 years from now [7, 21]. Without HTS technology available on the short term, heat
generation in conventional transmission cables and electric machines is a major concern. An implemented
Thermal Management System (TMS) should therefore control the heat dissipation to ensure safety and relia-
bility with the use of more electric systems on board [8].

5
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2.1.1. DEGREE OF HYBRIDISATION
Several definitions are used to define the degree of hybridisation for powertrains. A common way is to use
two Degree Of Hybridisation (DOH) parameters: HP and HE, established by Lorenz et al. [27] and clarified
by Isikveren et al. [28]. The power hybridisation parameter HP defines the ratio of the maximum installed
electric motor power (PEM, i.e., the supplied power from energy source corrected for energy conversion ef-
ficiency) over the total installed power (Ptotal), see Equation 2.1. The energy hybridisation parameter (HE)
defines the ratio of the total utilised electric battery energy (Ebat), over the total utilised energy Etotal for all
phases of aircraft operation, given in Equation 2.2.

HP = PEM

Ptotal
(2.1)

HE = Ebat

Etotal
(2.2)

The two hybridisation parameters (HP and HE) are able to categorise all powertrain architectures with bat-
teries as the secondary energy source. A visual representation of the DOH space is presented in Figure 2.1.

Figure 2.1: Classification of HEPs by using the HP and HE parameters [27].

As can be seen in Figure 2.1, the parameters HP and HE can have values from 0 up to and including 1. The
origin, at which HP = 0 and HE = 0, represents a powertrain with zero installed electric motor power and zero
stored electric battery energy. Conventional aircraft propulsive systems, purely based on internal combustion
engines, are therefore allocated to the origin in Figure 2.1. The upper-left corner (HP = 1 and HE = 0) depicts
powertrains that have only electric motor power installed while running purely on conventional fuel. The
upper-right corner (HP = 1 and HE = 1) represents all-electric powertrains. Only electric energy stored in bat-
teries is used to generate purely electric motor power. The lower-right corner (HP = 0 and HE = 1) illustrates
powertrains with zero installed electric motor power but having only battery stored energy. As is indicated in
Figure 2.1, all powertrain configurations inside this blue region are indicated unfeasible. It is illogical to carry
more electric energy than can be used for electric motor power, not considering critical condition reserves.

The diagonal from (HP = 0 and HE = 0) to (HP = 1 and HE = 1) in Figure 2.1 represents the feasibility line.
Powertrain configurations left to this feasibility line are thus feasible designs. Although a linear relation is
sketched, it is indicated that the slope will vary based on the flight mission and the powertrain architecture
[27]. Altitude effects are for example non-negligible. In the study by Isikveren et al. [29], an analytical rela-
tionship between HP and HE has been established.

2.1.2. HEP ARCHITECTURES
Three HEP categories can be distinguished: all-electric, hybrid electric, and turboelectric. In this report only
the parallel HEP is discussed, which is based on batteries for the secondary energy storage. An overview of
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the other HEPs can be found in [20, 26].

A common advantage of HEPs is the separation of energy and thrust generation which allows for high design
flexibility. However, the major drawback when batteries are used is that the current battery specific energy
[Wh/kg] only allows small general aviation and commuter aircraft to be commercially viable 1 [26, 30]. The
specific energy of batteries required for larger aircraft should be much higher than nowadays is available,
which is currently in the order of 200 [Wh/kg] to 250 [Wh/kg] for Lithium-ion (Li-ion) battery cells [31]. A
specific energy of at least 500 Wh/kg to 750 Wh/kg has to become available to make HEA competitive with
conventional aircraft designs [20, 26, 32]. When comparing Li-ion batteries with Jet-A fuel, a large deficit is
present. The specific energy and energy density of Jet-A fuel is 11,950 Wh/kg and 9799 Wh/l respectively [33].
Assuming a specific energy of 200 Wh/kg for Li-ion batteries, roughly 60 times less energy can be stored for a
given mass compared to Jet-A fuel [34]. It points out that huge battery improvements are needed.
In order to ensure that each HEP component is able to handle the demanded power, an upstream sizing
approach should be applied. It takes the reversed power flow direction, i.e from the propulsion unit to the
energy source. Efficiencies, near or at the propulsion unit are more valuable in this approach than the ones
near the energy source [8]. This is because upstream components are sized based on the efficiencies of down-
stream components. If downstream components have higher efficiencies, then upstream components can be
downsized as as well for the same efficiency. This approach is e.g. applied in the study by Zamboni et al. [17].

2.1.3. PARALLEL-HYBRID ARCHITECTURE
A parallel-hybrid architecture is defined by 0 < HP < 1 and 0 < HE < 1. The power to the propulsive unit is nor-
mally supplied simultaneously with electric motor power and gas turbine power. It is possible to change the
power share over the power systems and even temporarily providing power from only one energy source [35].
In Figure 2.2a, it can be seen that the generated electric motor power and gas turbine power are combined at
a mechanical node. The coupling of power systems can be done in two ways. The first option is to consider
one common shaft at which the electric motor shaft is connected to the compressor shaft of the gas turbine.
The second option is a connection of the electric motor shaft and the gas turbine (free power turbine) output
shaft with a gear system, see Figure 2.2b. The transfer of electric power between components is often called
the electric bus. The key components of a parallel hybrid architecture are: batteries, electric power transmis-
sion components, electric motors, a gas turbine with integrated mechanical node, and propulsive units.

In a parallel hybrid architecture, the two power systems can operate independently in certain conditions,
allowing for a variable power share between the two power systems [35]. However, a critical minimum power
share for the gas turbine is required to avoid detrimental off-design conditions, which requires additional
transmissions and thus limiting the overall efficiency [36]. Next to this, clutches can be used for temporarily
decoupling of one of the shaft power inputs, improving redundancy while increasing the architectural and
operational complexity [36, 37]. Recharging of the batteries could be done by using mechanical power from
the gas turbine output shaft or by wind milling using the propulsive device (e.g. fan or propeller). This is based
on an assumed generative function of the electric motor and the possibility of de-coupled power systems [37].

(a) Parallel hybrid powertrain architecture [26]. (b) Parallel hybrid power flows [35].

Figure 2.2: Schematics of parallel hybrid architectures.

1Rolls-Royce. Commuter Aircraft. URL: https://www.rolls-royce.com/innovation/propulsion/commuter-aircraft.aspx. Accessed on:
09/09/2020

https://www.rolls-royce.com/innovation/propulsion/commuter-aircraft.aspx
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PARALLEL-HYBRID CONCEPTS

With new design possibilities offered by the electrification of aircraft, several conceptual designs and studies
have been published. Three parallel HEA designs are shown in Figure 2.3. Some important design character-
istics are summarised in Table 2.1. It should be noted that the presented designs do not take into account the
impact of a TMS.

(a) Boeing/NASA TTBW 2. (b) Nasa Pegasus [16] (c) TU Delft study [20]

Figure 2.3: Impressions of parallel HEA designs and studies.

Table 2.1: Conceptual designs and studies of parallel HEA.

Name Design Seats Design MTOW εbat PEM, max Characteristics
YEIS range [km] [kg] [Wh/kg] [MW]

Boeing/NASA TTBW 2 [38, 39] 2035 154 1666 60,600 750 1.3 Transonic truss braced wing

NASA Pegasus [16, 40] 2030 48 741 24,059 500 1.34 DEP with tail cone BLI propulsion

TU Delft study [20] 2035 70 1712 25,614 750 1.33 Conventional two propeller configuration

BOEING/NASA TTBW

The TTBW of Boeing and NASA is based on a parallel HEP for the Year Entry Into Service (YEIS) 2035. It is the
result of the so-called SUGAR program to innovate aircraft concepts with the aim to mitigate emissions and
noise while improving aircraft performance. The upper mounted wing is supported by a truss on each side.
The two trusses support the high aspect ratio wing, while generating lift. The wing can be folded upwards at
both sides to comply with airport standards. The latest version of the TTBW design was published in 2019
[38, 39].

NASA PEGASUS

The NASA Pegasus is based on the regional ATR-42-500 aircraft and uses a parallel HEP. It is designed for
the YEIS 2030. Compared to the baseline ATR-42-500, the Pegasus has five instead of two propellers. Four
propellers are distributed over the wing to allow Distributed Electric Propulsion (DEP). The two outboard
parallel-hybrid electric propulsors are located at the wing tips to reduce induced drag. The two inboard all-
electric propulsors are only used when additional thrust is required (low and slow conditions). When not
required e.g. during cruise, the two inboard are powered off and folded backwards to decrease windmilling
effects. The fifth all-electric propulsor is located at the tail cone, to make use of Boundary Layer Ingestion
(BLI) propulsion effects. The NASA Pegasus was published in 2017 [16].

TU DELFT STUDY

A parallel-hybrid case study conducted by the TU Delft is based on the ATR72-600 regional aircraft. It is de-
signed with component technology levels to allow for a YEIS from 2035. A conventional aircraft shape is used
to allow for a retrofitting of the reference aircraft, at the expense of aero-propulsive advantage possibilities.
This study was conducted in 2018 [20].

2Boeing. Transonic Truss-Braced Wing. URL: http://www.boeing.com/features/2019/01/spreading-our-wings-01-19.page. Accessed
on: 09/09/2020

http://www.boeing.com/features/2019/01/spreading-our-wings-01-19.page
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2.2. QUALITATIVE ASSESSMENT OF THERMAL MANAGEMENT SYSTEMS
A TMS is basically responsible for three fundamental tasks: heat acquisition at the heat source, heat trans-
portation to a dedicated heat sink, and heat rejection away from the aircraft [41]. For each of these tasks,
several options can be considered. Therefore, proficient sizing tools should be used to assess the case spe-
cific TMS impact on the entire aircraft system [8].

It is expected that the increase in emitted heat of high-power electronics in HEP components, due to the
system inefficiencies, could substantially impact the weight, drag and therefore the performance of future
hybrid-electric and all-electric aircraft. Produced heat needs to be safely transferred away from the source,
without large weight and volume penalties. The drag is affected due to the use of ram air Heat Exchangers
(HEX), which is a common way to transfer excessive heat away from the aircraft. Partially re-using waste heat
by other subsystems (e.g. for anti-icing, cabin heating, cooking in galleys or pre-heating of fuel) could im-
prove the overall efficiency and implies a possibility to reduce bleed air off-takes. Therefore, a TMS should
be integrated to regulate heat flows and the temperature of high-power electronics. A conclusion that can be
drawn from this is that besides the design of the propulsive power management, a coupled thermal manage-
ment is identified to be another essential system for the design of HEA and should therefore not be underes-
timated [8, 42–45].

The complexity, weight, volume, and energy demand of a thermally-controlled electric propulsion system all
depend on the type of cooling applied, e.g. forced air cooling or liquid cooling. Nevertheless, in case the
cooling system requires electric power to cool HEP components, additional power has to be extracted from
an energy source. In the situation of a parallel HEP, this additional power originates either from the battery
or from the fuel tank. If battery power is used, more heat losses will occur at the battery due to a higher dis-
charge rate [46]. Therefore, more cooling power is required which raises again the battery discharge rate. If
non-battery power is used, increased fuel energy conversion is required to acquire electric power. The latter
increases the fuel consumption, which has a negative effect on the mitigation of in-flight emissions. These
two examples qualitatively show the iterative sizing interaction for coupled propulsion and TMS components.

The impact of a TMS on the feasibility of HEA is assessed in the study conducted by Rheaume et al. [43].
They focused on the design of a liquid cooled TMS for a commercial parallel HEA, with a peak heat power
load of 490 kW. This study estimated a fuel consumption increase of 3.4 % of the total mission fuel burn, due
to the TMS weight, power, and drag. Only the take-off, climb, and cruise segments are taken into account. If
hybridisation is applied at the descent and approach segments, the additional fuel consumption will increase
even further. Furthermore, a projected fuel saving of 4 % to 7 % is calculated without the implementation of
a TMS. By including the TMS, an effective fuel saving between 0.6 % to 3.6 % could be obtained. The coolants
used are oil for higher temperatures and propylene-glycol mixture for lower temperatures.

From literature, three general active cooling strategies can be distinguished based on the cooling medium:
air cooling, liquid cooling, and liquid-vapour cooling [44, 47–49]. These three strategies are further assessed
and are compared in Section 2.2.4.

2.2.1. AIR COOLING
Air cooling is the most traditional way of cooling and is widely used in commercial applications [50]. When
comparing passive air cooling (natural convection) and active air cooling (forced convection), the heat trans-
fer coefficient (h) is normally much higher for active cooling [50, 51]. Passive air cooling is therefore less suit-
able for application with high heat losses. Newton’s law of cooling is often used to estimate the heat transfer
rate for convection cooling, by assuming a constant heat transfer coefficient, presented in Equation 2.3.

Q

d t
=−h · A · (T1 −T2) (2.3)

The heat transfer rate
(

Q
d t

)
gives the amount of thermal energy per second [J/s] and depends on the heat trans-

fer coefficient, the heat transfer area (A), the object’s surface temperature T1, and the free stream temperature
T2. In reality, the heat transfer coefficient is not constant as it increases with a thinner boundary-layer and
with increase in turbulence . Therefore, numerical relations that are only valid for certain conditions are of-
ten used. These relations depend on non-dimensional numbers such as the Prandtl number, the Rayleigh
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number, and the Reynolds number [52].
As the heat transfer rate is proportional to the temperature difference between surface temperature and the
free stream air temperature, a lower air temperature results in a higher heat transfer rate. In case the free
stream temperature is not low enough to meet a given heat transfer rate, pre-cooling of the air is required to
still satisfy the heat transfer rate demand.

A common way of pre-cooling air is based on the reversed Brayton cycle. The working principle is presented
based on an open ideal cycle in Figure 2.4. Three main components are identified from Figure 2.4a: a coupled
compressor and turbine called the Air Cycle Machine (ACM) and a heat exchanger. In this report, these com-
bined components are called the Air Cycle System. Furthermore, three fundamental steps have to be taken
in order to cool down incoming warm air, see the Temperature Entropy (T-s) diagram in Figure 2.4b. First,
the warm air is compressed to raise the pressure and temperature (1-2). Second, heat is extracted at the heat
exchanger to lower the temperature at a constant pressure (2-3). Third, the temperature is further reduced as
is expands trough the turbine (3-4). In this way, the air temperature can be reduced. It should be noted that
non-isentropic and non-isobaric processes occur in real operating systems.

The Environmental Control System (ECS) in aircraft is often based on the reversed Brayton cycle principle
and therefore commercially matured [53, 54]. Due to the use of air as the cooling medium, a low system
weight, high operating reliability, and reduced maintenance result [55, 56]. Studies found that are based
on the ACS principle for aircraft application use thermal heat loads up to 35 kW [55, 57–59]. Moreover, the
reversed Brayton cycle allows to accomplish cryogenic temperatures, which consequently results in a more
complex cooling system [55, 60]. Cryogenic superconducting technology is further discussed in Section 2.4.

(a) Components of an ACS. (b) T-s diagram of ideal ACS.

Figure 2.4: Working principle of an ideal ACS [49].

2.2.2. LIQUID COOLING
Liquid cooling is together with air cooling the most applied in electric vehicles [61]. It is based on a liquid
coolant, e.g. water or a water/glycol mixture. The latter is often used as coolant to prevent freezing effects at
the cost of reduced thermal performance and increased hydraulic resistance [62, 63]. To grasp the difference
with air cooling, the specific heat coefficient [J/kg/K] of water is approximately four times larger than for air
[64]. This means that liquid cooling allows for higher heat capture capabilities while being more compact [65].
Moreover, a lower power consumption is identified for a fixed heat load [61]. Next to this, heat transportation
can be accomplished over a large distance [66]. On the contrary, the risk of coolant leakage and increased
complexity lowers the reliability. The related increase in maintenance and costs should also be considered.

Two types of liquid cooling can be distinguished to capture heat at a heat source, namely direct and indirect
cooling [50]. Direct liquid cooling is based on direct contact between the component surface and the coolant.
Indirect liquid cooling is based on heat removal by a coolant flowing through tubes, for example by using a
cold plate design. If the same coolant is used, the thermal resistance is likely to be larger for indirect liquid
cooling due to additional material in between the component and the coolant. On the one hand, direct cool-
ing allows improved cooling capabilities and therefore enhanced component performance [67]. On the other
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hand, the more complex design, manufacturing, and maintenance raise the costs again.

Traditionally, fuel is used as a heat sink at components to remove heat, after which it is burned in the aircraft
engine. This pre-heated fuel raises the efficiency of the engine while not using ram air to dissipate the heat
[44, 68]. Furthermore, as it allows fuel to be multipurpose, the use of a dedicated supplemental coolant could
be prevented [22]. The use of a Fuel Thermal Management System (FTMS) is applied in several studies for
HEA and More Electric Aircraft (MEA) [22, 44, 68, 69].

The study conducted by Annapragada et al. [42] investigated a HEA battery heat acquisition system with a
peak load of 126 kW. A closed-loop indirect liquid cooling approach is applied as it allows for improved heat
capture performance, lower pressure drops, and an acceptable weight penalty compared to active air cooling.

Figure 2.5: Schematic of the thermal management system in the ECO-150 with a liquid-to-air, ram air heat exchanger [70].

The design of the turboelectric ESAero/Wright ECO-150 in another example where a liquid cooled TMS is
taken into account [70]. A schematic of the TMS used is shown in Figure 2.5. It is estimated that the electric
components will produce a total of 1491 kW of heat power during the top of climb segment. The total en-
gine power is sized on 12.6 MW based on the top of climb segment. Therefore, the maximum heat power loss
equals 11.8 % of the total installed engine power. The overall weight of the TMS is approximated at 20 % of
the weight of the electric components that it cools. The main TMS components considered in this study are:
the coolant, ducts, coolant pump, reservoir and the radiator.

2.2.3. VAPOUR CYCLE SYSTEM COOLING
Compared to air cooling and liquid cooling that use a single phase coolant, Vapour Cycle System (VCS) cool-
ing includes a two phase coolant. The VCS can be applied in aircraft for the use in the electrical ECS, to
eliminate the use of bleed air off-takes [44]. Due to phase change processes, higher heat transfer rates are
generally achievable compared to a ACS [71]. The power required for a VCS is typically five times lower com-
pared to a comparable closed-loop ACS [72]. On the contrary, the weight of a VCS is normally higher due
to a more complex design [49]. Moreover, the limited application of VCSs in aircraft is due to reliability and
maintenance concerns [73].

In the turboelectric aircraft study by Kim et al. [44], a VCS is assessed in comparison with a FTMS for heat
loads in the range from 2 MW to 10 MW. It was concluded the VCS requires significantly more power than the
FTMS due due to high power usage of the compressor and the constant pressure changes in the system.

The VCS is based on the reversed Rankine cycle [49]. The fundamental components of a VCS are shown in Fig-
ure 2.6a and include the compressor, condenser, expansion valve and the evaporator. The working principle
is visually explained in Figure 2.6b, using a T-s diagram for an ideal closed-loop reversed Rankine cycle [74].
First, compression is accomplished by the compressor to create high temperature vapour (1-2). Second, the
vapour temperature is lowered, after which condensation takes place (heat output) through the condenser at
a constant pressure (2-3). Third, a throttling process takes place with high friction effects and negligible heat
transfer. It lowers the pressure and temperature at which the specific enthalpy is unchanged (3-4). Fourth,
isobaric evaporation takes place through the evaporator as heat is absorbed (4-1). It should again be noted
that losses occur in reality that alter the ideal processes as presented in Figure 2.6b.
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(a) Components of a VCS. (b) T-s diagram of an ideal reversed Rankine cycle.

Figure 2.6: Working principle of an ideal reversed Rankine cycle [74].

2.2.4. COMPARISON OF COOLING STRATEGIES
It has been noticed that the choice for a certain cooling approach is rather complicated [8]. With the devel-
opment from MEA to all-electric aircraft, a case specific cooling approach should be considered to comply
with changing aircraft design constraints, in order to minimise its weight, volume, and power consumption.
Nevertheless, the discussed cooling approach characteristics are summarised in Table 2.2. Active air cooling
is found to be more suitable for lower thermal load, while liquid cooling and VCS allow for higher thermal
loads. Heat transport over large distances can be accomplished by liquid cooling with the hazard of leakage.
In terms of efficiency, VCS cooling should be considered. A combination of multiple cooling strategies offers
more cooling flexibility while it increases design complexity [41]. Other important issues to take into account
are the level of redundancy, implying the use of multiple cooling systems, and the technology readiness level.

Table 2.2: Qualitative comparison of cooling strategies.

