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Abstract

In the thesis project IEPC CO2 data influence on VECTO simulation, the component
performance of integrated electric powertrain components (IEPC) with different DC power
levels, and different numbers of gears, was studied. The vehicle performance of battery electric
vehicles (BEV) of vehicle groups 5, 9, and 10 was also evaluated. The study was performed in
accordance with the CO; certification measures described in the determination Regulation (EU)
2017/2400 and the amending Regulation (EU) 2022/1379. The certification does not only treat
COz values specifically, but also the energy consumption of vehicles. The software VECTO,
developed to effectively enforce compliance with the regulations, was used to determine the
energy consumption for different simulation scenarios (and the parameters influencing, or being
influenced by, it). Only zero-emission heavy-duty vehicles (ZEV) were studied. Therefore, no
COz values were calculated, but the procedure of the calculations was studied in order to gain an
increased understanding of the certification procedure and reporting. From the simulations
performed, important results were obtained such as optimised operational range values for
different simulation scenarios. Future testing and development could be based on the increased
understanding gained from this project, resulting in more efficient and cost-effective testing
procedures. The goal is that the project report and project presentation could serve as an
introduction to CO; certification and VECTO simulations of vehicles and components and be
helpful in the context of similar future studies.

More specifically, the study proved that input data based on measured component data, more
torque steps, and fewer driving axles, had a positive impact on the operational range of the
vehicle for different mission profiles. In this study, the difference between the highest and the
lowest operational range value obtained for a specific mission profile subgroup was as high as
15%—-27%. Conclusions were also drawn regarding what impact different driving cycles, power
levels, and output shaft torque speed values, had on the results.
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Sammanfattning

Inom ramen for detta masterexamensprojekt — som dr ett samarbete mellan Scania R&D och
Uppsala universitet — har integrerade elektriska drivlinekomponenters (IEPC) samt olika
fordonsgruppers prestanda analyserats fran uppmatta respektive standardiserade simulerings-
data, for olika scenarier med varierade parameter-viarden. Motivet for dessa simuleringar ar
den EU-lagstiftning som infordes for CO-certifiering av fordon under 2017, och det tilldgg
som introducerades for elektriska fordon under 2022. Lagstiftningen beskriver hur olika
fordon och specifika komponenter ska certifieras av tillverkarna, utifran resultat dels fran
testning, dels fran simuleringar i programvaran VECTO (som ar utvecklad av EU for detta
dndamal). Mélet med inforandet av denna lagstiftning och VECTO-verktyget har varit att
astadkomma en utsldppsreduktion av vaxthusgaser i EU-omradet, genererade fran tunga
motorfordon sdsom last- och dragbilar samt bussar. Den berdrda faststéllelseférordningen gar
under bendmningen Forordning (EU) 2017/2400, och tilldgget under bendmningen For-
ordning (EU) 2022/1379. Studiens frimsta fokus har varit Annex Xb i Forordning (EU)
2022/1379, som beror certifieringen av IEPC:er. Utdver simulerings-studierna har dven
litteraturstudier utforts pa de berdrda forordningarna samt VECTO-verktyget.

Malet med studien har varit bekanta sig med EU-forordningarna och VECTO-verktyget, i
syfte att sprida och fordjupa kunskapen om dessa, inom olika grupper pa Scania R&D. For-
hoppningen ér att simuleringsresultaten och teoristudierna kan anvéndas som ett underlag vid
framtida testning- och simuleringsscenarier, dir procedurerna kan effektiveras for att minska
tidsatgangen och resursforbrukningen i olika testnings- och produktutvecklingsprocesser.