Cooling strategy Advantages Disadvantages

Active air cooling • Low weight • Low heat load performance
• No liquid coolant leakage hazard • Less compact
• Less complex maintenance • Low efficiency
• Commercially matured
• Low cost
• High reliability

Liquid cooling • High heat load performance • Coolant leakage hazard
• Commercially matured • Increased maintenance complexity
• Long distance heat transport • More complex design
• Compact • Higher costs
• Medium reliability • Additional coolant weight

VCS cooling • High heat load performance • Less commercially matured
• High efficiency • Coolant leakage hazard

• More complex control and maintenance
• High costs
• High weight

2.3. ELECTRIC ENERGY TRANSMISSION
Induced heat power loss of non-superconducting electric components is proportional to the resistance of the
conductor and the electric current squared 3. These losses are also called Ohmic losses or Joule heating [75].

Due to a voltage difference between the high potential conducting core of a power cable and the low potential
air around it, electric current has the tendency to flow into the air. If this happens, partial electric discharge

3Britannica. Joule’s law. URL: https://www.britannica.com/science/Joules-law. Accessed on: 10/09/2020

https://www.britannica.com/science/Joules-law
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results [76]. Partial discharge only occurs above a certain critical voltage. The minimum voltage at which
the insulation layer becomes electrically conductive is called the breakdown voltage. Important factors that
lower the breakdown voltage are a thinner insulation layer, higher permittivity of the insulation layer, lower
pressures, and higher temperatures [77, 78]. Paschen’s law is used to describe the electric breakdown voltage.
It dictates that below 327 V no electric discharge will take place independent of the air pressure [79].This re-
sulted in a safety restriction of using at most 270 V in commercial aircraft electrical cables. In order to reduce
Ohmic losses at high electric power demands, the need is present to go beyond the 270 V. Therefore, system
voltages in the range of 700 V to 4000 V for future aircraft are investigated 4 [80, 81]. NASA predicted that in-
sulation materials will improve in terms of thermal conductivity with a factor of 10, decrease in thickness by
50 %, and increase in power density with 25 % for the year 2030 relative to the year 2015 [80].

2.4. SUPERCONDUCTING TECHNOLOGY

Superconducting materials offer the possibility to transport electric power with near zero resistance (> 99%
efficiency), while having an increased current density [75]. This opens the door to significantly mitigate
Ohmic losses. A notional comparison between a conventional conductor and a superconductor is given in
Figure 2.7a. It shows the minimum resistance of a superconductor below its critical temperature Tc.

Superconductivity is based on the existence of electron pairs (Cooper pairs) in the lattice of the conductor.
Compared to conventional conductors, where only single electrons are transporting electric charge, Cooper
pairs are more stable than single electrons. This results in less resistance below the critical temperature, due
to reduced electron-phonon interactions 5. This phenomenon allows for reduction in cable weight and vol-
ume, which translates to higher power densities. Furthermore, the application of superconductors in e.g.
electric motors and generators allows for higher magnetic fields than conventional designs, making higher
efficiencies possible [75].

To sketch the impact of superconducting materials, a comparison in terms of Ohmic losses between a con-
ventional copper conductor and a superconductor is presented in Figure 2.7b. The voltage is fixed at 270 V.
Two effects can be noticed for the copper conductor: first the exponential growth of heat losses with in-
creased power and second, the increased heat losses for a given power setting if the temperature is raised.
Hardly any difference can be seen for the Yttrium Barium Copper Oxide (YBCO) HTS (High Temperature Su-
perconducting) conductor. This example implies the necessity for high power applications to split electric
power over multiple paths to reduce Ohmic losses, given conventional power transmission.

(a) Illustrative comparison between a conventional conductor and a
superconductor, in terms of resistance as a function of temperature [82].

(b) Ohmic losses times cross-section for a copper conductor and the
superconductor YBCO at 270 V [75].

Figure 2.7: Comparison between a conventional conductor and a superconductor.

4Airbus. E-fan X. URL: https://www.airbus.com/innovation/zero-emission/electric-flight/e-fan-x.html. Accessed on: 10/09/2020
5University of Bristol. Superconductivity. URL: http://www.chm.bris.ac.uk/webprojects2000/igrant/bcstheory.html#bcscurrent. Ac-

cessed on: 10/09/2020

https://www.airbus.com/innovation/zero-emission/electric-flight/e-fan-x.html
http://www.chm.bris.ac.uk/webprojects2000/igrant/bcstheory.html#bcscurrent
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(a) Sketch of the mixed state, emphasising the penetration of magnetic
vortices/flux lines with grey:magnetic field lines, red: superconducting

currents, blue and green: non-superconducting vortex tunnels with
superconducting currents flowing around 6 .

(b) Magnetic phase diagram for type-II superconducting materials [82].

Figure 2.8: Mixed state and a typical magnetic phase diagram for type-II superconductors.

Superconductors can be classified as either type-I or type-II. Type-I superconductors are characterised by an
instantaneous reduction of resistance at the critical temperature, as sketched in Figure 2.7a. Moreover, they
fully repel an external magnetic field, thus no penetration of magnetic field lines through the material occurs
(Meissner state). Type-II superconductors on the other hand have a gradual transition to its fully supercon-
ducting state. A mixed state is present between the normal material state and the fully superconducting state.
Superconducting properties become more pronounced when the temperature drops from Tc [82].

A typical magnetic phase diagram for a type-II superconductor is given in Figure 2.8b. The lower critical
magnetic field strength boundary Hc1 is the threshold below which type-I and type-II superconductors are
only fully superconducting. Furthermore, magnetic field lines are able to penetrate through the material
in the mixed state. When the external magnetic field strength is higher than Hc1, magnetic vortices will be
formed 6, shown in Figure 2.8a [82]. These vortices are basically non-superconducting tunnels, for this rea-
son it is called the mixed state. When the magnetic field strength boundary Hc2 is exceeded, no Cooper
pairs are present anymore, which results in a fully non-superconducting material behaviour [83]. The Hi r r ev

boundary or irreversibility line separates the phase diagram into zero resistivity (below) and finite resistivity
(above). Above the Hi r r ev boundary, resistivity is usually higher than the resistivity of a conventional con-
ductor and therefore undesirable [82]. The mechanism responsible for the difference in resistivity is based
on whether the magnetic vortices, also called flux lines or fluxoids, are stationary (pinned) or moving (de-
pinned). Below the irreversibility line, magnetic flux lines are pinned, allowing transport supercurrent to
flow along them while having zero electric resistance. On the contrary, the movement of depinned flux lines,
caused by Lorentz forces as a result of the current to be transported and the external magnetic field, changes
the magnetic field constantly. According to Faraday’s Law, an induced electric field is formed, which is non-
superconducting, causing finite resistivity. This dissipative motion of flux lines is called flux flow. It is the flux
flow that obstructs a smooth supercurrent to flow and causes increased electric resistance.

Next to the critical temperature and the critical magnetic field strengths, the third constraint for superconduc-
tivity that can be defined is the critical current density Jc [A/mm2]. It is defined as the maximum current per
cross sectional area, at which Cooper pairs and thus the superconducting state can be sustained for super-
conducting materials [75]. The temperature, magnetic field strength, and mechanical properties including
thermal shrinkage all influence the critical current density [82, 84]. In other words, type-II superconductors
can only perform properly below the irreversibility line Hi r r ev , at temperatures lower than Tc , while having
a transport current density lower than Jc . The challenge is to extend the operating boundaries further. With
the ability to allow magnetic field lines to partially penetrate, type-II superconductors can withstand higher
magnetic field strengths compared to type-I superconductors. This is one of the main reasons why the devel-
opment of HTS materials is mainly concentrated around type-II superconductors, as they are more suitable
for real-world applications [82].

6American Physical Society. Superconductor vortex states. URL: https://physics.aps.org/articles/v10/129. Accessed on: 10/09/2020

https://physics.aps.org/articles/v10/129
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To obtain HTS temperatures, typically ranging from 27 ◦C to 77 ◦C, a cooling system is required [85]. Such a
cryocooler can be designed as an open-loop or a closed-loop system. An open-loop system is less complex
than a closed-loop system as no circulation of the coolant is required. This comes with the necessity of re-
filling the coolant storage tank on a regular basis. In case an aircraft uses high pressure liquid hydrogen as
an energy source, it could also be used as a cooling medium to allow cryogenic cooling below 30 K [81]. This
is a similar approach as for a conventional FTMS . A closed-loop system on the other hand should be used
in case batteries are used. It allows for constant cooling, as long as it can be powered. The constant cooling
ability after initial filling comes with higher system costs, weight, volume, design complexity, and increased
maintenance.

Furthermore, it is important to know that more complex power cable designs are inevitable compared to con-
ventional power cables [86, 87]. The start-up and shut-down time of cryocoolers should also not be under-
estimated as it can significantly impact aircraft ground operation time at airports [85, 88]. Moreover, safety,
reliability, and airworthiness concerns are three other major issues [81]. Therefore, it is expected that su-
perconducting technologies will not be matured for aircraft application within the next 20 to 30 years [21].
Nevertheless, aircraft cryocoolers are being explored, which are mainly based on the revere Brayton cycle
[89–91].

2.5. BATTERY CHARACTERISTICS
A rechargeable battery, also called a secondary battery, converts chemical energy into electrical energy and
vice versa. A primary battery can only be discharged once. Batteries used for the application in electric ve-
hicles can be decomposed into several packaging levels, presented in Figure 2.9. With a top-down approach,
the most integrated level is the battery system, which includes a control and a thermal management system
to enhance performance. A battery system consists of multiple battery packs, connected in series and/or in
parallel to get the desired electric output. The same holds for the battery modules, which are the building
blocks for the battery pack. Modules consist of cells which again consist of one or multiple mono-cells [92].
The level of packaging of batteries should therefore be specified in order to provide a clear description of the
related performance parameters. It indicates how much material, i.e. weight is included into the performance
parameters.

Figure 2.9: Packaging levels for electric vehicle battery systems [92].

Terminology is used to describe, classify, and compare different battery types. Common performance param-
eters used for rechargeable batteries are the following [50, 93, 94]:

• Specific energy [Wh/kg]: describes the endurance of a battery by the stored electrical energy per unit
mass. It can be influenced by e.g. the temperature, discharge rate, and specific power. Specific energy
is also known as the gravimetric energy density.

• Energy density [Wh/m3] or [Wh/l]: gives the stored electrical energy per unit volume of a battery. It
gives insight in how much volume is required for a given energy need. It is also called volumetric energy
density.

• Specific power [W/kg]: is the power that can be extracted from a battery (or inserted) per unit mass.
When high power is required, batteries with a higher specific power are favourable.

• Charge capacity [Ah]: of a battery is the load current it can deliver over time. In the field of battery tech-
nology, ampère hour or amp hour [Ah] are mostly used as it is a more practical description instead of
the official SI unit Coulomb to describe charge (1 Coulomb is equal to 1 ampere-second [As]). It is also
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referred to as capacity or charge. For example, 20 Ah or C = 20A describe that 20 A can be discharged
for 1 hour. It also implies that 10 A can be discharged for 2 hours or 40 A for half an hour. In reality
this relation is mostly not linear due to unfavourable side reactions. In general, if the discharge rate is
higher than the given nominal discharge rate, a shorter run-time can be expected compared to the lin-
early scaled nominal run-time. It results in a lower charge capacity. If the discharge rate is lower than
nominal discharge rate, a longer run-time can be expected. Therefore, an increased charge capacity
results.

• Stored energy [Wh]: is the energy stored in the battery given in Wh instead of the Joules (SI Unit) due
to practical battery application reasons. It is the product of battery voltage times the charge capacity,
and therefore influenced by unfavourable side reactions during fast discharging.

• Nominal cell voltage [V]: is the assigned rated voltage of a cell by the manufacturer.

• State of Charge [%]: is the ratio between the remaining charge capacity and the nominal charge ca-
pacity. It gives insights in how much time the battery can still last at a given point in time for a given
discharge rate. State of Charge is abbreviated as SOC. A SOC of 100 % means fully charged, while a SOC
of 0 % means fully discharged. A lower SOC limit exists, below which the cells in the battery can be
permanently damaged. This lower SOC limit is generally around 20 % - 30 % for Lithium-ion (Li-ion)
batteries, determined with the nominal discharge current. The corresponding cell voltage at which a
battery cell is considered fully discharged, is called the cut-off voltage. It can be described as a fixed
fraction of the full cell voltage [81]. A voltage below the cut-off voltage is therefore not allowed.

• Depth of Discharge [%]: is abbreviated as DOD and is the rate of discharged capacity relative to the
nominal charge capacity given by:

DOD = 100 % - SOC (2.4)

2.5.1. THEORETICAL ELECTROCHEMICAL ENERGY POTENTIAL
The theoretical stored electrochemical energy within a battery cell is dictated by: the number of transferred
electrons during reaction that is based on moles of reactant (n), the Faraday constant (F ) which is the mag-
nitude of electric charge per mole of electrons, and the cell voltage potential (E 0

cell)
7 [95]. Under standard

conditions, the Gibbs free energy of the cell reaction is given in Equation (2.5) and it is also called the Nernst
equation. The cell voltage potential is given in Equation (2.6) [96].

Theoretical cell energy =−n ·F ·E 0
cell (2.5)

E 0
cell = E 0

cathode −E 0
anode (2.6)

When the cell energy is divided by the sum of the mole mass or mole volume of the two reactants, the specific
energy and specific density can be calculated respectively. The theoretical specific capacity per unit mass in
[Ah/kg] (i.e. specific charge capacity) is given in Equation (2.7), with M as the mole weight of the electrode
materials [95].

Specific capacity = n ·F

3.6M
(2.7)

In case n > 1, the reaction is called a multi-electron redox reaction due to the transportation of multiple
electrons per atom. For example, when Zinc is oxidised, then n = 2.

Zn −−→ Zn2++2e− (2.8)

Therefore, the specific energy and energy density can be improved in several ways. First, by the use of elec-
trode materials with higher specific charge capacities. Second, by implementation of cathode materials with
higher redox voltage potential. Third, by making use of anode materials with low redox voltage potential.
Fourth, by using active materials to transfer more electrons per molecule [95].

The four most promising battery technologies for aircraft applications are discussed from Section 2.5.2.
7LibreTexts. Electrochemical Cells and Thermodynamics.

URL: https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Electrochemistry
/Electrochemical_Cells_and_Thermodynamics.
Accessed on: 10/09/2020

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Electrochemistry/Electrochemical_Cells_and_Thermodynamics
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Electrochemistry/Electrochemical_Cells_and_Thermodynamics
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2.5.2. LITHIUM-ION BATTERY
Most rechargeable battery cells basically consists of a negative electrode (anode), a positive electrode (cath-
ode), electrolyte (transport medium), a separator, current collectors, and a cell case. The most influential
parts are the electrodes, as they determine the energy density and the capacity of the cell [50]. Li-ion elec-
trolytes are based on non-aqueous solutions of lithium containing salts, dissolved in an organic liquid solvent
mixture. An organic solvent is a type of Volatile Organic Compound (VOC) that will vaporise at room tem-
perature and is capable of dissolving non-aqueous soluble materials. Current collectors are mostly made of
copper for the anode and aluminium for the cathode. The cell case is a sealed container, generally made of
steel or aluminium to get satisfactory mechanical and thermodynamic properties. Typical Li-ion cells are
mostly shaped in either a prismatic or a cylindrical shape 8. The working principle of a typical Li-ion cell is
schematically presented in Figure 2.10.

(a) Discharging (b) Charging

Figure 2.10: Working principle of a typical LixC6/Li1–xCoO2 Li-ion cell [97].

The charge and discharge processes are based on the transportation of lithium ions between the electrodes,
facilitated by the electrolyte. When the cell is charged, external electric energy is used to extract positively
charged intercalated lithium ions from the cathode and forced to travel trough the electrolyte and the separa-
tor to be stored at the anode, see schematic in Figure 2.10b. Both cathode and anode can intercalate (absorb)
lithium ions inside the electrode structure, together with an equal amount of corresponding electrons. The
electrolyte is used as transport medium for the lithium ions and the separator functions as a short circuit
protection. The separator is a permeable thin layer, allowing lithium ions to pass through. While positively
charged lithium ions are moving from the cathode to the anode, the same amount of negatively charged elec-
trons is simultaneously released at the cathode. The electrons are collected and transported to the anode,
to keep electric equilibrium. The connected voltage source between the cathode and the anode increases
the electric potential of the electrons which are finally reassembled at the anode to maintain electric charge
equilibrium. The chemical redox reactions are given in Equations 2.9 to 2.11, by using a lithium cobalt oxide
(LiCoO2) cathode and graphite (C6) anode Li-ion cell.

Cathode reactions: LiCoO2
charge−−−−−−*)−−−−−−−

discharge
Li1−x CoO2 +xLi++xe− (2.9)

Anode reactions: C6 +xLi++xe−
charge−−−−−−*)−−−−−−−

discharge
Lix C6 (2.10)

Total cell reactions: C6 +LiCoO2
charge−−−−−−*)−−−−−−−

discharge
Li1−x CoO2 +Lix C6 (2.11)

From Equation (2.9), it can be seen that during cell charge, oxidation takes place for LiCoO2 at the cathode.
An equal charge left and right of the reaction arrow is required for equilibrium. At the anode, reduction takes
place for C6 during charge, shown in Equation (2.10). By combining the two half reactions, the total cell reac-
tion can be obtained, given in Equation (2.11). During discharge, the opposite reactions take place, shown in
the schematic of Figure 2.10a.

The theoretical specific energy does not take packaging at cell and battery level into account. Therefore,
the specific energy at cell level is always lower than theoretically calculated. This will reduce the energy per

8Panasonic. Lithium-ion Batteries. URL: https://industrial.panasonic.com/ww/products/batteries/secondary-batteries/lithium-ion.
Accessed on: 12/09/2020

https://industrial.panasonic.com/ww/products/batteries/secondary-batteries/lithium-ion
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unit mass. The installation effects of cells eventually determine the battery specific energy. This includes
additional material and mass due to the connection of cells in battery modules, implementation of a TMS,
and a frame structure. Taking the LixC6/Li1–xCoO2 Li-ion battery, the theoretical specific energy is calculated
on 584 Wh/kg, for x=1 [97]. Commercially available Li-ion batteries have a specific energy in the order of
200 Wh/kg, depending on the cell and battery module integration [50]. It is estimated that the maximum
specific energy of Li-ion battery packs will flatten close to 300 Wh/kg [97].

ENVIRONMENTAL IMPACT

Other key issues in the quest towards improved secondary batteries are the use of critical elements and the
environmental impact of the mining process. Cobalt already has a critical status, which is also predicted for
lithium in the future. To improve sustainability, several action points should be considered [31]. First, a re-
duction of the environmental footprint of the mining process. Second, an effective battery collection and
recycling scheme. Third, a dependency minimisation on critical raw materials. Fourth, a wider implementa-
tion, market growth, and lower battery costs.

THERMAL ISSUES

Thermodynamic effects become even more critical as more reactive electrode materials are used to improve
battery performance. Related thermal issues are discussed based on Li-ion batteries, as the characteristics
are to a certain extent representative for other, more advanced battery technologies.

The temperature plays an important role, as it can impact the battery performance in several ways [50]. For
Li-ion batteries, the acceptable operating temperature range is between −20 ◦C to 60 ◦C, while battery per-
formance is improved in the temperature range between 15 ◦C to 40 ◦C, which depends on the cell chem-
istry [50, 98]. Battery charge capacity loss will occur when the operating temperature is outside the desired
range. To further enhance battery performance, the temperature difference between cells and battery mod-
ules should not be greater than 5 ◦C [46].

For a given voltage, it has been found that the charge capacity drops for an increase in the cycle numbers
(charge-discharge process). In case higher temperatures are imposed for a given number of cycle, the charge
capacity drops as well due to internal losses [99]. Furthermore, when high temperatures are reached in a
battery cell, e.g. by short circuiting or a too long overcharge, a thermal runaway can be induced [50]. During
a thermal runaway, exothermic chain reactions are initiated, which increase internal temperature and pres-
sure. This results in a high risk of a catastrophic explosion. It was found that prediction methods to manage
a thermal runaway, based solely on the surface temperature are likely to have a large error. The surface tem-
perature is not fully representative as the core temperature can be much higher due internal reactions and
low thermal conductivity of the casing [100]. To ensure a save use without core temperature modelling, a
lower applied load is required to account for the internal temperature uncertainty, reducing the cell perfor-
mance. Further measures that can be taken in order to reduce the risk of a thermal runaway are for example:
an adequate battery TMS, pressure release valves, thermal fuses, shutdown separators, and usage of thermal
retardant materials [101].

Heat is generated during the charge/discharge process, as a result of internal impedance and electrochemical
reactions. In case of fast charging and discharging, even more heat is generated. Within a cell, non-uniform
temperature distribution is present as most heat is generated at the electrodes where the electrochemical re-
actions take place [50, 102]. This non-uniform temperature distribution can result in reduced cell and battery
performance. Furthermore, a higher heat dissipation rate at the outer side of a battery pack, due to natural
or forced heat dissipation (cooling system), enhances the temperature non-uniformity as well. Taking into
account a safe operating temperature range for each cell, the battery performance will be adapted to the cell
with the lowest performance [50]. In order to improve battery performance, temperature non-uniformity
should be mitigated for example by: electrode modification to improve cell temperature uniformity, using
electrolyte as a coolant, or by implementing a battery TMS to reduce and even temperature differences [50].

While Li-ion battery performance degrades with high temperatures, similar phenomena are present at low
temperatures [103]. For this reason, battery heating should also be possible when considering a battery TMS.
Different battery heat capturing methods are discussed in [50].
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2.5.3. LITHIUM-SULPHUR BATTERY
Lithium-Sulphur (Li-S) battery technology is promising due to its low cost, high charge capacity, and sulphur
abundance [104]. Conventional Li-S cells are based on a sulphur cathode, a lithium anode, and an organic
electrolyte, see Figure 2.11b. The theoretical specific energy and energy density of a Li-S cell is 2500 Wh/kg
and 2800 Wh/l respectively [105]. When packaging is taken into account, the practical battery pack energy
density is calculated in the order of 500 Wh/kg [106, 107]. Compared to advanced Li-ion batteries with a
battery specific energy of 250 Wh/kg, Li-S has the potential to increase the specific energy with a factor of two.
In Figure 2.11, Li-S and other battery alternatives are compared with gasoline in terms of their theoretical and
practical battery gravimetric energy densities. The dashed black line in Figure 2.11a represents a 100 % use
of the theoretical energy density value, while the dashed grey line depicts a 20 % value of the black line. The
practical energy density of gasoline is presumably based on the average tank-to-wheel efficiency of cars [108].
As no commercial Li-oxygen batteries are available at the moment, practical values are projected estimations.
Li-S prototype batteries are already produced on a very small scale and used in test vehicles to be further
developed. Energy densities of these cells vary between 400-500 Wh/kg and 400-1000 Wh/l9, 10. The optimal
operating temperature of the OXIS cell9 is between 0 ◦C and 30 ◦C.

(a) Practical specific energy (gravimetric energy density) plotted as a function
of the theoretical specific energy of secondary batteries [97].

(b) Working principle of a Li-S battery [109].

Figure 2.11: Comparison of battery energy densities with gasoline and working principle of a typical Li-S cell.

The charge and discharge processes are complex, due to multiple side reactions that simultaneously occur.
During discharge several reduction stages are present, influenced by the electrolyte composition [104]. The
first stage is the reduction of sulphur (S8) to the lithium polysulphide Li2S4. The created lithium polysulphides
are then dissolved into the electrolyte. While the discharge continues, a further reduction of the lithium poly-
sulphides takes place to lower orders namely: Li2Sn (2 < n < 4) and Li2S. The dissolution and diffusion of
lithium polysulphides in the electrolyte negatively influence the electrochemical performance. Dissolved
Li2Sn particles are able to flow between the electrodes, through the separator (shuttle effect). Due to the shut-
tle effect, Li2Sn particles are likely to cover the lithium anode surface with an inactive solid layer of Li2S2 and
Li2S [106]. The reverse process occurs during charging. This results in irreversibly reduced charge capacity,
reduced Coulombic efficiency 11, and poor cycling performance due to reduced active material (electrochem-
ical couples) and increased cell impedance [110]. Other issues are the volume change of sulphur close to 80 %,
which reduces its electrical contact with the conductive substrate or the current collector and the forming of
lithium dendrites during cycling [104, 106, 110]. The focus of current research is to tackle these issues. The
redox reactions are given in Equations 2.12 to 2.14 [105].

Cathode reaction: 8Li2S
charge−−−−−−*)−−−−−−−

discharge
S8 +16Li++16e− (2.12)

Anode reaction: 16Li++16e−
charge−−−−−−*)−−−−−−−

discharge
16Li (2.13)

Total reaction: 8Li2S
charge−−−−−−*)−−−−−−−

discharge
S8 +16Li (2.14)

9OXIS Energy. Products. URL: https://oxisenergy.com/products/. Accessed on: 14/09/2020
10Sion Power. Products. URL: https://sionpower.com/products/. Accessed on: 14/09/2020
11Coulombic efficiency is the ratio between the extracted charge and the total provided charge over a full cycle.

https://oxisenergy.com/products/
https://sionpower.com/products/
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2.5.4. LITHIUM-OXYGEN BATTERY

Li-oxygen (Li O2) battery technology is one of the most promising future battery technologies, due to its
potentially high energy density, and cheap and abundant oxygen supply [111]. A Li O2 battery typically con-
sists of a lithium anode, a porous carbon cathode, an electrolyte, a separator, and catalysts [112]. The type of
electrolyte is used to further classify four different types of Li O2 batteries, namely: non-aqueous (also called
aprotic), aqueous, hybrid, and solid state, shown in Figure 2.12. Amongst these four types, studies have been
mainly focused on the non-aqueous Li O2 types. This is due to its higher theoretical specific energy com-
pared to the aqueous type, while it is regarded as the simplest cell architecture amongst the rest [112–114].
Therefore, the non-aqueous Li O2 type is considered to be the most promising future battery technology
[108]. The theoretical specific energy and specific density of the lithium metal/lithium-peroxide couple are
calculated at 3458 Wh/kg and 3445 Wh/l respectively [113]. Corresponding redox reactions are given in Equa-
tions 2.15 to 2.17. The practical energy density at cell level is however estimated at 1700 Wh/kg and will be
around 850 Wh/kg at battery system level [115]. Wu et al. [111] classified Li O2 based on pure oxygen bat-
teries as conventional (closed cycle), while Li O2 batteries based on air are classified as advanced batteries
(open cycle). The difference is based on how oxygen is fed into the system, in a pure form or contained within
air.

During the discharge process of a Li O2 battery, lithium is oxidised at the anode, shown in Equation 2.16 and
Figure 2.12. The Li+ ions travel through the electrolyte to the cathode, while the electrons are diverted along
an applied load. At the cathode side, the Li+ ions react with the dissolved O2 to form Li2O2, shown in Equation
2.15. During charging, the reactions are reversed. In Figure 2.12, it can be seen that catalysts are placed at
the cathode. This is needed to speed-up the rather slow oxidation and reduction reactions at the cathode,
improving battery performance. The need for catalysts increases the complexity of the battery [111].

Cathode reaction: Li2O2
charge−−−−−−*)−−−−−−−

discharge
2Li++O2 +2e− (2.15)

Anode reaction: 2Li++2e−
charge−−−−−−*)−−−−−−−

discharge
2Li (2.16)

Total reaction: Li2O2
charge−−−−−−*)−−−−−−−

discharge
2Li+O2 (2.17)

(a) Li O2 type: non-aqueous electrolytic. (b) Li O2 type: aqueous electrolytic.

(c) Li O2 type: hybrid. (d) Li O2 type: solid-state.

Figure 2.12: Four types of Li O2 batteries [116].
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Many challenges have to be faced to improve the performance of Li O2 batteries. Rahman et al. [117] dis-
cussed the main issues to be solved. One of the most critical parts is the porous cathode in terms of the
used materials, structures, and fabrication [108]. As the cathode is responsible for the highest cell voltage
drop, most electrochemical energy is converted at the cathode. The large deficit between the theoretical and
practical energy densities is due to the early termination of the discharge process. One of the reasons is the
blockage of the porous cathode, causing the pores to be not fully filled with Li2O2. Another cathode related
issue is the degradation of the cathode by environmental humidity. Furthermore, the need for a catalyst in-
creases cell complexity, while the ones currently used are costly as gold and platinum particles are needed to
enhance performance [117]. While a closed cycle can be used to supply oxygen in a controlled manner, the
ultimate goal is to filter oxygen from the open air. The challenge is to avoid infiltration of moisture from the
air, as it will also deteriorate the electrolyte and the lithium anode to cause a poor life cycle [118]. Moreover,
novel electrolytes have to be found to counteract side reactions. With the use of a lithium metal anode, den-
drite formation forms a main issue that can cause poor cycle life and the risk of short-circuiting. The use of
a stable SEI film on the anode surface or a solid polymer electrolyte are solutions to counteract the dendrite
formation while still conducting Li+ ions. On top of this, both aqueous and non-aqueous Li O2 batteries ex-
perience a weight and volume change during cycling, making the design even more complex. This is mainly
caused by the shrinkage of the lithium anode due to oxidation and by the solubility of Li2O2 [119]. Based on
a Li O2 gravimetric and volumetric energy density prediction model, a weight increase close to 10 % and a
volume decrease close to 20 % is calculated from a fully charged to a fully discharged cell [120].

Recent studies reported Li O2 batteries with specific energies and energy densities at cell level in the order
of 1200 Wh/kg and 880 Wh/l respectively [121, 122]. In the study conducted by Park et al.[121], inadequate
cycle lifetime performance was concluded. Only seven charge and discharge cycles could be conducted while
maintaining 500 Wh/kg, after which the capacity severely dropped. Another promising recent study demon-
strated a Li O2 battery at cell level, capable of performing 700 charge and discharge cycles without any visi-
ble degradation and side reactions. Li O2 batteries are not commercially available [123]. A market readiness
from 2030 is expected for Li O2 batteries [124].

2.5.5. FLUORIDE-ION BATTERY

Fluoride-ion (F-ion) battery technology is another potential altnernative to increase battery performance.
This novel battery technology allows, with certain material combinations, for a theoretical specific energy,
and energy density in the order of 1500 Wh/kg and 5000 Wh/l respectively [96, 125, 126]. The working prin-
ciple is schematically shown in Figure 2.13, based on a BiF3/Mg electrochemical couple. The main parts are
a cathode based on a metal fluoride, a metal anode, electrolyte, and a separator (not shown in Figure 2.13).
During discharge, a multi-electron redox reaction takes place, at which two electrons are released at the an-
ode. At the same time, the transport of fluoride-ions occurs trough the electrolyte. At the cathode, a neutral
metal is formed with the electrons and the fluoride-ions [127]. The electrolyte is one of the most critical parts
as it should support fast conduction of the fluoride-ions at satisfying conditions [126]. Until recently, only
solid-state electrolytes were able to support high ion–conduction with operating temperatures of 150 ◦C and
above [125]. These eleveted operating temperatures are not suitable for real world applications. However, a
recent study by Davis et al. [125] reported a breakthrough in terms of an liquid electrolyte, to be used at room
temperatures in combination with a core shell cathode material to improve charge and discharge cycles. In
essence, fluoride-ion batteries are not more dangerous than other battery types as long as adequate safety
measurements are taken. Next to this, fluoride containing materials, e.g. in the form of calcium fluoride,
are globally abundant [127]. Car manufacturer Honda is already closely involved in the development of this
battery technology12.

Figure 2.13: Working principle of a BiF3 cathode, Mg anode fluoride ion cell [127].

12ECS. Honda’a Battery Breakthrough. URL: https://www.electrochem.org/redcat-blog/hondas-battery-breakthrough/. Accessed on:
15/09/2020

https://www.electrochem.org/redcat-blog/hondas-battery-breakthrough/
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2.5.6. BATTERY TECHNOLOGY COMPARISON
A battery comparison is presented in Table 2.3 at pack level, based on the study conducted in 2012 by Gerssen-
Gondelach et al. [107]. Several values have been updated. If only theoretical values are known, battery pack
values are estimated based on 33 % of the theoretical values [128, 129]. If only state-of-the-art values at cell
level are known, battery pack values are estimated with 93.5 % of the cell values [130]. This takes into account
the additional weight for battery accessories.

Table 2.3: Comparison of future battery technology at battery pack level for beyond 2025, based on [107]

Battery Specific Specific Energy Cycling Cycle OTR13 DOD Lifetime Costs Uncertainty
type energy power density efficiency life range [%] [Years] [$/kWh]

[Wh/kg] [W/kg] [Wh/l] [%] [# Cycles] [◦C]

Li-ion 250-300 400-600 ∼ 600 90-95 2000–3000 -20 to 60 70-90 7-15 190 low
[31, 97, 107]
[131, 132]

Li-S 500-600 ∼ 400 ∼ 1000 70-90 500-1000 -20 to 60 90-100 5-10 250-500 medium
[106, 128]

Li-air ∼ 110014 ∼ 300 ∼ 85014 60-85 500-1000 25 to 100 70-90 5-10 300-700 high
(open cycle)
[119, 122, 129]

F-ion 49515 - 165015 - - ≥150,20 - - - very high
[96, 125]

It is likely that Li-S batteries are going to improve Li-ion battery performance with a factor of two. Only Li-
air batteries have the potential to further improve the specific energy with a factor of around 4, compared
to current Li-ion batteries. The development of fluoride-ion batteries offers high energy densities while the
specific energy is lacking so far and comes with even more uncertainty than Li-air batteries. A NASA projec-
tion of potential improvements at battery cell level, for 10 years and 25 years from now, shows similar battery
developments [80].

13OTR: Operating Temperature Range
1493.5% of cell value
1533% of theoretical value
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METHODOLOGY

This section presents the methodology used to size the coupled parallel HEP and liquid cooled TMS. First, an
overview of the used sizing strategy is given in Section 3.1. Second, the sizing methods for the electric part of
the propulsive powertrain are presented in more detail in Section 3.2. Third, the sizing methods for the TMS
components are presented in Section 3.3.

3.1. SIZING METHOD APPROACH
The sizing method that is applied to size the coupled parallel HEP and liquid cooled TMS uses an upstream
power-based sizing approach, i.e. the component sizing starts from the Propulsive Power Unit (PPU) and
goes back to the battery pack. The flowchart that describes the sizing method is presented in Figure 3.1.

The sizing process starts with defining the top level inputs. These are fixed inputs for a given scenario and
apply to the whole flight mission analysis. Once the top level inputs are set, the thermally-controlled electric
propulsion system is sized in the system sizing loop, indicated by the dashed box shape in Figure 3.1.

The system sizing loop starts with imposing the required inputs for the first flight segment at which hybridisa-
tion is required. The parallel HEP hybridisation strategy of [20] is used to extract the total required propulsive
electric power and is equally split over the two PPUs. For simplicity reasons, a single point performance con-
dition is chosen that represents a single flight segment, as is defined in [20]. This point is chosen based on
the average propulsive electric power. Therefore, the propulsive electric power is constant if hybridisation
is required and zero if not. The related flight altitude and Mach number, for the single point performance
condition, are then used to compute the corresponding atmospheric conditions based on the given atmo-
spheric profile. Furthermore, heat power capture ratios have to be set for each component to be cooled, i.e.
the cooling strategy. Once the required power for each PPU is imposed, the upstream power-based sizing
propagation starts, given by the powertrain electric component module.

The coupling of the PPU to the HEP is represented in Figure 3.2 by a rotational load (engine coupling) in com-
bination with a gearbox. The power required increases for each upstream component due to inefficiencies.
The maximum powers required are the sizing powers and are used to estimate the weight and volume of these
components.

The resulting electric power production by the battery pack, including its own inefficiency, is used as its siz-
ing power. The resulting heat capacity of the battery pack is also taken into account, in order to establish a
thermal balance between a controlled temperature change and an active heat power cooling during opera-
tion. This means that a higher battery pack sizing power can occur than strictly required, in order to acquire
a higher heat capacity to comply with the thermal balance. The accumulated component heat production is
collected by a liquid cooled TMS and rejected via a ram air heat exchanger (HEX), as shown in Figure 3.2.

As the TMS components take their electric power from the battery pack (no bleed air usage), the battery pack
sizing power increases and causes more heat power loss, which increases the TMS component sizing powers

23
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again. An iterative sizing loop arises when the component heat power losses are steadily increased up to the
point to comply with the cooling strategy. This iterative flight segment sizing loop is indicated by I in Fig-
ure 3.1. This loop is converged when the whole thermally-controlled electric propulsion system has reached
the imposed cooling strategy, while the required powers stay below the sizing powers.

If the first sizing loop is converged, a second check is performed to see if any of the four imposed sizing con-
straints are violated. These include the battery pack minimum SOC, the maximum allowable cooling power
ratio (ratio of extracted electric power from the battery pack consumed by the TMS components), the maxi-
mum ram air inlet flow rate, and the minimum chain efficiency (see Equation (3.1)). If one of these constraints
is violated, the electric power of the PPU is reduced, i.e. the hybridisation in that flight segment is reduced.
The second flight segment loop is then initiated, indicated by II in Figure 3.1. The sizing of all components is
re-assessed, which triggers again the first sizing loop.

Once the first and second sizing loops have been converged, the resulting sizing data is passed on to the
successive flight segment. This process is indicated by third sizing loop III in Figure 3.1. If for example the
last flight segment increases some component sizing values, then these values are re-assessed in all previous
flight segments. The flight mission is converged once all flight segments are converged. The sizing results
include performance indicators at component level and at system level.

TMS components
Update sizing powers, heat transfer areas at 
HEXs, compression ratios at compressor and 
ACS, sizing flow rate at pump, and impeller 
diameters of fan, compressor, and pump. If 
required, update volume box location.

Powertrain electric components
Update sizing powers. Update volume box 
location if insufficient space is available.

Battery pack 
Update sizing powers and SOC. Update 
volume box location if insufficient space is 
available

End

Top level inputs 
• # PPUs and position
• Component technology level and position
• Atmospheric profile
• Sizing constraints
• Flight mission characteristics

Yes

Yes

Flight mission 
converged?

No

Sizing results
• Maximum power, weight, 

volume, and position of 
components

• Battery pack characteristics
• Performance indicators

Cooling strategy 
met?

Yes

Apply converged component 
sizing values to successive 
flight segment (and to 
previous flight segment if 
applicable)

No

Increase heat power 
loss capture ratio of 
components  

Constraint 
exceedance?

No

Reduce electric 
power PPU  

Flight segment input
• Point performance condition
• Electric power PPU
• Cooling strategy

Start

System sizing loop

I IIIII

Figure 3.1: Flowchart of the used sizing methodology for a coupled propulsion and liquid cooling system.
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3.1.1. SYSTEM ARCHITECTURE OVERVIEW
The centralised liquid cooled TMS (red box) and the electric part of the parallel HEP (blue box) are shown
in Figure 3.2. For the sake of capturing the essential system behaviour characteristics, a centralised cooling
approach is considered. Nonetheless, if the TMS fails, a second cooling system should be present for redun-
dancy reasons. The term "system" is used to capture all components within red and blue boxes of Figure 3.2.

Ram air inlet       Fan              Valve             Compressor ACS             HEX Reservoir                  Pump Valve

Battery           Bus           Converter               Motor           Gearbox       Engine coupling  

Converter               Motor            Gearbox       Engine coupling

Ram air outlets

Converter                Bus                                         Converter

TMS

HEP

Figure 3.2: System architecture modelled in Pacelab SysArc. Blue routing lines: pneumatic ducts, green routing lines: hydraulic pipes,
and yellow routing lines: electric cables.

3.2. PARALLEL HYBRID-ELECTRIC POWERTRAIN SIZING
The sizing of the parallel HEP excludes the sizing of the gas turbine to simplify the analysis. The presented
methodology in Figure 3.1 is therefore only suitable to assess the impact on power usage, weight, and volume
for a given hybrid-electric flight mission study. Resulting fuel consumption changes due to ram drag are not
computed as simplistic low fidelity calculations are used and are therefore assumed insufficient for further
processing. However, the calculated total drag coefficients at each flight segment are able to indicate critical
flight segments. The HEP system components presented in Figure 3.2 are discussed separately. The general
system characteristics are presented first.

3.2.1. GENERAL SYSTEM CHARACTERISTICS
Two general system parameters are used to assess the performance of the system, as shown in Figure 3.2. The
chain efficiency (ηchain) is used to analyse the total effective power received by all the PPUs (PPPUtotal ) at the
gearbox (PGB) from the battery pack (Pbat, out) [133], see Equation (3.1):

ηchain = PPPUtotal

Pbat, out
=

∏ j
i=1 PGB,i

Pbat, out
(3.1)

The Combined Specific Power (CSP) [kW/kg] indicates the effective total power at the PPUs over the total
system weight (msystem) and is given in Equation (3.2):

CSP = PPPUtotal

msystem
= PPPUtotal∑n

i=1 mi
(3.2)

The index i covers all j or n components. The battery efficiency is not taken into account in the chain effi-
ciency and no losses are assumed at the mechanical power node between the gearbox and the PPU.
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3.2.2. GEARBOX
The equations presented are for a single PPU powertrain. As the total PPU power is equally split over two
power trains, the sizing for both PPUs is identical. With the imposed electric PPU power in combination
with the gearbox (GB) efficiency (ηGB), the gearbox input power (PGB, in) can be calculated as presented in
Equation (3.3):

PGB, in = PGB, out

ηGB
(3.3)

The resulting total heat power (PGB, loss) loss can then be computed by Equation (3.4):

PGB, loss = PGB, in · (1−ηGB) (3.4)

The weight estimation is based on a weight correction factor (kGB), the in and out rotational speeds (rpm)
and the weight of the cold plates (CPs) (mGB, CP) as given in Equation (3.5) [134]:

mGB = kGB ·PGB
0.76 · rpmin

0.13

rpmout
0.89 +mGB, CP (3.5)

The weight correction factor accounts for a certain system technology level. A weight correction factor of
34 is suggested for current technology, while for future technologies a value of 26 is proposed [81]. The out
rotational speed depends on the maximum tip Mach number of the PPU. The in rotational speed follows
from a given gearbox ratio [20]. The volume is estimated by its sizing power (PGB) divided by a constant
power density value (ν̂) [kW/m3] and the cold plate volume (vGB, CP), as can be seen in Equation (3.6):

vGB = 1

ν̂GB
·PGB + vGB, CP (3.6)

For both the gearbox weight and volume estimation, the cold plate weight and volume are taken into account.
Cold plate sizing is further discussed in Cold plates. The efficiency of the gearbox is estimated based on an
efficiency curve for a given part load [135]. The efficiency curve used is presented in Figure 3.3. It can be seen
that the highest efficiency is obtained at maximum allowed power usage.
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Figure 3.3: Gearbox efficiency curve [20, 135].

3.2.3. ELECTRIC MOTOR
The conversion of electric power into mechanical shaft power is accomplished by an Electric Motor (EM) in
the parallel HEP. A permanent magnet Brushless Direct Current (BLDC) electric motor is modelled, similar
to [20], as it allows for a high power density, efficiency, reliability, and low maintenance 1 [136, 137]. Further-
more, for an inner rotor BLDC design, the main heat source is the outer stator at which current goes through
the coils. This makes cooling less difficult as the heat source is not rotating and located at the outer layer

1Siemens. eAircraft. URL: https://www.bbaa.de/fileadmin/user_upload/02-preis/02-02-preistraeger/newsletter-2019/02-2019-
09/02_Siemens_Anton.pdf . Accessed on: 16/09/2020

https://www.bbaa.de/fileadmin/user_upload/02-preis/02-02-preistraeger/newsletter-2019/02-2019-09/02_Siemens_Anton.pdf 
https://www.bbaa.de/fileadmin/user_upload/02-preis/02-02-preistraeger/newsletter-2019/02-2019-09/02_Siemens_Anton.pdf 
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[137, 138].

The required input power (PEM, in) for the electric motor and the heat power loss (PEM, loss) are based on the
total efficiency (ηEM, total) of the electric motor itself and of the electric motor controller (EMC). The required
input power and total heat loss power are given in Equation (3.7) and Equation (3.8) respectively:

PEM, in = PEM, out

ηEM, total
= PGB, in

ηEM ·ηEMC
(3.7)

PEM, loss = PEM, in · (1−ηEM, total) (3.8)

An electric motor controller is only coupled for weight, volume, and efficiency estimation purposes. A con-
stant electric motor controller efficiency is imposed. Detailed modelling of the controller is not included in
this study. The weight and volume for both the electric motor and electric motor controller are estimated
with Specific Power values (SP) [kW/kg] and power density values (ν̂) [kW/m3] times the sizing power (PEM),
see Equation (3.9) and Equation (3.10):

mEM = 1

SPEM
·PEM + 1

SPEMC
·PEM +mEM, CP (3.9)

vEM = 1

ν̂EM
·PEM + 1

ν̂EMC
·PEM + 1

vEM, CP
(3.10)

To mimic the behaviour of a BLDC electric motor, the parametric electric motor model from [139] is used to
relate the torque, rotational speed, and the efficiency. In order to assess the practical limitations of an electric
motor, the torque dependency on the angular velocity is first discussed.

The produced shaft power (PEM, shaft) of an electric motor is given in Equation (3.11), as the product of the
angular velocity (ω) times the torque (Q):

PEM, shaft =ω ·Q (3.11)

The torque is proportional to the electric current (I ) flowing trough the coils, the magnetic flux (Φ), and the
electric motor constant (kEM). The latter is used to include the number of turns (n) in each coil, the magnetic
field strength (B), the wire length (l ), and the radius of the coil (r ) [138]. The term 2 ·B · l · r is the magnetic
flux (Φ) going through a coil. The torque can then be rewritten by using the electric motor constant (kE M ),
which possesses the electric motor characteristics such as the number of turns in every coil, the number of
pole pairs, and more design aspects [138]. The rewritten toque expression is given in Equation (3.12):

Q = 2 ·n ·B · l · r · I = kEM ·Φ · I (3.12)

Due to the working mechanism of a BLDC, the current carrying coils at the outer placed armature cause the
permanent magnets at the inside to move, where the magnetic field moves along. According to Faraday’s
Law 2, any change in the magnetic field flux results in an opposed electromotive force (or voltage). This
self-generated electric potential or voltage is called back-Electromotive Force (EMF). Therefore, the electric
motor partly acts as a generator 3. The resulting effect of the back-EMF is that the input voltage that powers
the electric motor is opposed by the induced back-EMF and therefore causing the electric current flow in the
electric motor to reduce. The back-EMF depends on the number of turns, and the angular velocity. If the
same BLDC electric motor is taken as for Equation (3.12), the same value for KEM exists. As the same design
characteristics captured in KEM also influence the back-EMF behaviour, the back-EMF (Vback-EMF) can be
written as follows:

Vback-EMF = kEM ·Φ ·ω (3.13)

The resulting voltage is therefore the difference between the supply voltage (Vin) and the back-EMF (Vback-EMF).
The electric current can then be calculated with the electrical resistance of the armature coils (Ra) in Equa-
tion (3.14):

2LumenLearning. Faraday’s Law. URL: https://courses.lumenlearning.com/boundless-physics/chapter/magnetic-flux-induction-and-
faradays-law/. Accessed on: 16/09/2020

3LumenLearning. Back-EMF. URL: https://courses.lumenlearning.com/physics/chapter/23-6-back-emf/. Accessed on: 16/09/2020

https://courses.lumenlearning.com/boundless-physics/chapter/magnetic-flux-induction-and-faradays-law/
https://courses.lumenlearning.com/boundless-physics/chapter/magnetic-flux-induction-and-faradays-law/
https://courses.lumenlearning.com/physics/chapter/23-6-back-emf/
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I = V

Ra
= Vin −Vback-EMF

Ra
= Vin

Ra
− kEM ·Φ

Ra
·ω (3.14)

It can be seen from Equation (3.14) that the current drops for a fixed magnetic flux intensity with an increase
in angular velocity due to the back-EMF presented in Equation (3.13). Furthermore, when Equation (3.14) is
substituted in Equation (3.12) the following results:

Q = kEM ·Φ ·Vin

Ra
− (kEM ·Φ)2

Ra
·ω (3.15)

From Equation (3.15), it can be seen that the torque linearly drops with increase in angular velocity. If the
electric motor stalls, the highest electric current exists and therefore the maximum torque is reached. How-
ever, due to high heat losses around this point, practical limitations are present to prevent too high internal
losses that generate heat. The increase in angular speed is controlled by adapting the supply voltage.

In order to construct a parametric model to estimate the electric motor efficiency as a function of angular
velocity and torque, the effect of losses should first be assessed. The four main power loss types are the
same for all electric motors [138]. First, copper losses account for electric resistance in e.g. copper wires that
cause heat generation. Copper losses, also called Ohmic losses (POhmic loss) as discussed in Section 2.3, are
proportional to the square of the electric current and given in Equation (3.16):

POhmic loss = I 2 ·R (3.16)

Given Equation (3.12), the torque is a function of electric current. Therefore, the copper losses are propor-
tional to the square of the torque and a constant kc that depends on electric motor characteristics, as shown
in Equation (3.17):

Copper losses = kc ·T 2 (3.17)

Second, iron losses are magnetic effects present in the iron part of the electric motor. These are also called
core losses. There are two main causes for iron losses. The first cause is related to the required energy to con-
tinuously magnetise and demagnetise the iron material. The aligning and re-aligning of the magnetic dipoles
is slower than the change of magnetic field and causes hysteris losses. The second cause is related to electric
current heating of the iron material. These electric currents are caused in the iron material by the changing
magnetic field. These currents are also called eddy currents. The iron losses are therefore proportional to the
magnetic field change frequency and a constant ki, which is assumed to be a constant to capture a first order
estimation, see Equation (3.18):

Iron losses = ki ·ω (3.18)

Third, friction and windage losses are related to contact surfaces of moving parts and the drag of rotating
components. Friction losses and windage losses are scaled with a certain friction torque Qf and windage
scaling factor kw. Related loss equations are given in Equation (3.19) and Equation (3.20) respectively:

Friction losses =Qf ·ω (3.19)

Windage losses = kw ·ω3 (3.20)

Fourth, constant losses which do not vary with rotational speed or torque, i.e they occur also in the stationary
condition. Constant losses are indicated with the letter C in this context. The total power loss is found by
combining the separate losses. The iron losses and the friction losses are combined in the constant ki as they
are both proportional to the angular velocity. The total power loss is given in Equation (3.21):

Total power loss = kc ·T 2 +ki ·ω+kw ·ω3 +C (3.21)

The total efficiency can then be calculated if electric motor characteristics are known by Equation (3.22):

ηEM = PEM, shaft

PEM, shaft +Ploss, total
= ω ·Q
ω ·Q +Ploss, total

= ω ·Q
ω ·Q + (

kc ·T 2 +ki ·ω+kw ·ω3 +C
) (3.22)
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In order to create a scalable ’rubber’ electric motor model without prior knowledge of the internal configu-
ration characteristics, an approach is suggested by [139], which is based on the loss equations discussed so
far. The scalable electric motor approach uses seven parameters to fully define the relation between the effi-
ciency, rotational speed and torque.

The first four parameters are used to account for the discussed power losses. The optimum torque (Q̂), opti-
mum efficiency (η̂), optimum rational speed (ω̂), and the parasite loss ratio (k0) are used in Equations (3.23)
to (3.26) as follows:

kc =
ω̂ · (1− η̂)

2 ·Q̂ · η̂ (3.23)

ki = −3 ·C0

2 · ω̂ + Q̂ · (1− η̂)
4 · η̂ (3.24)

kw = C0

2 · ω̂3 + Q̂ · (1− η̂)
4 · η̂ · ω̂2 (3.25)

C = k0 · ω̂ ·Q̂
6

· 1− η̂
η̂

(3.26)

The remaining three parameters (kQ,kP,and kω) are used to determine the practical limits of the electric mo-
tor in terms of maximum torque (Qrated), maximum power (Prated), and rotational speed limit (ωlimit) respec-
tively. The practical limit parameters are given in Equations (3.27) to (3.30):

Qrated = kQ ·Q̂ (3.27)

Prated = kP · ω̂ ·Q̂ (3.28)

ωlimit = kω · ω̂ (3.29)

If Equation (3.27) and Equation (3.28) are combined based on Equation (3.11), then the rated rotational speed
(ωrated) can be found:

ωrated = kp

kQ
· ω̂ (3.30)

The rated rotational speed corresponds to the value at which the electric motor achieved both the rated (or
maximum) torque and power. With the presented seven parameters

(
Q̂, η̂,ω̂,k0,kQ,kP,and kω

)
, a scalable

electric motor can be designed. An example of such a motor with normalised torque and rotational speed is
given in Figure 3.4. The corresponding parameters are: η̂= 95%,k0 = 0.5,kQ = kP = kω = 2.
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Current limiting Constant power

Figure 3.4: Electric motor efficiency map [139].

The practical limitations of an electric motor are also presented in Figure 3.4. A maximum torque segment is
present (0−ωrated), which is limited by a maximum allowable electric current in the coils to prevent too high
damaging heat generation. As the rotational speed increases by a higher supply voltage, the power increases
as well. Similarly, the back-EMF increases also with higher rotational speed. The rated point is where the
back-EMF limits the current that can be drawn from the supply [20]. The rated point is taken as sizing power
point (rated power, Prated) for the electric motor. The maximum power segment (ωrated −ωlimit) is where the
power stays constant with increase in rotational speed. Due to the increase in back-EMF, the torque starts to
drop with increase in rotational speeds. The rotational speed limit (ωlimit) bounds the last practical limitation.

3.2.4. ELECTRIC ROUTING CABLE
The length (L) and position of the Electric Cables (CB) are a result of the automatic electric routing connection
feature in Pacelab Sysarc. As non-superconducting electric transmission cables are used, a voltage drop ∆V
is caused by the generated heat (Joule heating) as a function of the electric current (I ). The voltage drop is
based on a given Linear Resistance (LR) [Ω/m] as can be seen in Equation (3.31):

∆VCB = ICB ·LCB ·LRCB (3.31)

The heat power loss (PCB, loss) is given in Equation (3.32):

PCB, loss = ICB ·∆VCB (3.32)

The electric cable weight (mCB) is calculated by a given Linear Density (LD) [kg/m], see Equation (3.33):

mCB = LCB ·LDCB (3.33)

3.2.5. POWER CONVERTER
The power converter is used to supply the correct voltage to the electric motor. The input power and heat loss
power are given in Equation (3.34) and Equation (3.35):

PPC, in = PPC, out

ηPC
= PCB, in

ηPC
(3.34)

PPC, loss = PPC, in · (1−ηPC) (3.35)

The weight and volume estimations are based on the sizing power (PPC), the specific power (SPPC), and power
density value (ν̂PC) in Equation (3.36) and Equation (3.37) respectively:
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mPC = 1

SPPC
·PPC +mPC, CP (3.36)

vPC = 1

ν̂PC
·PPC + vPC, CP (3.37)

The efficiency of the power converter is determined by an efficiency curve for a given part load [140], pre-
sented in Figure 3.5. This efficiency curve is translated along the y-axis to account for a different maximum
efficiency.
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Figure 3.5: Power converter efficiency curve [140].

3.2.6. ELECTRIC BUS
The distribution of electric power over multiple transmission cables is done by the electric bus. The voltage
drop (∆Vbus) is again used to determine the heat power loss, given in Equation (3.39):

∆Vbus = Ibus ·Rbus (3.38)

Pbus, loss = Ibus ·∆Vbus (3.39)

Pbus, in = Pbus, out +Pbus, loss (3.40)

The weight estimation (mbus) is given in Equation (3.41), at which a weight isolation factor (kisolation) is used
in case a specific power value (SPbus) is used without including isolation. The volume estimation (vbus) is
given in Equation (3.42):

mbus = kisolation ·
(

1

SPbus
·Pbus

)
+mbus, CP (3.41)

vbus =
1

ν̂bus
·Pbus + vbus, CP (3.42)

3.2.7. BATTERY PACK
The battery pack (bat) consists of electro-chemical cells, cold plates and packaging. The cells are connected
in series and in parallel in order to satisfy the required system voltage and power. These numbers are deter-
mined by the sizing power and the cell characteristics. The number of cells connected in series (Ncells, series)
is calculated based on an imposed system voltage (Vsystem, max) and the maximum cell voltage (Vcell, full) as
shown in Equation (3.43):

Ncells, series =
Vsystem, max

Vcell, full
(3.43)
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The number of cells connected in parallel is determined by the maximum electric system current (Isystem, max),
the maximum cell current (Icell, max), and the lowest allowable SOC, as shown in Equation (3.44):

Ncells, parallel =
Isystem, max

Icell, max
· (1+SOCmin) (3.44)

To account for the fact that Li-ion batteries have a lower SOC limit, the nominal number of connected cells
in parallel is increased by the lower SOC limit ratio to compensate the not available capacity. The capacity of
the battery (Qbat) is calculated by the cell capacity (Qcell) and the number of cells in parallel (Ncells, parallel)

4,
given in Equation (3.45):

Qbat =Qcell ·Ncells, parallel (3.45)

The total resistance of the battery pack (Rbat) can then be calculated by Equation (3.46), which is then used
to compute the battery efficiency (ηbat) in Equation (3.47):

Rbat = Rcell ·
Ncells, series

Ncells, parallel
(3.46)

ηbat = ηbat, max −
Ibat, out ·Rbat

Vbat, full
(3.47)

Once the efficiency is known, the heat power loss (Pbat, loss) can be calculated based on the supplied battery
power (Pbat, out), as shown in Equation (3.48):

Pbat, loss = Pbat, out ·
(

1

ηbat
−1

)
(3.48)

By using batteries as the second energy source, the risks of battery performance degradation and thermal
runaways are present. As safety is of paramount importance, adequate cooling is required. To estimate the
ratio of the total heat power loss that needs to be actively dissipated, a first order estimation is implemented
based on the battery heat capacity [141]. This ratio is called the Heat Capture Ratio (HCR). In order to find
the expression for the HCR, the total battery heat power loss (Pbat, loss) is first split into the active heat power
loss (Pbat, loss, active) and the passive heat power loss (Pbat, loss, passive), given in Equation (3.49):

Pbat, loss = Pbat, loss, active +Pbat, loss, passive (3.49)

For simplicity, it is assumed that non of the passive heat power loss is dissipated from the source by convec-
tion. Therefore, the total passive heat loss causes a temperature rise in the battery. On the other hand, the
active heat power loss is actively taken away by the liquid cooled TMS. The first expression for the HCR can
be defined in Equation (3.50):

HCRbat =
Pbat, loss, active

Pbat, loss
= Pbat, loss −Pbat, loss, passive

Pbat, loss
= 1− Pbat, loss, passive

Pbat, loss
(3.50)

Furthermore, for simplicity reasons, the total weight of the battery pack (mbat) [kg] is taken and multiplied
by the cell specific heat capacity (cp,cell) [J/kg/K] to get the battery heat capacity [J/K]. The heat capacity

(mbat · cp,cell) is then multiplied by the given allowed battery temperature change over a given time (∆T
∆t )

[K/s] to acquire the corresponding amount of passive heat power loss (Pbat, loss, passive) [J/s] needed to achieve
this temperature change over time. The second expression for the HCR can then be constructed in Equa-
tion (3.51):

HCRbat = 1−
∆T
∆t ·mbat · cp,cell

Pbat, loss
= 1− Pbat, loss, passive

Pbat, loss
(3.51)

HCR values > 0 indicate that active cooling is required, while values < 0 are an indication for active heating. In
this study, only active cooling is considered. Neither radiation nor convection effects are taken into account.
The total weight of the battery pack is the weight summation of all the cells (mbat, cells), cold plates (mbat, CP),
and packaging (mbat, package), as shown in Equation (3.52):

4Battery University. Parallel Battery Configurations. URL: https://batteryuniversity.com/learn/article/serial_and_parallel_battery_configurations.
Accessed on: 17/09/2020

https://batteryuniversity.com/learn/article/serial_and_parallel_battery_configurations
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mbat = mbat, cells +mbat, CP +mbat, package (3.52)

The weight contribution of the cells is calculated in Equation (3.53), based on the total battery energy (Ebat)
[Wh]) divided by the specific energy (εcell) [Wh/kg]. The total battery energy is equal to the the battery charge
capacity (Qbat) [Ah] times the full battery voltage (Vbat, full):

mbat, cells =
Ebat

εcell
= Qbat ·Vbat, full

εcell
= Qcell ·Ncells, parallel ·Vbat, full

εcell
(3.53)

To determine the battery package weight, the Battery Pack Burden ratio (BPB) is used. It is the ratio of the
total non-battery cell weight over the total battery pack weight [11] presented in Equation (3.54):

mbat, package = mbat ·BPB−mbat, CP (3.54)

The volumetric shape of the battery pack is determined by three stack factors that determine the number
of cells in x, y, and z direction. A cylindrical cell shape is used at which the height of the cells results from
the imposed cell energy density (ED) [Wh/l] for a given cell diameter. The required coldplate and packaging
volumes are uniformly added on top of the volumetric shape of the battery cells. The resulting battery volume
(vbat) is given in Equation (3.55):

vbat = vbat, cells + vbat, CP + vbat, package (3.55)

As the battery pack is the most important component in this study, it is essential to adequately estimate the
actual battery voltage over time with the corresponding SOC. For this reason, the medium fidelity dynamic
battery model is used from [142], which allows to capture the typical battery discharge characteristics needed
for conceptual design studies. The same battery model is previously implemented in the hybrid-electric air-
craft study of Cinar et al. [93]. A notional discharge curve for a typical Li-ion battery is given in Figure 3.6,
where the voltage is plotted as a function of its capacity for a constant discharge current.

b

a

c

d

Figure 3.6: Characteristics of a typical Li-ion constant current discharge curve [142].

The used battery model will be explained on the basis of Figure 3.6. Four important points are indicated by
a, b, c, and d. The fully charged voltage (Vfull) is indicated at point a, at 0 Ah. The voltage curve is calculated
with a constant discharge current and internal resistance. Once electric power is extracted from the battery,
the voltage starts to drop exponentially until point b (Vexp, Qexp). This region is called the exponential zone.
Between point b and point c (Vnom, Qnom) the voltage drop is less pronounced. This region is called the nom-
inal zone. After the nominal zone, the voltage will decrease steeply until the the maximum capacity at point
d (Q) is reached.

The used battery model allows to construct such discharge curves based on several parameters. Furthermore,
it should be noted that temperature dependency on the discharge curve and the self discharge phenomenon
are not taken into account in this model [142]. The battery model is further explained by first discussing the
internal battery cell losses that occur once electric current starts to flow.

Three main types of internal battery cell losses can be identified and are visualised in Figure 3.7. These are
the Internal Resistance (IR) losses, activation losses, and concentration losses. The term polarisation (or loss),
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that is used in Figure 3.7, describes the change in electric potential (or voltage) of a cell from its open circuit
value caused by an applied current. The first losses are the IR losses. These are caused by the internal cell
resistance of the electrodes, membrane, and current collectors [143]. IR losses (or Ohmic losses) result in
waste heat. The second losses are the activation losses. These are related to the energy consumption of the
redox reactions themselves. The third type of losses are the concentration losses. These are caused by the
non-uniformity of reactants at the electrodes. When higher discharge rates are present, less time is available
for the reactants to mix, resulting in steeper concentration gradients at the electrode surface area and causing
more resistance [144].

Figure 3.7: Breakdown of internal cell losses, expressed in voltage drop as a function of electric current [144].

The battery model predicts the battery voltage (Vbat) [V] based on internal cell losses. The general expression
for Li-ion batteries is taken from [142] and given in Equation (3.56):

Vbat =V0 − (R · I )−K · Q

Q −Qact
· (Qact + I∗

)+ A ·e−B ·Qact (3.56)

To clarify Equation (3.56), the battery constant voltage is given by V0, the term (R · I ) presents IR losses, the
polarisation constant K is expressed in [V/Ah] or [Ω], the Q represents the battery maximum capacity [Ah],
as defined in Equation (3.45), the actual charge is given by Qact [Ah], the term I∗ represents the filtered dis-
charge current [A], A is the exponential zone amplitude [V], and the last term B is the exponential zone time
constant inverse [Ah−1]. The filtered current I∗ results from applying a first order low-pass current filter on
the discharge current, which is favoured to improve simulation stability when this model is used in MAT-
LAB/Simulink [145, 146]. However, the filtered current I∗ is set in Pacelab Syarc as the actual discharge cur-
rent I , as no stability issues are present.

The terms K , A, and B are calculated based on the typical points on the discharge curve from Figure 3.6. The
polarisation constant K is calculated in Equation (3.57):

K =
(
Vfull −Vnom + A · (e(−B ·Qnom) −1

)) · (Q −Qnom)

Q · (Qnom + Inom)
(3.57)

As the battery pack consists of many cells, the typical discharge curve is scaled according to the numbers of
cells connected in parallel and in series. The full battery voltage (Vfull) is based on the imposed full cell voltage
Vcell, full and the number of cells connected in series (Ncells, series), see Equation (3.58):

Vfull =Vcell, full ·Ncells, series (3.58)

The battery constant voltage (V0) depends on full battery voltage (Vfull), the product of constant battery resis-
tance (Rbat) and nominal current (Inom), and the term A. V0 is calculated in Equation (3.59):

V0 =Vfull + (Rbat · Inom)− A (3.59)
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The nominal current (Inom) depends on the imposed nominal cell current (Icell, nom). The term A is calculated
based on the full battery voltage (Vfull) and the exponential voltage (Vexp). The current Inom, constant A, and
constant B are presented in Equations (3.60) to (3.62):

Inom = Icell, nom ·Ncells, parallel (3.60)

A =Vfull −Vexp (3.61)

B = 3

Qexp
(3.62)

The exponential voltage and charge (Vexp,Qexp), corresponding to point b in Figure 3.6, are both based on the
related imposed cell values. The definitions are given in Equations (3.63) and (3.64):

Vexp =Vcell, exp ·Ncells, series (3.63)

Qexp =Qcell, exp ·Ncells, parallel (3.64)

The nominal voltage and charge (Vnom,Qnom) are similarly based on imposed related cell characteristics.
These values correspond to point c in Figure 3.6 and are given in Equations (3.65) and (3.66):

Vnom =Vcell, nom ·Ncells, series (3.65)

Qnom =Qcell, nom ·Ncells, parallel (3.66)

In order to assess the battery SOC, i.e. how much charge capacity is left after a certain discharge time, the
actual charge capacity (Qact ) should first be determined. The actual charge capacity is proportional to the
discharge current (I ) multiplied by a given discharge time (∆t ) as shown in Equation (3.67):

Qact = I ·∆t (3.67)

The battery SOC can then be determined by Equation (3.68):

SOCi+1 = SOCi −
∫ ti+1

ti

I

Q
d t = SOCi − Qact

Q
(3.68)

Based on the fact that battery voltage will drop over time, a constant power requirement (P =U · I ) will imply
a raise in electric discharge current. This inevitably results in that internal losses become more present and
therefore further reduce the attainable output voltage, until discharge is stopped at the SOC limit.

3.3. THERMAL MANAGEMENT SYSTEM SIZING
A closed-loop liquid cooling system in combination with an air cycle system is modelled as the TMS. Liq-
uid cooling is considered over active air cooling due to higher cooling capabilities [61]. Furthermore, the
transportation of heat can be accomplished over a large distance [66]. Although a VCS cooling has a higher
efficiency than liquid cooling, the design complexity is increased as two phases have to be considered. For
the purpose of this study, liquid cooling is deemed to be the most suitable cooling strategy.

An air cycle system is coupled with the liquid cooling system to enable operation at high ambient tempera-
ture conditions. Nevertheless, the installation and maintenance of a liquid cooling should be kept in mind,
considering leakage and related consequences.

In order to dissipate the calculated excessive heat from the components, cold plates are used to transfer this
heat into the coolant flow. The required coolant flow rate (Qcoolant) [m3/s] at each component is calculated in
Equation (3.69):

Qcoolant =
Ploss, active

cp ·∆T ·ρcoolant
(3.69)
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The coolant flow rate is based on the calculated active heat power loss (Ploss, active) [J/S], the specific heat
capacity (cp ) [J/kg/K], the temperature difference (∆T ) [K] between the coolant inlet temperature and the
uniform component target temperature, and the density of the coolant (ρcoolant) [kg/m3]. The target temper-
ature is set constant to simplify the calculations.

It should be noted that the hydraulic and pneumatic routing elements shown in Figure 3.2 also account for
pressure losses. Only for the hydraulic pressure loss calculations, curved routing elements are taken into
account. This is not the case for the pneumatic routing pressure loss calculation.

3.3.1. COLD PLATES
The capturing of excessive heat is accomplished by cold plates. A pressure drop results over the liquid cooling
channels inside the cold plate, given by Equation (3.70).

∆pCP = kCP,1 · Qcoolant

NCP
+kCP,2 ·

(
Qcoolant

NCP

)2

(3.70)

The cold plate pressure drop expression is acquired based on a typical cold plate design for which an expo-
nential relation was found based on constants kCP,1 and kCP,2, see Figure A.1. Cold plates are connected in
parallel in case multiple cold plates are required, to reduce the total pressure drop 5. The number of cold
plates is calculated in Equation (3.71) and based on the active heat loss power (Ploss, active) [kW], a given cold
plate power density (ν̂CP) [kW/m3], and the single cold plate volume (vCP, single) [m3]:

NCP = Ploss, active

ν̂CP · vCP, single
(3.71)

The total weight (mCP) and volume (vCP) are calculated in Equation (3.72) and Equation (3.73) respectively:

mCP = Ploss, active

SPCP
(3.72)

vCP = vCP, single ·NCP (3.73)

3.3.2. HYDRAULIC PUMP
The main purpose of the hydraulic pump is to provide sufficient coolant flow, to balance the required heat
dissipation rates, while overcoming the overall hydraulic system pressure loss. The latter is the summation
of the pressure losses in the routing elements and at the components. The hydraulic pump performance is
based on typical curves for the static pressure increase and efficiency with mass flow as input. Hydraulic
affinity laws are used to size the impeller diameter and to correct for rotational speeds change [147].

Two sets of hydraulic affinity laws can be defined, one for a constant impeller diameter (D) and one for a
constant rotational speed (N ) [148]. A change in impeller diameter, for a constant rotational speed can be
required to match the peak system demand in terms of flow rate (Q) and pressure head (H). The related
affinity laws are presented in Equations (3.74) and (3.75):

Q1

Q2
= D1

D2
(3.74)

H1

H2
=

(
D1

D2

)2

(3.75)

A change in rotational speed, for a given sized impeller diameter, accounts for changing coolant flow rates
and pressure head as given in Equations (3.76) and (3.77):

Q1

Q2
= N1

N2
(3.76)

H1

H2
=

(
N1

N2

)2

(3.77)

5Engineering ToolBox. Pipes in Parallel. URL: https://www.engineeringtoolbox.com/pipes-series-parallel-d_1787.html. Accessed on:
18/09/2020

https://www.engineeringtoolbox.com/pipes-series-parallel-d_1787.html
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Furthermore, the hydraulic system is operating at a fixed system pressure to prevent coolant phase changes.
The hydraulic pump is powered by a connected BLDC motor. The same electric motor model as described
in Section 3.2.3 is used and sized to match the power and rotational speed requirement. The resulting elec-
tric power required by the hydraulic pump (PHP, in) is based on the static pressure increase (∆ptotal) [N/m2]
times the coolant flow rate (Qcoolant) [m3/s], which is the power demand, and divided by the total efficiency
(ηHP, total), given in Equation (3.78):

PHP, in = PHP, demand

ηHP, total
= ∆pHP ·Qcoolant

ηHP ·ηHP, EM ·ηHP, EMC
(3.78)

PHP, loss = PHP, in −PHP, demand (3.79)

The weight (mHP) and volume (vHP) of the turbomachinery part of the hydraulic pump are estimated based
on scaling factors (kHP, m,kHP, v), see Figure A.4 and are shown in Equation (3.80) and Equation (3.81) respec-
tively:

mHP = kHP, m ·Qcoolant +
1

SPHP, EM
·PHP + 1

SPHP, EMC
·PHP, EMC +mHP, CP (3.80)

vHP = kHP, v ·Qcoolant +
1

ν̂HP, EM
·PHP + 1

ν̂HP, EMC
·PHP, EMC + vHP, CP (3.81)

3.3.3. HYDRAULIC ROUTING PIPE
The hydraulic routing pipe elements include a pressure loss (∆p) calculation based on the dynamic pressure
(pdynamic) and two friction factors ( f ) for straight and curved hydraulic pipes, see Equation (3.82):

∆ppipe = pdynamic ·
(

fstraight + fcurved
)

(3.82)

These friction factors is called the Darcy–Weisbach friction factors. They depend on the Reynolds number
(Re) and the roughness height relative to the inside diameter:

f = f

(
Re,

heightroughness

Dinside

)
(3.83)

The Darcy–Weisbach friction factor is numerically approximated by using the implicit Colebrook-White equa-
tion [149]. The sum of all individual pressure losses represents the total hydraulic pressure loss.

3.3.4. PNEUMATIC ROUTING DUCT
The pressure loss (∆pduct) for a pneumatic routing duct is a function of the length (L), the mass flow rate
(ṁ), the Darcy–Weisbach friction factor ( f ), the density (ρ), and the inside diameter (Dinside), given in Equa-
tion (3.84):

∆pduct =
8 ·L ·ṁ2 · f

ρ ·π2 ·Dinside
5 (3.84)

The pressure loss is scaled with the Darcy–Weisbach friction factor, which is presented in Equation (3.83).
The effect of curvature on the pressure loss is not taken into account. The resulting total pneumatic pressure
loss is the sum of all individual pressure losses.

3.3.5. HEAT EXCHANGER
The collected waste heat is rejected at the air-to-liquid HEX. A counter-flow type is chosen as it allows for
higher efficiencies than a cross-flow type [150]. The maximum possible heat exchange performance is based
on the e-NTU method, which describes the overall effectiveness as a function of the Number of Transfer
Units (NTU) and the ratio of heat capacity rates (C∗) as presented in [150, 151]. The NTU value is based on
the overall heat transfer coefficient (UHEX) [W/m2/K] times the heat transfer area (AHEX, heat)[m2], divided by
the minimum heat capacity rate (Cmin) [W/K] to compute the maximum possible heat transfer between the
air and the liquid. The calculation of the NTU is given in Equation (3.85):

NTU = UHEX · AHEX, heat

Cmin
= UHEX · AHEX, heat

min
(
ṁi · cp i

) (3.85)
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The heat capacity rate (C ) is calculated by the mass flow (ṁ) [kg/s] times the specific heat capacity (cp )
[J/kg/K]. As the liquid coolant flow (Qliquid) is expressed in m3/s, it is multiplied by its density (ρliquid) to
get the mass flow. The cp is a function of its temperature. Furthermore, the cp,liquid depends on the type of
coolant used:

Cair = ṁair · cp,air(T ) (3.86)

Cliquid =Qliquid ·ρliquid · cp,liquid(T, liquid type) (3.87)

The ratio of heat capacity rates (C∗) is determined by respectively the minimum and maximum heat capacity
rate, as given in Equation (3.88):

C∗ = Cmin

Cmax
(3.88)

The actual heat transfer (Q̇) results from multiplying the maximum heat transfer (Q̇max) with the effectiveness
(ε). The effectiveness is equal to Q̇/Q̇max, as shown in Equation (3.89):

Q̇ = Q̇max ·ε=Cmin ·
(
Thot, in −Tcold, in

) · Q̇

Q̇max
(3.89)

The corresponding effectiveness (εcounter-flow) for a counter-flow HEX is given in Equation (3.90). A rather
similar expression can be found for a cross-flow HEX type [151]:

εcounter-flow = 1−e(−NTU·(1−C∗))

1−C∗ ·e(−NTU·(1−C∗))
(3.90)

The weight (mHEX) estimation is based on the combined material density (ρHEX, total) [kg/m3] of the total HEX
and corrected for the internal shape by the porosity factor (kporosity) [152], given in Equation (3.91):

mHEX = ρHEX, total · vHEX · (1−kporosity) (3.91)

The volume (vHEX) is estimated by the effective heat transfer area (AHEX, heat) [m2] divided by the surface
compactness ratio (kHEX, compactness ratio) [m2/m3], see Equation (3.92):

vHEX = AHEX, heat

kHEX, compactness ratio
(3.92)

3.3.6. PNEUMATIC FAN
Based on thermal balances at the HEXs, the required coolant air flow is calculated to reject excessive heat. In
case not enough ram air is generated by the aircraft itself, the fan is turned on to compensate for this deficit.
The electric power demand, the heat power loss, and the estimation for the weight and volume are fairly
similar to those of the hydraulic pump. The scaling factor kPF ,v is derived from Figure A.2. Equation (3.93) to
Equation (3.96) present power related calculations and the estimations for the weight and volume:

PPF, in = PPF, demand

ηPF ·ηPF, EM ·ηPF, EMC
= ∆pPF ·ṁPF, air

ρPF, air ·ηPF ·ηPF, EM ·ηPF, EMC
(3.93)

PPF, loss = PPF, in −PPF, demand (3.94)

mPF = 1

SPPF
·PPF + 1

SPPF, EM
·PPF + 1

SPPF, EMC
·PPF +mPF, CP (3.95)

vPF = kPF ,v ·Qair + 1

ν̂PF, EM
·PPF + 1

ν̂PF, EMC
·PPF + vPF, CP (3.96)

The sizing of the pneumatic fan is based on the pneumatic affinity laws for similar reasons as discussed for
the hydraulic pump in Hydraulic pump. The pneumatic affinity laws use the pressure (p) and slightly differ
from the hydraulic pneumatic affinity laws [153]. They are given in Equations (3.97) to (3.100):

Q1

Q2
=

(
D1

D2

)3

(3.97)
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p1

p2
=

(
D1

D2

)2

(3.98)

Q1

Q2
= N1

N2
(3.99)

p1

p2
=

(
N1

N2

)2

(3.100)

3.3.7. PNEUMATIC COMPRESSOR
In operational situations with high atmospheric temperatures, ram air needs to be cooled before entering
the air-to-liquid HEX. This cooling is required to create a sufficient temperature difference between the ram
air stream and the liquid coolant flow in the HEX. A possible solution to accomplish this pre-cooling of high
temperature air is based on the open inverse Brayton cycle principle, also known as the bootstrap air cycle
[54, 154]. The principle is based on two ram air streams. The main air stream, used in the air-to-liquid HEX,
is first compressed, after which it is cooled down by the coolant air stream in the Air Cycle System (ACS), see
Figure 3.2. The working principle of the ACS is further discussed in Air cycle system.

The compression of the main air stream is done by the pneumatic compressor. The pneumatic compressor
sizing is based on pneumatic affinity laws as well, presented in Pneumatic fan. A BLDC motor, as explained in
Section 3.2.3, is again modelled to power the pneumatic compressor. The required power for the pneumatic
compressor (PPCO, in) is based on the compression power (PPCO, demand) and is a function of the pressure ratio,
as can be seen in Equations (3.101) and (3.102):

PPCO, in = PPCO, demand

ηPCO ·ηPCO, EM ·ηPCO, EMC
=

ṁPCO, air · cp average ·
(
TPCO, out −TPCO, in

)
ηPCO, total

(3.101)

TPCO, out = TPCO, in ·

1+
(

pout
pin

) γ−1
γ −1

ηPCO

 (3.102)

In Equations (3.101) and (3.102), the specific heat capacity (cp average) is a function of the averaged inlet and

outlet temperature and the heat capacity ratio for air is given by γ. The heat power loss, weight, and volume
are calculated in the same manner as for the pneumatic fan in Pneumatic fan. The only difference is that the
volume of the turbomachinery part of the pneumatic compressor is estimated based on the impeller diameter
(DPCO, impeller) and calculated in Equation (3.103) as follows:

vPCO = (
2 ·DPCO, impeller

)3 (3.103)

3.3.8. AIR CYCLE SYSTEM
After the main air stream is compressed, it is cooled by the the coolant air stream in the ACS. In case the am-
bient temperature is cold enough, no use of the combined pneumatic compressor and ACS is required. Air
will then bypass the compressor and the ACS. These bypass ducts and actuators are not modelled, although
this functionality is used. The ACS consists of a coupled compressor and turbine (air cycle machine: ACM)
and an air-to-air HEX. Based on a thermal balance for the TMS components, the required coolant air stream
from the air-to-liquid HEX is used to determine the coolant air stream in the ACS. The working principle with
corresponding mathematical model of the ACS used is described in [54].

The pre-cooled air flow, which is used in the air-to-liquid HEX, is qualitatively presented by a T-s diagram in
Figure 3.8. Ambient air is collected by the ram air inlet and raises both pressure and temperature (1-2). In case
the fan is used, the pressure and temperature will slightly increase (2-3). If the compressor is also required
to operate, the pressure and temperature significantly increase (3-4). Once the air has arrived at the ACS, it
first goes through the compressor, to further increase the pressure and temperature (4-5). Second, the heat is
extracted at the air-to-air HEX, to lower the temperature at the cost of some pressure loss (5-6). Third, the air
flows trough the turbine to significantly reduce the pressure, while the temperature drops under the ambient
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air temperature (6-7). The air flow leaves the ACS and goes into the air-to-liquid HEX to act as the heat sink
for the collected waste heat (7-8). A pressure loss is again present over the HEX. The heated air flow is finally
rejected at the ram air outlet at point 8.

T

s

1
2

4

6

5

7

83

Constant pressure

Ambient pressure

Figure 3.8: T-s diagram of the pre-cooled air coolant flow used at the air-to-liquid HEX.

A cross-flow type HEX is used in the ACS to allow enough installation and maintenance space at the cost of
reduced efficiency [150]. The weight (mACS) of the ACS is split into the weight of the ACM (mACS, ACM) and the
weight of the HEX (mACS, HEX), given in Equation (3.104):

mACS =
(
mACS, ACM +mACS, HEX

) ·kACS (3.104)

A correction factor (kACS) is used to account for additional smaller component weights in the ACS. The HEX
weight is estimated with the same approach as is described in Heat exchanger. The weight (mACS, ACM) and
volume (vACS, ACM) of the ACM are calculated by the scaling factors (kACS, m,kACS, v), see Figure A.3, based on
the sizing air flow (ṁACS) and given in Equation (3.105) and in Equation (3.106) respectively:

mACS, ACM = kACS, m · vACS (3.105)

vACS, ACM = kACS, v ·ṁACS (3.106)

3.3.9. RAM AIR INLET / OUTLET
The total required air flow is collected via a single ram air inlet and two ram air outlets are used to eject the
coolant air flows to the ambient. The ram efficiencies for both the ram air inlet and outlets are set constant
over the flight mission to simplify the calculation. In reality, if the required air flow is less than the maximum
attainable ram air flow, the ram air flow is controlled by variable geometry inlet doors. This functionality is
mathematically used in this study, however it is not modelled. The standard isentropic relations are used to
compute the ram air pressure and temperatures, given in Equation (3.107) to Equation (3.109):

Tram, in = Tambient ·
(
1+ γ−1

2
·M 2

)
(3.107)

pram, in = pambient ·
(
1+ηram, in · γ−1

2
·M 2

) γ
γ−1

(3.108)

Tram, out = Tin ·
(

1−ηram, out ·
(

1−
(

pout

pin

) γ−1
γ

))
(3.109)
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The general expression for the drag coefficient increment (∆CD,ram) due to momentum drag (Ndrag) is given
in Equation (3.110), with V as the velocity:

∆CD,ram = Ndrag

pambient · Awing, ref
= ṁram ·Vram

pambient · Awing, ref
=

ṁram · ṁram
ρ·Aram

pambient · Awing, ref
(3.110)

The resulting total drag coefficient (CD,ram, total) from the inlet and outlets is given in Equation (3.111):

CD,ram, total =
n∑

i=1
∆CD,ram, i (3.111)

Neither weight nor volume calculations are included, as they are considered part of the structural design of
the aircraft.

3.4. TEMPERATURE PROFILES
Three different atmospheric temperature profiles are used in this study, presented in Figure 3.9. The hot day
temperature profile is used to size the thermally-controlled electric propulsion system, as is suggested by
[42, 65]. Moreover, the maximum and average temperature of Brasilia International Airport 6 are plotted as
well, to empathise the realistic need to size for a hot day scenario. The tropical day profile lies in between the
International Standard Atmosphere (ISA) and the hot day temperature profiles.
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Figure 3.9: Atmospheric temperature profiles 6.

6World Weather Online. Brasilia. URL: https://www.worldweatheronline.com/brasilia-weather/distrito-federal/br.aspx. Accessed on:
19/09/2020

https://www.worldweatheronline.com/brasilia-weather/distrito-federal/br.aspx




4
VALIDATION

This chapter is divided in two sections. First, the validation of individual components in presented in Sec-
tion 4.1. Second, the baseline design characteristics for the parallel HEA are given in Section 4.2.

4.1. COMPONENT VALIDATION
As no similar adequate reference data could be found in literature for this thermally-controlled electric propul-
sion system architecture, validation is performed at individual system component level. The parametric
models that are defined in more detail apply for the battery pack, electric motor, heat exchanger, and the ACS.
These are validated in this section, along with behaviour characteristics of the fan, compressor, and pump.
The control valves only account both for a fixed pressure ratio loss of 1 % and are not further modelled. The
coolant reservoir is only included for visual purposes No calculation at the reservoir itself are performed.

4.1.1. BATTERY PACK MODEL

The battery model results at cell level are compared with results found in [93], that uses the same battery
model. The considered cell characteristics are summarised in Table 4.1.

Table 4.1: Validation battery cell characteristics [93].

Parameter Value

Cell capacity [Ah] 2.6
Cell full voltage [V] 4.2
Cell exponential zone charge [Ah] 0.1277
Cell exponential zone voltage [V] 3.889
Cell nominal current [A] 1.13
Cell nominal zone charge [Ah] 2.351
Cell nominal zone voltage [V] 3.6
Cell resistance [Ω] 0.01385
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Figure 4.1: Battery pack validation, at cell level [93].

Four discharge curves, expressed in voltage as a function of the charge capacity, are compared in Figure 4.1.
The corresponding discharge currents are set constant, where the blue line indicates a discharge current of
1 A. Similarly, the green line indicates a discharge current of 10 A. The overlay of the discharge curves shows
the same model behaviour, due to the fact that the reference discharge curves originate from a simulation as
well. Furthermore, the typical steeper drop in voltage with higher discharge currents can be noted, due to
higher internal losses [93, 142]. When higher discharge currents are applied, the total energy (V · Ah) that can

43
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be extracted from the same battery cell is less, as the cut-off voltage is reached earlier (e.g. if a fictive cut-off
voltage is set at 2.5 V).

4.1.2. ELECTRIC MOTOR

The electric motor model behaviour is compared to a motor map of a real BLDC electric motor 1 (orange
coloured) in Figure 4.2. The motor map shows the constant efficiency curves as a function of the torque and
rotational speed. The blue curves at the right hand side of the Figure 4.2 indicate the constant power, where
the maximum power is indicated by 100 %. The motor operating envelope is bounded by the maximum
torque of 300 Nm, the maximum power of 125 kW, and the maximum rotational speed of 8000 rpm. Although
the black efficiency curves do not perfectly match the reference data, on average the model sufficiently cap-
tures the effect of rotational speed and torque on the efficiency. As the torque, power, and rotational speed
bounds of an electric motor are of prime concern, these should be captured to allow safe usage [139].

For the constant maximum power segment (blue dashed curve at 100 %), the torque is approximated well
by the inverse of the rotational speed (Q = P/ω). However, the real motor maximum power bound shows a
rather linear decrease in power between 2500 rpm - 5000 rpm. Such a bound should be manually added in the
model if this motor would be used. The power decrease for the real motor from 5000 rpm is probably linked
to thermal issues to assure safe operations. As the real motor is liquid cooled 1, cooling limitations could be
reached in that area, or related heating issues at the electric motor controller could be present.

100%
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92%
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Figure 4.2: Electric motor validation (Q̂ = 125Nm, η̂= 94.1%, ω̂= 4500rpm, k0 = 0.95, kQ = 2.4, kP = 2.12, and kω = 1.78) 1.

1UQM. Powerphase HD 125. URL: https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Traction_
Inverters/UQM/PowerPhase_125_DataSheet.pdf. Accessed on: 21/09/2020

https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Traction_Inverters/UQM/PowerPhase_125_DataSheet.pdf
https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Traction_Inverters/UQM/PowerPhase_125_DataSheet.pdf
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4.1.3. HEAT EXCHANGER
The counter-flow air-to-liquid HEX is validated in Figure 4.3, based on the effectiveness as a function of the
NTU. The HEX model result in Figure 4.3b matches the typical curvature shape as shown in Figure 4.3a. The
term Cmin/Cmax represents the ratio of heat capacity rates (C∗), given in Equation (3.88). Furthermore, cross-
flow HEXs behave in a similar way [151].

(a) Typical effectiveness for a counter-flow HEX [151].
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(b) Counter-flow HEX model result for the effectiveness as a function of NTU.

Figure 4.3: Counter-flow heat exchanger validation.

4.1.4. AIR CYCLE SYSTEM
The ACS is validated by comparing the coolant air flow rate behaviour as a function of the overall pressure
ratio with a similar reference curve. The presented ACS model curve in Figure 4.4b qualitatively matches
the behaviour of the reference ACS [155], shown in Figure 4.4a. Both pressure ratios presented include pre-
compression, performed by an external compressor. The constant cooling load used in Figure 4.4a is 7.5 kW
compared to 100 kW for Figure 4.4b, which explains the difference in absolute values for the air flow rates.

With a higher pressure ratio, the required coolant air flow starts to drop steeply, after which it flattens. This
behaviour is probably driven by the diminishing increase of the NTU with higher pressure ratios, causing
the effectiveness to also increase in a diminishing manner. According to Equations (3.86) and (3.89), for a
constant heat load with a higher temperature difference and effectiveness, the mass flow rate goes down.

(a) Air mass flow rate as function of system pressure ratio [155].
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(b) ACS model result for the coolant air mass flow rate as a function of
pressure ratio model.

Figure 4.4: Validation of the ACS.
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4.1.5. FAN, COMPRESSOR, AND PUMP
The fan and compressor performance curve sizing characteristics are presented in Figures 4.5a and 4.5b. A
typical reference pressure curve (blue) with corresponding impeller diameter is used. The impeller diameter
can either be decreased or increased for a given rpm value, see the red curves in Figures 4.5a and 4.5b respec-
tively. When the rpm is adjusted after the diameter, the green curve results. The corresponding efficiency,
represented by the yellow line, indicates the mass flow that should be selected to acquire the highest effi-
ciency. This shows the interaction between the mass flow rate, the pressure increase, and the corresponding
efficiency. It must be noted that the reference pressure ratio curve for the compressor in Figure 4.5b has val-
ues below 1, which should be all above 1 for compression. This is due to a software related implementation
flaw, noticed after the results are generated. The impact of this is that the volumetric sizing of the compressor
is overestimated, due to a large increase in diameter, as can be seen in Figure 4.5b. Nevertheless, only feasi-
ble operating points of the compressor could be used, as the software can not mathematically converge with
compression ratio values below unity.
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(a) Fan pressures and efficiency curves.
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(b) Hydraulic pump pressures and efficiency curves.

Figure 4.5: Fan and compressor validation.

The sizing of the pump performance is also based on affinity laws, similar to the sizing procedure of the fan
and compressor. An example study is presented in Figure 4.6a, that shows the different pump curves for
different flight segments. It can be seen that the black line (first cruise segment) corresponds to the highest
head demand, implying the highest heat load. The related yellow efficiency line indicates again the mass
flow that should be used for the highest efficiency. The impact of a lower rotational speed on the efficiency is
illustrated in Figure 4.6b. It shows a telescopic horizontal translation effect on the efficiency curve.
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(a) Pump pressures and efficiency curves.
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Figure 4.6: Hydraulic pump validation.



4.2. BASELINE DESIGN VALIDATION 47

4.2. BASELINE DESIGN VALIDATION
The typical characteristics of the ATR72-600 regional turboprop aircraft are presented along with relevant
data from the used reference parallel HEA study [20]. The harmonic flight mission used is taken from [20],
according to data found in literature [15, 18, 156, 157]. The harmonic flight mission characteristics are shown
in Table 4.2, where TOFL, and LFL stand for take-off field length and landing field length respectively.

Table 4.2: Harmonic flight mission parameters [15, 18, 20, 156, 157].

Harmonic mission

Passengers # 70
Passenger weight [kg] 95
Payload [kg] 7500
En-route range [km] 1525
Cruise altitude [m] 5182
Cruise Mach [-] 0.41
Maximum TOFL [m] 1333
Maximum LFL [m] 1067
Taxi [min] 2 x 5

Reserves

Diversion range [km] 188
Diversion cruise altitude [m] 2743
Hold time [min] 30

Relevant results found in the reference parallel HEA study [20] are presented and compared to the conven-
tional ATR72-600 characteristics in Table 4.3. Volume estimations are not considered in the reference study.
Therefore, the total baggage volume of the conventional ATR72-600 2 is assumed to be present in the base-
line parallel HEA. For this study, the Maximum Take-off Weight (MTOW), Zero-Fuel Weight (ZFW), Operating
Empty Weight (OEW), mission fuel weight, baggage volume, and the total PPU shaft power are assumed to be
constant. The power distribution and the corresponding shaft power hybridisation strategy for the reference
parallel HEA study are given in Figures B.1 and B.2 respectively.

Table 4.3: Comparison of the ATR72-600 and the used baseline parallel HEA 2 [20, 156].

Parameter ATR72-600 Baseline parallel HEA Difference [%]

Maximum take-off weight [kg] 23000 25600 +11.3
Zero-fuel weight [kg] 21000 21800 +3.81
Operating empty weight [kg] 13500 14300 +5.93
Payload [kg] 7500 7500 +0.00
Mission fuel weight [kg] 2000 1740 -13.0
Battery weight [kg] - 2049 -
Baggage volume [m3] 9.78 9.78 +0.00
Total PPU shaft power [MW] 4.10 4.46 +8.78

4.2.1. SIZING CONSTRAINTS
In order to let the sizing process converge, three hypothetical system sizing constraints have been set:

• Maximum ram air inlet mass flow: 10 kg/s

• Minimum chain efficiency: 70 %

• Maximum cooling power ratio: 15 %

4.2.2. PLANFORM COMPARISON

Finally, a planform comparison between the used aircraft model and the actual ATR72-600 3 is presented in
Figure 4.7. It includes the front, side, and top views. The main external shape differences are the following:
more inboard position of the propellers, no fuselage-wing fairings, no fuselage-landing gear fairings, and
a higher T-tail with a more aft position. Nevertheless, for the purpose of this conceptual study the aircraft
model shape is deemed satisfactory.

2Amelia. ATR 72-600. URL: https://pro.flyamelia.com/en/flotte/atr72-2/. Accessed on: 22/09/2020
3Airlines travel. ATR 72-600. URL: https://en.airlinestravel.ro/a-sosit-primul-atr-72-600-tarom-inmatriculat-yr-atj-totul-despre-

avantajele-acestui-model-de-avion.html. Accessed on: 22/09/2020

https://pro.flyamelia.com/en/flotte/atr72-2/
https://en.airlinestravel.ro/a-sosit-primul-atr-72-600-tarom-inmatriculat-yr-atj-totul-despre-avantajele-acestui-model-de-avion.html
https://en.airlinestravel.ro/a-sosit-primul-atr-72-600-tarom-inmatriculat-yr-atj-totul-despre-avantajele-acestui-model-de-avion.html
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Figure 4.7: Planform comparisons of the actual ATR72-600 (red box) and the modelled version used in this study (blue box) 3.



5
RESULTS

The results are divided into three sections. First, the sizing mission and technology level assumptions are
given in Section 5.1. Second, the trade study results are discussed in Section 5.2. Third, the resulting weight
and volume impact are presented in Section 5.3.

A simplified internal and external aircraft shape of the ATR72-600 is used, to visualise the volumetric system
component impact. The term system includes both the TMS and the HEP components, as presented in Fig-
ure 3.2. Furthermore, limited flight mission results with near-term system technology level assumptions are
presented. This scenario is deemed to be not feasible due the large weight and volume impact, discussed
in Section 5.3. Likewise, a long-term technology level assumption scenario comprises high uncertainties.
Therefore, only typical long-term component performance indicators are presented in Section 5.1, to give a
notional insight in the potential development of the main system components. Mid-term technology devel-
opments are, however, seen as the limit of non-superconductive machines and are hypothesised to become
viable from the year 2035 to 2040 [17, 158]. For this reason, only flight mission results with mid-term technol-
ogy level assumptions are highlighted in this study in order to capture the coupled sizing characteristics and
system behaviour. The results are generated with a manually driven system sizing loop, which is discussed in
Section 3.1, due to implementation limitations in the software. Therefore, it should be emphasised that the
obtained results are conservative.

5.1. SIZING CHARACTERISTICS
The flight mission altitude as a function of time is presented in Figure 5.1 [20]. For a flight segment at which
hybridisation is required based on the mid-term hybridisation strategy of [20], a sizing point is set to repre-
sent that flight segment for simplicity purposes [43]. The sizing points are determined based on the average
electric power demand by the PPUs between the start and the end of the flight segment. The resulting siz-
ing points, corresponding to those averaged electric powers, are plotted as well in Figure 5.1. The five flight
segments considered are the take-off, climb, cruise, diversion climb, and diversion cruise.
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Figure 5.1: Harmonic flight mission [20].
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The reference total electric power usage of the PPUs, calculated in [20], is simplified based on the determined
sizing point powers, represented by the green line and red line respectively in Figure 5.2. The averaged electric
power usage is set as the target usage for the sizing procedure. It should be noted that the reference data is
the result of the mid-term technology level assumption study of [20]. Nevertheless, it is also used for the
near-term scenario in this study.
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Figure 5.2: Reference total electric power usage of the PPUs [20].

For the system sizing, the hot day temperature profile is used, as presented in Figure 3.9. The atmospheric
conditions along with the target electric power demands are summarised in Table 5.1. It can be noted that the
sizing powers for the HEP components result from the take-off segment, supported by Figure 5.2. However,
the resulting sizing powers used for the TMS components do not follow this pattern directly. This is further
discussed in Section 5.2.1.

Table 5.1: Flight mission hot day sizing target conditions [20].

Parameter Take-off Climb Cruise Diversion climb Diversion cruise

Altitude [m] 0 3700 5180 2130 3000

Temperature (atm) [◦C] 39.5 13.5 3.18 24.5 18.5

Temperature (ram) [◦C] 40.1 19.4 12.4 29.6 27.8

Air density [kg/m3] 1.13 0.778 0.665 0.915 0.838

Pressure [bar] 1.01 0.640 0.527 0.782 0.701

Speed of sound [m/s] 354 339 333 346 342

Mach [-] 0.100 0.321 0.409 0.292 0.400

True air speed [m/s] 35.4 109 136 101 137

Total electric power [kW] 1335 954 196 1066 215

Duration [min] 2.68 16.2 168 5.53 13.2

The system voltage is set to 3000 VDC (Voltage Direct Current) to prevent high voltage drops and therefore
power losses in the HEP [20, 159]. TMS components that use electric power operate at ±270 VDC (540 V) to
match more electric aircraft standards [9]. Furthermore, the liquid coolant used is a water/glycol mixture
(48 vol% water and 52 vol% ethylene glycol), to achieve lower system operating temperatures compared to
pure water [43, 61, 160]. Next to this, only the battery pack has a defined heat capture ratio method as pre-
sented in Equation (3.51). For simplicity reasons, no additional methodologies are applied to determine the
HCRs of the other components. Therefore, a fixed heat capture ratio of 10 % is applied to those components
for non-cruise conditions. However, in the first cruise segment (not the diversion cruise), a HCR of 100 %
is used for all components except the battery pack. A battery pack HCR > 100 % is used in the first cruise
segment to cool the battery down to a temperature of 25 ◦C. As it is assumed that the battery pack is cooled
as well during charging on the ground, a fixed temperature of 15 ◦C is set at the start of all take-off condi-
tions [50]. The general battery pack temperature profile used is shown in Section 5.2.2. A maximum battery
pack temperature of 40 ◦C is used to prevent premature degrading and capacity fade [11]. Moreover, the PPU
electric power usage impact on the total system weight is only assessed based on a reduction in payload, to
maintain a constant flight mission range of 1713 km or 925 NM [20, 154], which is discussed in Section 5.3.
The resulting mid-term scenario electric power usage of the PPUs is compared with the target usage in Fig-
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ure 5.3. It can be seen that the target powers are not reached at the take-off, climb, and at the diversion climb
segments. Due to the imposed sizing constraints, presented in Section 4.2.1, the maximum cooling power
ratio is reached at the first climb segment, while the maximum ram air mass flow is reached in the diversion
climb. At take-off, the electric power is slightly reduced to improve the mathematical convergence procedure
in the software, i.e., to make this system more robust when changing parameters.
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Figure 5.3: Mid-term scenario total electric power usage of the PPUs.

An optimised mid-term scenario is conducted in the attempt to further approach the target usage, at the
costs of a less robust mathematical system convergence behaviour. The main difference with the standard
mid-term scenario of Figure 5.3 is a 0.5 ◦C higher maximum battery temperature of 24.0 ◦C at take-off. The
result of this mid-term (optimised) scenario is presented in Figure 5.4. It can be seen that the take-off power
is approximated quite well. However, at the first climb segment the minimum chain efficiency is reached,
which leaves a power deficit. Similarly, the maximum ram air flow is again reached at the diversion climb.
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Figure 5.4: Mid-term (optimised) scenario total electric power usage of the PPUs.

A comparison between the near-term and the two mid-term scenarios is shown in Figure 5.5. It can be no-
ticed that all three scenarios have a target power deficit at both climb segments, due to the fact that sizing
limitations are reached. For the near-term scenario, even lower powers at the climb segments are present.
This is caused by lower component efficiencies, which consequently require more cooling for the same re-
quired electric PPU power. Therefore, the sizing constraints are reached earlier. Furthermore, the power
deficits imply that hybridisation should is reduced, at which more power is required from the gas turbine
part to compensate for these deficits. This lessens the in-flight emission reduction potential compared to
[20]. The power deficits for the near-term, mid-term, and mid-term (optimised) are at takeoff: 6.37 %, 7.12 %,
and 0.375 %, at climb 50.7 %, 29.3 %, and 31.1 %, and at the diversion climb: 26.2 %, 13.5 %, and 14.2 % respec-
tively.
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Figure 5.5: Comparison of the near-term, the mid-term, and mid-term (optimised) total electric power usage of the PPUs.

The system component technology level assumptions are summarised in Table 5.2. In case no corresponding
value could be found, an interpolated design assumption (DA) is used. It can be seen that long-term system
developments offer the potential to further improve the overall system efficiency while reducing its weight.
Nevertheless, these projections are mostly based on cryogenic superconducting technology that require a
cryogenic cooling system as well [81]. The component parameters that are kept constant for all scenarios are
summarised in Appendix C.

Table 5.2: System component technology level assumptions.

Component Parameter Symbol Near-term Mid-term Long-term Source

Electric motor Specific power [kW/kg] SPEM 6 13 16 [9], [158], [158]
Power density [kW/m3] ν̂EM 9300 25000 40000 1, DA, [81]
Maximum efficiency [%] ηEM 95 96 98 3, [158], [158]

Electric motor controller Maximum efficiency [%] ηEMC 95 97 99 DA, [161], [158]

Gearbox Weight factor [-] kGB 34 26 26 [81], [81], [81]

Electric power converter Specific power [kW/kg] SPEM 6.7 13 19 [161], DA, [158]
Maximum efficiency [%] ηpc 95 97 99 [161], DA, [158]

Battery pack Specific energy [Wh/kg] εbat 500 750 1200 [20], [20], [122]
Energy density [Wh/l] ρ̂bat 1000 1000 900 2, 2, [122]
Maximum efficiency [%] ηbat 85 90 96 [20], [20], [11]
Minimum state of charge [%] SOClim 20 15 10 [20], DA, [11]

5.2. TRADE STUDIES
Three sets of results are presented in this section. They are all based on the mid-term component technology
level assumptions and are sized with the hot day temperature profile (see Figure 3.9). The first set of results
is the comparison between this study and the reference study [20] in Section 5.2.1. The second set of results
analyses the impact of the maximum battery temperature at take-off on the system sizing characteristics,
presented in Section 5.2.2. The third set of results presents the impact of lower atmospheric temperatures on
the system performance in Section 5.2.3.

5.2.1. COMPARISON TO REFERENCE CASE
This study is based on the reference parallel HEA case study of [20], which did not include a coupled sized
TMS. This comparison presents the main sizing characteristics to clarify what happens if the reference paral-
lel HEA case study is taken as input and sized with a coupled TMS.

The mid-term (optimised) scenario, given in Figure 5.4, is used for this comparison as it comes the closest to
the reference PPU electric power usage of [20]. The battery discharge voltage is given in Figure 5.6. It shows
a steep decline in voltage at the take-off and the diversion climb segments. This corresponds to the typical
dynamic behaviour of a Li-ion battery, which is mimicked to represent future battery cell technology.

1UQM. Powerphase HD 250. URL: https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Electric_Motors/UQM
/PowerPhase%20HD%20250%20web.pdf. Accessed on: 22/09/2020

2Sion Power. Products. URL: https://sionpower.com/products/. Accessed on: 22/09/2020

https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Electric_Motors/UQM/PowerPhase%20HD%20250%20web.pdf
https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Electric_Motors/UQM/PowerPhase%20HD%20250%20web.pdf
https://sionpower.com/products/
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Figure 5.6: Battery pack discharge curve of the the mid-term (optimised) scenario.

A fairly constant behaviour can be noticed in the cruise segment. This agrees with the fact that lower electric
power is demanded.

The battery SOC comparison with [20] is presented in Figure 5.7. The SOC curve of this study significantly
differs from the reference cure at the first climb and cruise segments. A higher SOC decline for the reference
curve in the climb segment can be noticed. The opposite happens in the cruise segment, where a higher
decline is present for the mid-term (optimised) curve. This is caused by a lower electric power usage during
the climb segment, while a slightly higher electric power usage can be observed during cruise, compared to
the reference curve, see Figure 5.4. For the climb segment, the system sizing loop is converged at a cooling
power ratio of 15 %, for a total PPU electric power usage of 657 kW. The final SOC of the mid-term (optimised)
scenario is 20.3 %. If one wants to approach the reference SOC, a maximum cooling power ratio higher than
15 % should be applied in order to let the electric power usage of the PPU increase. This comparison shows
that the battery SOC curves feature comparable discharge characteristics.
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Figure 5.7: Battery state of charge comparison between the mid-term (optimised) scenario and the reference case.

The power distribution at the electric bus, the one connected to the battery pack, is given in Figure 5.8. It in-
cludes the corresponding transferred heat power at the air-to-liquid HEX. It is clear that both climb segments
require the highest cooling power, of which the diversion climb is highest with 156 kW. The large difference
between electric cooling and propulsion power at take-off is due to the fact that the battery pack is highly
used as a heat sink, requiring less cooling power. This causes the battery pack temperature change rate to be
0.0560 K/s for take-off, while for the subsequent climb segment it is 0.0165 K/s, i.e. 3.4 times larger at take-off.
Furthermore, the heat power transferred is the highest at cruise, while the cooling power is the lowest due to a
sufficiently low atmospheric temperature, see Table 5.1. The only TMS component that needs electric power
during cruise is the hydraulic pump. A coolant flow rate of 80 liter/min is required to transfer 105 kW of heat
power during cruise.

A figure of merit that can be deduced from Figure 5.8, to see the normalised cooling power impact, is the
ratio of maximum cooling power over the maximum take-off power of 4460 kW (the total PPU shaft power as
presented in Table 4.3). This results in a percentage of 3.50 %. If only the maximum electric take-off power
of 1330 kW is used, the percentage becomes 11.7 %. For the maximum cooling power, the fan itself consumes
0.761 kW, the compressor 150 kW, and the pump 0.101 kW. A difference of 5.14 kW is present between the sum
of the usages of the individual components and the maximum cooling power of 156 kW, due to inefficiencies
of intermediate components. The compressor accounts for 96 % of the maximum cooling power.
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Figure 5.8: Power distribution for the mid-term (optimised) scenario, that includes cooling, propulsion, and heat transferred power.

The total ram drag coefficients in terms of drag counts (1 count = 0.0001 CD ) are presented in Figure 5.9. The
values are rather an implicit indication of how much ram air is required by the cooling system than an actual
quantitative insight, as a low fidelity model is used to capture the ram drag. The total ram drag coefficient, as
presented in Equation (3.111), does not account for any drag reduction measures. The latter is however con-
sidered in [70], by making use of the so-called Meredith effect to offset the ducted radiator drag by providing
positive net thrust from the exit ram air [8]. Nevertheless, the highest drag is attained during the diversion
climb segment with a corresponding ram air flow of 10 kg/s. This results from approaching the target power,
presented in Figure 5.4. The high total drag at the diversion climb is caused by the combination of a relatively
high electric PPU power and a high atmospheric temperature. Consequently, the fan, compressor, and ACS
are required to operate.

For this scenario, three sizing flight segments can be identified. First, the HEP components are sized accord-
ing to the maximum electric PPU power at take-off. Second, the air-to-liquid HEX and the hydraulic pump
are sized by the cruise segment. Thirds, the fan, compressor, and the ACS are sized by the diversion climb
segment.
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Figure 5.9: Total ram air drag counts for the mid-term (optimised) scenario.

The resulting chain efficiencies, as defined in Equation (3.1), are presented in Figure 5.10 and expressed in
the text with [%]. The maximum value of 86.9 % is found at take-off, while for cruise a value of 74.3 % is found.
It should be noted that at the diversion cruise a chain efficiency of 64.4 % is allowed to approach the SOC limit
of 20 %.
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Figure 5.10: Chain efficiencies for the mid-term (optimised) scenario.
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The resulting maximum combined specific power is presented in Table 5.3. It is compared to the near-term
and standard mid-term scenarios. The highest CSP values result from the highest electric power extraction
during take-off, according to Equation (3.2). Moreover, a significantly lower maximum CSP value is present
for the near-term scenario due to a higher system weight, further discussed in Section 5.3.1. The mid-term
scenarios are quite similar.

Table 5.3: Maximum combined specific power comparison for the near-term, mid-term and mid-term (optimised) scenarios.

Scenario Maximum CSP

Near-term 0.273

Mid-term 0.415

Mid-term (optimised) 0.426

5.2.2. TAKE-OFF BATTERY TEMPERATURE IMPACT
The impact of a reduced maximum take-off battery temperature on the maximum electric PPU power at take-
off is assessed based on the standard mid-term scenario, given in Figure 5.3. The battery pack temperature
profiles considered are shown in Figures 5.11 and 5.12. The converged electric PPU power at take-off for the
reduced maximum take-off temperature is presented in Figure 5.13. To clarify, the yellow line in Figure 5.11 is
the general battery pack temperature profile used for the system sizing, except for the mid-term (optimised
scenario) that uses a maximum take-off battery pack temperature of 24 ◦C, as described with Figure 5.4.
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Figure 5.11: Battery temperature profiles for the mid-term scenario.

10 15 20
Time [min]

23

23.5

24

24.5

25

25.5

T
em

pe
ra

tu
re

 [°
C

]

T
ak

e-
of

f

C
lim

b

Take-off max 23.5 °C
Take-off max 23.1 °C

Figure 5.12: Battery temperature profiles, zoomed in, for the mid-term scenario.

The fairly small temperature reduction of 0.4 ◦C shows a reduced converged attainable take-off power of
1200 kW compared to 1240 kW, as can be seen in Figure 5.13. As the same system is used with the same
flight mission characteristics, the subsequent flight segments have a similar electric PPU power usage. The
final SOC is 22.9 % for the reduced maximum take-off temperature of 23.1 ◦C, compared to a final SOC of
22.3 % for the 23.5 ◦C temperature case. This is due to a lower energy extraction for the same battery size.

Furthermore, the maximum drag count at take-off for the 23.1 ◦C case is 6.44, to dissipate 18.8 kW of heat
power with a ram air inlet mass flow of 0.604 kg/s. The ACS ratio of coolant air flow over pre-cooled air flow
is 0.574 (see Air cycle system for clarification). For the 23.5 ◦C case, the maximum drag count of 62.2 results
at take-off to dissipate a heat power of 25.5 kW with a corresponding ram air inlet mass flow of 3.49 kg/s.
The corresponding ACS coolant air flow over pre-cooled air flow ratio is 1.788. The resulting ram air inlet
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mass flows differ with a factor of 5.38 , for a heat power difference of 6.70 kW. When comparing the ACS air
flow ratios, it can be noted that relatively more air is required to pre-cool the air for higher heat loads. This
indicates a sensitive nonlinear response of the interacting TMS components.
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Figure 5.13: Electric power demands of the two maximum take-off battery temperatures for the mid-term scenario.

A higher allowable battery pack temperature during take-off allows for a higher possible electric PPU power at
take-off. This phenomenon could contribute to the power shaving approach for the conventional gas turbine
[20]. This means that the gas turbine could be less oversized to satisfy high powers at the take-off condition,
allowing an improved design for the cruise segment. Moreover, the performance of electric motors is not af-
fected by altitude while the efficiencies stay rather high at different power settings. On the contrary, it should
be noted that the ram air drag is also increased with higher electric PPU power settings, which requires more
thrust to compensate the drag. This causes an increase in fuel consumption for a given electric PPU power
supply. If the aim is to reduce in-flight emissions, the contribution of both the power shaving aspect and the
ram air drag aspect should give a net positive result in terms fuel consumption.

To reduce the ram air drag while keeping the same maximum battery take-off temperature, with correspond-
ing electric power usage of the PPU, an increased battery cell specific heat capacity design could offer a so-
lution [162]. For the same mid-term scenario (see Figure 5.3), the battery cell specific heat capacity is raised
from 1200 J/kg/K to 1250 J/kg/K. The impact on the ram drag is presented in Figure 5.14. A significant re-
duction results at both climb segments, due to the fact that the battery can absorb more heat loss and it can
therefore lower the cooling burden.
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Figure 5.14: Total ram air drag counts for the mid-term scenario and the mid-term (higher cell specific heat capacity) scenario.

Another effect of a higher cell specific heat capacity is that the battery sizing power can be reduced to lower
the battery weight, while keeping the same electric power output as required. A direct effect is that less energy
is present in the battery pack. For the same electric power usage, the final SOC is therefore slightly less as can
be seen in Figure 5.15. The topic of battery sizing powers is discussed in Weight impact of Section 5.3. Fur-
thermore, a maximum chain efficiency increase from 77.2 % to 79.5 % results at the diversion climb segment.
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Figure 5.15: Battery state of charge comparison between the mid-term scenario and the mid-term (higher cell specific heat capacity)
scenario.

5.2.3. ATMOSPHERIC TEMPERATURE IMPACT
The effect of different atmospheric temperature profiles on the performance of the mid-term scenario sized
system (see, Figure 5.3) is discussed in this section. The temperature profiles considered are presented in
Figure 3.9. The electric PPU power usage for the three temperature profile cases is the same, which is the
mid-term scenario as presented in Figure 5.3. The highest temperature profile is given by the blue curves
(hot day), the yellow curves represent a reduced temperature profile compared to the hot day (tropical day),
and the standard ISA day profile features the lowest temperatures in green.

The battery pack voltage curves are given in Figure 5.16. The voltage differences grow with time, where the
largest differences can be seen at the end of the flight mission. The corresponding voltages reached at the
landing are 2721 V, 2736 V, and 2744 V for the hot day, tropical day, and standard ISA day respectively. The
maximum end voltage difference between the hot day and ISA standard day is 23 V, which is 0.77 % of the full
voltage of 3000 V.

0 50 100 150 200 250
Time [min]

2700

2800

2900

3000

B
at

te
ry

 v
ol

ta
ge

 [V
]

T
ax

i
T

ak
e-

of
f

C
lim

b

C
ru

is
e

D
es

ce
nt

D
iv

er
si

on
 c

lim
b

D
iv

er
si

on
 c

ru
is

e

D
iv

er
si

on
 d

es
ce

nt
La

nd
in

g 
&

 ta
xi

Hot day
Tropical day
Standard ISA day
Power jump

Figure 5.16: Comparison of battery discharge curves of the the mid-term scenario for three different atmospheric temperature profiles.

The impact on the SOC curves is shown in Figure 5.17. This implicitly shows that higher atmospheric tem-
peratures require more cooling. This results in a lower SOC at the end of the flight mission, as more cooling
power is required throughout the mission. The final SOC values are 22.3 %, 25.6 %, and 27.0 % for the hot day,
tropical day, and standard ISA day respectively.
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Figure 5.17: Battery state of charge comparison of the the mid-term scenario for three different atmospheric temperature profiles.

The total ram air drag count curves are given in Figure 5.18. It consistently shows that higher atmospheric
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temperature profiles induce higher values for the total drag coefficient and therefore require more ram air
cooling. The different curve shapes at the take-off condition are caused by the nonlinear behaviour of the
coupled compressor and the ACS. During the first climb segment, the hot day case requires the usage of the
compressor and the ACS, to pre-cool the air. This is not required for the other two cases, as the ambient
temperature is sufficiently low. This explains the large difference in drag counts during climb. The same
holds for the diversion climb, except that the tropical day case uses the coupled compressor and ACS as well.
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Figure 5.18: Total ram air drag counts of the mid-term scenario for three different atmospheric temperature profiles.

Still, a large difference can be noted between the hot day case and the tropical day case at the diversion climb.
Overall, if the system can be cooled purely on ram air, then a higher chain efficiency results, as can be seen
in Figure 5.19. The minor difference in chain efficiency if purely ram air is used, for example during cruise, is
caused by a slightly higher electric power demand of the pneumatic pump for higher temperatures.
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Figure 5.19: Chain efficiencies of the mid-term scenario for three different atmospheric temperature profiles.

5.3. WEIGHT AND VOLUME IMPACT
The weight and volume impact of the near-term, mid-term, and the mid-term (optimised) scenarios are dis-
cussed in Section 5.3.1 and in Section 5.3.2 respectively. The actual volumetric system impact inside the
simplified ATR72-600 model is presented as well, for the mid-term (optimised) scenario in Figure 5.22. In
the weight and volume pie charts of Figures 5.20 and 5.21, values of 0 % (zero) have actually a value lower
than 0.5 % and are therefore rounded to 0 %. Values for pneumatic ducts and hydraulic pipes are omitted
due to high uncertainty in their design and routing approach. The weight and volume of the control valves
are not taken into account as they are assumed to have a very small contribution. However, the volumes of
the control valves are displayed in the volumetric impact views to comply with the routing routine of SysArc.
Furthermore, the system dry weight is considered, meaning that no liquid coolant weight is included.

5.3.1. WEIGHT IMPACT

The system weight distributions for the near-term, mid-term, and mid-term (optimised) scenarios are given
in Figure 5.20. The near-term case has the highest system weight of 5640 kg. This corresponds to 75.2 %
usage of the design payload of 7500 kg, presented in Table 4.3. For the mid-term case, the system weight of
3490 kg corresponds to a 46.5 % usage of the design payload. The mid-term (optimised) case has a slightly
higher design payload usage of 46.9 %, due to a larger sized system as a result of the higher take-off power
(see Figure 5.5). The electric cable weight results from a total length of 62.1 m for all scenarios.
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(a) Near-term system weight = 5640 kg.
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(b) Mid-term system weight = 3490 kg.
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(c) Mid-term (optimised) system weight = 3520 kg.
Payload usage = 46.9 %.

Figure 5.20: System weight impact for the parallel HEA, with a MTOW = 25,600 kg and a design payload = 7500 kg.

As the battery weight is the same for the mid-term and mid-term (optimised) scenarios, the increase in sys-
tem weight is mainly driven by the weight increase of the electric motors of 18.0 kg (from 253 kg to 271 kg) and
the weight increase of the power converters of 8.0 kg (from 123 kg to 131 kg).

The additional battery pack weights and corresponding percentage changes for the three cases, to account for
a liquid cooled TMS, are given in Table 5.4. The battery pack weight of 2049 kg is used as reference value from
the parallel-hybrid case study of [20]. For the near-term scenario, a significant increase of 125 % is found.
In combination with a design payload usage of 75.2 %, the near-term scenario is deemed to be not feasible.
However, for both mid-term scenarios, an increase of battery weight of 34.5 % is found to compensate for the
liquid cooled TMS, even with PPU power deficits at both climb segments (see Figure 5.5).

Table 5.4: Battery pack weight changes, reference battery pack weight = 2049 kg [20].

Parameter Near-term Mid-term scenarios

Battery weight [kg] 4600 2756

∆weight[kg] +2551 +707

Weight change [%] +125 +34.5

The battery pack characteristics are further discussed with the three aforementioned cases and with the mid-
term (1250 J/kg/K) scenario from Figure 5.14, that has a higher cell specific heat capacity. The identified
apparent oversizing of the battery pack, along with the total number of cells is presented in Table 5.5.

Table 5.5: Battery pack sizing characteristics.

Parameter Near-term Mid-term Mid-term (optimised) Mid-term (1250 J/kg/K)

Total cells [-] 155,155 139,425 139,425 134,420

Cells in parallel [-] 217 195 195 188

Cells in series [-] 715 715 715 715

Psizing [kW] 2165 2030 2030 1955

Psizing / Pproduced, max [-] 1.16 1.23 1.17 1.19

Psizing / Prequired, max [-] 1.38 1.38 1.32 1.33

This oversizing is presented by two ratios. The first one is given by the battery sizing power Psizing over the
maximum produced power Pproduced, max, which includes its own produced heat loss power. The second one
is the battery sizing power over the maximum required electric output power Prequired, max. If the ratios are
greater than unity, it means that the battery is oversized in terms of power requirement. The ratio values for
all scenarios are greater than unity, as can be seen in Table 5.5. As the battery pack is also used as a heat sink,
the resulting battery weight and therefore number of cells should have a sufficient thermal capacity to be able
to cope with a certain battery temperature increase. It can be seen that the mid-term (optimised) scenario
has the lowest ratio values of the mid-term scenarios. Due to nonconvergence of the mathematical system in
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the software, a lower battery sizing power for the mid-term (optimised) could not be achieved. Therefore, a
correction factor of 1.32 (Psizing / Prequired, max) results for the mid-term (optimised) scenario, to account for
additional thermal capacity and inefficiencies of the battery pack.

Overall, the battery pack contributes the most to the system weight for all three cases, as can be seen in
Figure 5.20. The second most contributing components are the electric motors. It should be noted that first
order weight and volume estimations are used. Weight and volume estimations for the fan, ACM, pump,
power converter, and cold plate are based on non-aeronautical data. Due to higher safety margins in non-
aeronautical applications, a weight and volume reduction could be achieved if purely aeronautical data is
used.

5.3.2. VOLUME IMPACT

The system volume distributions for the near-term, mid-term, and mid-term (optimised) scenarios are given
in Figure 5.21. The near-term case has the highest system volume of 4.00 m3, compared to 3.48 m3 and
3.51 m3 for the mid-term and mid-term (optimised) cases respectively. The battery pack contributes the
most in all cases, while the electric motors come second. This relation has also been found in the weight
distributions of Figure 5.20.
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(a) Near-term system volume = 4.00 m3.
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Figure 5.21: System volume impact for the parallel HEA, with a total baggage volume = 9.78 m3.

The overall reduction in weight and volume for two the mid-term cases results from two causes. First, it is due
to the direct effect of higher specific powers and power density. Second, it is due to the cascade effect caused
by higher efficiencies. This allows for lower upstream sizing powers, which results in lower heat power losses
and in lower component weight and volume.

By taking the ratio of the weight percentage contribution (m%) over the volume percentage contribution
(m%), it can be shown whether a component has a higher system weight impact (m%/v% > 1) or a higher
volume impact (m%/v% < 1) respectively. The resulting component m%/v% values are presented in Table 5.6.
Components with a m%/v% < 1 are marked in bold. For the mid-term (optimised) case, the three compo-
nents with the highest relative impact on the system volume are the fan, HEX, and the ACS. Similarly, the
three components with the highest relative impact on the system weight are the electric bus, electric cables,
and the electric motor. Furthermore, the resulting battery pack density for the mid-term (optimised) case is
1030 kg/m3, presented in Table 5.6. The overall system density is 1000 kg/m3. Comparing the system weight
relative to the MTOW results in a value of 0.138.
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Table 5.6: System weight and volume comparison characteristics.

Component level Near-term Mid-term Mid-term (optimised)

Battery pack m/v [kg/m3] 1530 1030 1030
Battery pack m%/v% [-] 1.09 1.03 1.01
Electric bus m%/v% [-] 12.7 17.9 17.9
Power converter m%/v% [-] 1.25 0.600 0.800
Electric motor HEP m%/v% [-] 0.875 1.17 1.33
Gearbox m%/v% [-] 0.500 0.500 0.500
Fan m%/v% [-] 0.063 0.028 0.028
Compressor m%/v% [-] 0.667 1.00 0.667
ACS m%/v% [-] 0.333 0.500 0.500
HEX (air-to-liquid) m%/v% [-] 0.127 0.179 0.179
Pump m%/v% [-] 0.850 1.19 1.19
Electric cables m%/v% [-] 5.89 9.56 9.56

System level Near-term Mid-term Mid-term (optimised)

msystem/vsystem [kg/m3] 1410 1000 1000
msystem/MTOW [-] 0.220 0.136 0.138

As the parallel HEP makes use of two energy sources, more components need to be placed inside the air-
craft. For a given volume, this implies less available payload space. Moreover, a maintenance approach
should be developed in order to prevent leakage and to consider replacement possibilities for all compo-
nents. Installation penalties, such as a construction framework, are inevitable. This further increases the
system weight. The number of maintenance doors at the fuselage for example could potentially increase the
structural weight even more. Additionally, the placement of the components should also consider the static
stability of the aircraft. A visual impression of the volumetric component impact of the mid-term (optimised)
scenario is presented in Figure 5.22, with a cabin floor thickness of 0.13 m [163].
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6
CONCLUSIONS & RECOMMENDATIONS

6.1. CONCLUSIONS
The objective of this thesis is to identify the impact of a thermal management system on the power, weight,
and volume usage, for a given reference case of a parallel-hybrid electric ATR72-600 regional aircraft, that
excluded the sizing of a cooling system. For this purpose, a sizing methodology was developed in this the-
sis that couples the sizing of the electric part of the parallel-hybrid electric powertrain with the sizing of a
closed-loop liquid cooled thermal management system. An air cycle system is used as part of the thermal
management system to pre-cool ambient air if required. Furthermore, both the electric part of the power-
train and the cooling system use electric power from the same battery. The term "system" is used to define
the electric part of the parallel-hybrid electric powertrain and the thermal management system components
together. The system is sized for hot day conditions. Gas turbine sizing is not included.

It can be concluded that for the reference parallel-hybrid electric regional aircraft, with a MTOW of 25,600 kg,
it is not feasible to fly the reference hybrid electric flight mission with a design that uses near-term compo-
nent technology level assumptions for the year 2025. This assumes a constant flight mission range of 1713 km
and a system design payload of 7500 kg, taken from the reference case study. The concluded infeasibility is
based on a required payload usage of 75.2 %, to integrate the thermally-controlled electric propulsion system.
A battery weight of 4600 kg results, which is an increase of 125 %. The derived system weight over MTOW is
22 %. Furthermore, the system volume impact of this scenario is 4 m3, which is equivalent to 40.9 % usage
of the available baggage volume of 9.78 m3. On top of this, electric propulsion power deficits are present at
take-off of 6.37 %, at climb of 50.7 %, and at the diversion climb of 26.2 % compared to the reference case. The
power deficits result from reaching imposed sizing constraints.

However, if instead mid-term component technology level assumptions are used for the year 2035, the fea-
sibility potential increases. A payload usage of 46.9 % results for this scenario. The battery weight of 2760 kg
implies an increase of 34.5 % compared to the reference case. The corresponding system weight over MTOW
is 13.8 %. The resulting system volume of 3.51 m3 uses 35.9 % of the baggage volume. Nevertheless, electric
propulsion power deficits are still present at the take-off of 0.375 %, at climb of 31.1 %, and at the diversion
climb of 14.2 % relative to the reference case. As the mid-term technology scenario offers a higher feasibility
potential than the near-term scenario, the mid-term scenario is assessed in more depth.

The battery is identified to be the most critical component for both the near-term and mid-term scenarios.
For the mid-term scenario, the battery accounts for 78 % of the system weight of 3520 kg, compared to a 77 %
contribution to the system volume. The second most critical component in terms of weight and volume is
the electric motor in the powertrain, with a contribution of 8 % and 6 % respectively. The significant impact of
the battery on the system weight and volume is due to the fact that the battery supplies electric power to both
the propulsion and the thermal management system. This design initiates a sizing loop, which is driven by
three main mechanisms. First, if more electric propulsion power is required, the battery size has to increase
to comply with that power demand. Second, inefficiencies at the powertrain components cause excessive
heat losses that have to be dissipated by the thermal management system. Additional electric power is re-
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quired from the battery, which causes the battery size to increase again. Moreover, the inefficiencies at the
battery itself grow with higher power demands, which further increases the total heat loss that needs to be
dissipated. This second mechanism causes the battery to be larger than expected, when only considering
the propulsion power requirements. The third and more implicit mechanism that causes the battery size to
grow is identified to be the thermal capacity of the battery. Part of the battery heat loss can be absorbed by
the battery itself to steadily increase its temperature. This lowers the burden on the thermal management
system. The battery thermal capacity should be sufficient enough to comply with a feasible battery tempera-
ture change rate when electric power is required. An equilibrium must be found between the total extracted
battery power and the allowed temperature change as a function of the thermal capacity. If no convergence
can be acquired, the battery size is again increased in the attempt to make the system converge. This further
increases the attainable maximum output power and the thermal capacity at the cost of increased weight and
volume. If still no convergence can be found, taking into account the sizing constraints, the reference electric
propulsion power is reduced to reach convergence. This explains the discussed power deficits. For a fixed
total shaft power, the gas turbine should provide more power to compensate it. This reduces the potential to
mitigate in-flight emissions.

Although the highest electric propulsion power usage occurs at take-off, the maximum required cooling
power of 156 kW occurs at the diversion climb for the mid-term scenario. This is due to the high usage of
the battery as a heat sink at take-off. The electric propulsion power at the diversion climb is 914 kW. The
required maximum cooling power over the maximum total take-off shaft power (4460 kW) is 3.5 %. If only
the maximum electric take-off shaft power (1330 kW) is used, 11.7 % results. The ram air electric compressor,
which operates in combination with the air cycle system, uses 96 % of the maximum cooling power and is
therefore concluded to be the most critical thermal management system component in terms of power us-
age. The ram air fan and the liquid coolant pump use less than 1 % of the maximum cooling power. Therefore,
the compressor offers highest the potential to reduce the cooling power consumption.

The actual power that is used to size the battery is higher, due to the discussed three mechanisms, than the
maximum required battery output power. A ratio of required battery sizing power over the maximum re-
quired battery output power is defined, that accounts for the propulsion power, cooling power, a sufficient
battery thermal capacity, and all inefficiencies. The ratio found for the mid-term scenario is 1.32.

A possibility to reduce the required cooling power is to opt for a battery design that has a higher heat capacity
for the same performance. It allows the battery to absorb more heat and it can therefore also lower the re-
quired ram air flow. Furthermore, it is found that this allows for a lower battery sizing power for the same the
same electric power output.

For a sized system, it is found that a lower maximum battery temperature at take-off, i.e. a lower battery
temperature change rate, forces the system to converge at a lower electric propulsion power at take-off. At
the same time, the ram air required reduces. However, the air cycle system ratio of coolant air flow over pre-
cooled air flow does not remain constant, which indicates a nonlinear response of the interacting thermal
management system components.

As the system is sized for a hot day atmospheric temperature profile, lower atmospheric temperatures should
lower the required power consumption of the thermal management system. This is due to the fact that ram
air is used as the heat sink for the liquid cooling system. Lower ambient temperatures imply lower required
ram air flows to dissipate the same heat. This relation is found by the presence of higher battery state of
charge values if lower atmospheric temperature profiles are used, which implies less battery power usage.

The system components are visualised inside a simplified aircraft model to see its volumetric impact. This
reveals the limited space available to place the components, not even considering the impact on the static
stability of the aircraft due to the system weight. Furthermore, it amplifies the need for construction frame-
works to allow maintenance to prevent e.g. leakage, which increases the structural weight of the aircraft.

In conclusion, the significant impact of a thermal management system on power, weight, and volume usage
can not be neglected nor underestimated in the conceptual design phase of future hybrid electric regional
aircraft studies.
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6.2. LIMITATIONS AND RECOMMENDATIONS
In this study, several assumptions and simplifications have been made to limit the scope of this thesis. The
corresponding limitations result in the following recommendations that can be used to improve the assess-
ment of hybrid electric aircraft studies:

• Model the ram air system more adequately to perform more reliable drag coefficient estimations
in order to estimate additional fuel consumption. It is found that the ram air required to dissipate
the heat away from the aircraft is a limiting factor in the sizing process. This indicates that for a given
electric propulsion power supply, the impact of ram air drag is likely to increase the fuel consumption,
which is not included in this study. The coupling of a more reliable ram drag estimation model with cor-
responding fuel consumption calculations contributes to a broader understanding of what the actual
impact of a TMS will be.

• Integrate heat capture ratio methods for critical components, e.g. the electric motor, to more accu-
rately predict the required heat load that needs to be dissipated. In this study, only a dedicated heat
capture ratio method is implemented for the battery pack, where constant heat capture ratio values are
imposed for the other components to capture a first order estimation.

• Model the component volumetric representation and placement inside the aircraft with more detail
to reveal bottlenecks. By applying more constraints on where components can be placed and taking
into account installation regulations, a more realistic volumetric impact can be obtained. In this study,
a centralised TMS is used. To improve redundancy, a second TMS should be present, one for each
powertrain. This doubles the number of TMS components and makes it more critical to fit these com-
ponents inside the aircraft. By taking into account the one engine inoperative condition, the system
size grows even more. This requires to model components with more detail than just a box shape. Fur-
thermore, no routing elements are present in the volumetric impression. This should also be taken into
account to sketch an improved volumetric impact. As the battery pack takes up the most weight and
volume, distributing battery modules over different places in the aircraft could prevent instability and
available space related issues.

• Implement a computational optimisation strategy to find an improved control strategy for a given
point performance condition. As the results are generated by manually changing the control param-
eters, it is assumed that conservative results have been found. Due to the non-linear behaviour of the
TMS, an assisting optimiser could contribute to a lower TMS impact by changing the control parame-
ters of the TMS components for a given objective.

• Develop a closed-loop feedback sizing approach to close the gap between the sizing at aircraft per-
formance level and at system level. This study only takes a reference case as input that did not include
the sizing of a TMS. The computed impact, i.e. the output of this study is not again processed. These
output results can be used to re-evaluate the used input to improve reliability of the overall aircraft siz-
ing approach. An improved estimation of the gas turbine and the battery size can be made due to the
possibility of re-evaluation of the initial hybridisation strategy.

• Integrate other aircraft subsystems into the analysis that can use generated waste heat as input to
improve the overall efficiency. By using a holistic design approach, generated waste heat can e.g., be
used as input for the de-icing system, as input for the environmental control system to heat up the
cabin if required or to be used in galley systems. This will lower the required ram air flow by taking
advantage of the possible synergy between systems.

• Conduct a comparison study to see the impact of using a vapour cycle system cooling approach.
As the vapour cycle system cooling approach offers higher efficiencies compared to a liquid cooling
approach, an interesting comparison study can be performed.

• Explore in-flight battery charging possibilities to recover part of the aircraft potential energy. By
making use of the so-called windmilling effect, a potential increase in hybridisation rate or a reduction
in terms of the turn around time at the airport, due to reduced charging time, can be assessed. In this
study, only discharging is taken into account.
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Figure A.1: Cold plate regression curve to estimate pressure drop 1.
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Figure A.2: Fan regression curve to estimate volume.
Models used: HD710/2xD5, HD560/D5, HD500/D2.5, HE560/D2.5, and HE500/D2 2

1MaxQ. 007-MXQ-01. URL: https://maxqtechnology.com/wp-content/uploads/2019/01/007-MXQ-01-new1-1.9.19.pdf. Accessed on:
26/05/2020

2Fischbach. High efficiency fans. URL: https://www.fischbach-luft.de/en/centrifugal-fans/high-efficiency-fans/. Accessed on:
26/05/2020
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(a) ACM regression curve to estimate volume.
Models used: S1BG, S200SX, S300SX3, S400SX, and S500X [164].
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(b) ACM empirical data to estimate weight.
Models used: Turbocharger 452058-5002S, Turbocharger 465288-5004S,
Turbocharger 49173-07508, Turbocharger 5333-988-6709, Turbocharger

5327-988-6534-R, Turbocharger 711017-5004S, Turbocharger 712541-5007S,
and Turbocharger 769040-5001S 3.

Figure A.3: ACM volume and weight estimation 3 [164].
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(a) Pump regression curve to estimate weight.
Models used: 40-160/4, 65-160/15, 80-200/22, 80-250/45, and 80-250/55.
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(b) Pump regression curve to estimate volume.
Models used: 40-160/4, 65-160/15, 80-200/22, 80-250/45, and 80-250/55.

Figure A.4: Pump volume and weight estimation 4.

3Turbo Direct. Turbocharger. URL: https://turbodirectparts.nl/product-categorie/turbocharger/. Accessed on: 26/05/2020
4Ebara. Centrifugal pumps - 3 series F version. URL: https://media.ebaraeurope.com/assets/161222-082631-

DataBook_3SERIESFVERSION_50_H_IE2_3.pdf. Accessed on: 26/05/2020
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Figure B.1: Power usage during the reference flight mission [20].
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Figure B.2: Hybridisation strategy for the reference flight mission [20].
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C
COMPONENT CHARACTERISTICS

Table C.1: Battery pack characteristics used for the near-term and
mid-term scenarios, based on [20, 93].

Parameter Values

Cell capacity [Ah] 3.0
Cell full voltage [V] 4.2
Cell exponential zone charge [Ah] 0.1277
Cell exponential zone voltage [V] 3.889
Cell nominal current [A] 4.0
Cell nominal zone charge [Ah] 2.351
Cell nominal zone voltage [V] 3.6
Cell resistance [Ω] 0.01385
Cell specific heat capacity [J/kg/K] 1200
Cell diameter [mm] 18.0
Cell height [mm] 49.51
Stack factor y-axis 75
Stack factor z-axis 5
Battery pack burden [%] 15

Table C.2: Electric motor parametric model values, set constant
for all used for all scenarios, based on [20].

Parameter EMpower train EMcompressor

Rated power [kW] 670 116

ωmax [rpm] 40,400 30,000

k0 [-] 0.5 0.5

kP [-] 0.8921 0.8921

kQ [-] 1.3 1.3

kω [-] 1.3 1.3

Table C.3: Parameter assumptions for electric, pneumatic, and hydraulic routing elements, set constant for all scenarios [149].

Parameter Electric routing Pneumatic routing Hydraulic routing

Material Copper Aluminium PVC

Inner diameter [mm] 11.68 280 20

Wall thickness [mm] 5 5 5

Resistance [Ω/m] 0.0001706 - -
Relative roughness [-] - 0.001 0.01

Density [kg/m] / [kg/m3] / [kg/m3] 1.0477 2700 1390
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Table C.4: System component constant performance parameters based on provided references.

Component Parameter Symbol Value

Cold plate [165] Volume single plate [m3] vCP, single 0.0005252
Specific power [kW/kg] SPCP 2.50
Power density [kW/m3] ν̂CP 5712
Pressure drop constant 1 [bar/(liter/min)] kCP,1 0.0029
Pressure drop constant 2 [bar/(liter/min)2] kCP,2 0.0009

Gearbox 1 [20, 166] Power density [kW/m3] v̂GB 21901
Operating temperature [◦C] TGB 60
Gearbox speed ratio in/out [-] - 20.78

Electric motor 2 Operating temperature [◦C] TEM 80

Electric motor Specific power [kW/kg] SPEMC 9.375
controller 3 Power density [kW/m3] v̂EMC 9563

Electric bus [167–169] Specific power [kW/kg] SPbus 158
Power density [kW/m3] ν̂bus 1420000
Internal resistance [mΩ] Rbus 0.288
Operating temperature [°C] Tbus 35
Weight isolation constant [-] kisolation 2

Electric power Power density [kW/m3] ν̂PC 10000
converter [161, 170] Operating temperature [°C] TPC 90

Hydraulic pump [171, 172] Specific flow rate [kg/(m3/s)] kHP, m 1327.1
Flow rate density [m3/(m3/s)] kHP, v 1.1267
Maximum efficiency [%] ηHP 83.5
System pressure target [bar] psystem 1.5
Impeller diameter [cm] DHP, impeller 11.2

Heat exchanger Surface compactness [m2/m3] kHEX, compactness ratio 1100
(air/liquid) [150, 152, 173] Heat transfer area [m2] AHEX, heat 30

Combined material density [kg/m3] ρHEX, total 300
Porosity factor [-] kHEX, porosity 0.4
Overall heat transfer coefficient [W/m2/K] UHEX 550
Relative pressure drop, hydraulic [%] - 1
Relative pressure drop, pneumatic [%] - 8

Air cycle system [150, 152, 174, 175] Surface compactness [m2/m3] kACS, HEX, compactness ratio 1100
Heat transfer area [m2] AACS, HEX, heat 65
Combined material density [kg/m3] ρACS, HEX, total 300
Porosity factor [-] kACS, HEX, porosity 0.4
Overall heat transfer coefficient [W/m2/K] UACS, HEX 180
Relative pressure drop, pneumatic [%] - 8
Compressor efficiency [%] ηACS, compressor 80
Turbine efficiency [%] ηACS, turbine 92
Additional weight scaling factor [-] kACS 1.8
Weight scaling factor [kg/m3] kACS, m 250
Volume scaling factor [m3/(kg/s)] kACS, v 0.0222

Pneumatic Specific power [kW/kg] SPPCO 2.5
compressor [154, 176] Operating temperature [°C] TPCO 80

Maximum efficiency [%] ηPCO 81
Impeller diameter [cm] DPCO, impeller 23

Pneumatic fan 4 5 Specific power [kW/kg] SPPF 0.55
Operating temperature [°C] TPF 80
Maximum efficiency [%] ηPF 60
Impeller diameter [cm] DPF, impeller 30
Volume scaling factor [m3/(m3/s)] kPF, v 0.1085

Ram air inlet [54, 174] Entry cross-section [dm2] Aram, in 10
Efficiency [%] ηram, in 90

Ram air outlet [54, 174] Exit cross-section [dm2] Aram, out 4.8
Efficiency [%] ηram, out 95

1Flight Safety Australia. Robinson telatemps. URL: https://www.flightsafetyaustralia.com/2017/11/stickers-for
-accuracy-robinson-telatemps/. Accessed on: 20/09/2020

2Plant Engineering. Motor construction. URL: https://www.plantengineering.com/articles/when-it-comes-to-motors-how-hot-is-

https://www.flightsafetyaustralia.com/2017/11/stickers-for-accuracy-robinson-telatemps/
https://www.flightsafetyaustralia.com/2017/11/stickers-for-accuracy-robinson-telatemps/
https://www.plantengineering.com/articles/when-it-comes-to-motors-how-hot-is-hot/
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hot/. Accessed on: 20/09/2020
3UQM. Powerphase HD 250. URL: https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Electric_Motors/UQM

/PowerPhase%20HD%20250%20web.pdf. Accessed on: 21/09/2020
4Fan Performance Characteristics. Fan Engineering of Centrifugal Fans. URL: https://www.tcf.com/wp-content/uploads/2018/06/Fan-

Performance-Characteristics-of-Centrifugal-Fans-FE-2400.pdf. Accessed on: 19/09/2020
5United Technologies Research Center - Public data

https://www.plantengineering.com/articles/when-it-comes-to-motors-how-hot-is-hot/
https://www.plantengineering.com/articles/when-it-comes-to-motors-how-hot-is-hot/
https://www.plantengineering.com/articles/when-it-comes-to-motors-how-hot-is-hot/
https://wiki.neweagle.net/ProductDocumentation/EV_Software_and_Hardware/Electric_Motors/UQM/PowerPhase%20HD%20250%20web.pdf
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https://www.tcf.com/wp-content/uploads/2018/06/Fan-Performance-Characteristics-of-Centrifugal-Fans-FE-2400.pdf
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