Inom VECTO-programvarans simuleringsverktyg VECTO Sim finns det flera olika
berdkningslagen/-metoder, av vilka deklarationsléget anvints for samtliga simuleringar.
Deklarationsléget ér tillampligt nér det finns deklarerade data tillgéngligt, och man jamfor
olika fordonstyper med forbestimda parametervirden. De andra berdkningsldgena anvénds i
en kontext av experimentering, validering och verifiering. Inom ramen for certifierings-
proceduren ska komponentdata dven hashas” i VECTO:s hashing-verktyg. Hashad data far
en unik integritets-signatur — digest value” — som ingér och redovisas i certifikatet 1 syfte att
forhindra manipulation av erhallna data. VECTO-verktyget kan laddas ned for anvandning pé
en datorenhet, och under projektets tidsperiod ér det versionerna VECTO-4.3.3 och VECTO-
4.2.7 som ér de nyaste programvaru-uppdateringarna. P4 grund av nagot fordldrade data som
inte dr kompatibel med VECTO-4.3.3, har VECTO-4.2.7 anvénts i denna studie.

Simuleringarna har gjorts med IEPC:er med olika effektnivéer, och olika antal véxlar, samt
med olika elektriska fordon tillverkade av Scania. Fordonen é&r tekniskt klassificerade som
batteridrivna elektriska fordon (BEV) av fordonsgrupperna 5, 9 och 10 som ar beskrivna i
lagkraven, och har valts ut for denna studie baserat pa forsédljningsvolymer och fordelaktiga
flottmedelvarden. Miljomaéssigt sett ar de klassificerade som nollutsldppsfordon, d& de saknar
inre forbrinningsmotorer och dérfor inte genererar nigra CO»-utslipp. Aven dessa fordon tas
dock i beaktande i tillverkarnas flottmedelvéirden for CO»-utslépp, da de bidrar till en
reduktion av dessa vdrden. Inom ramen for certifieringen ingdr dven rapportering av energi-
forbrukning och relaterade parametrar, vilka ar tillimpliga dven for nollutsldppsfordon. Dessa
data har redovisats, med fokus pa rackvidd och bromsenergi.

For de utvalda fordonstyperna och elmaskinerna har olika typer av parametrar modifierats 1
inmatade simuleringsdata. D4 elmaskinerna varieras i olika simuleringar, dr de i dessa fall

fordonsoberoende. Tabell 1 visar vilka parametrar som &r fordons-/elmaskinsberoende.
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Fordonsberoende indata-parametrar

Elmaskinsberoende indata-parametrar

Luftmotstand

Elmaskinstyp

Energiforbrukning hos extern teknisk utrustning (eng auxiliaries)

Troghetsmoment

Viixellads-/transmissionsforluster

Utvixlingsforhallanden

Massor och laster

Vridmoment hos utgdende axel per vixel

Vixellddans troghetsmoment

Vridmomentets rotationshastighet hos utgidende axel per vixel

Dickens rullmotstédnd

Nominell effekt

Axlars laster och forluster

Kontinuerligt vridmoment

Drivlinekomponenters prestanda

Kontinuerlig vridmoments-hastighet

Batteriers prestanda

Overbelastningsvridmoment

Erhéllna utdata-parametrar (resultatdata frin studien)

Overbelastningsvridmomentets hastighet

Réckvidd

Overbelastningstid

Energikonsumtion

Den termiska Overbelastningens aterhdmtningsfaktor

Maximal kontinuerlig framdrivningseffekt

Effektkurvor

Total kontinuerlig framdrivningseffekt

Drivmoments- & generationsvridmomentskurvor (maximikurvor)

Bromsenergi

Maximi- & miniminivaer pa spinningen

Tabell 1. En overblick éver fordonsberoende och elmaskinsberoende indata-parametrar, samt erhdllna utdata-parametrar (resultatdata).

Fordonen simuleras dven utifrdn fordefinierade korcykler, har med fokus pa langdistans-/
regionalleverans-korcykler (med angivna hastigheter och laster, och villkor enligt EU:s krav).

Till de elmaskinsberoende parametrarna hor parametrarna i den hogra kolumnen 1 tabell 1.
Vissa parametrar ar fixa, medan andra har modifierats inom ramen for denna studie. Rent
metodiskt har relevanta parametrar modifierats i filer baserade pa tidigare simuleringar. Nya
filer i formatet XML, med modifierade parametrar, har sedan hashats i VECTO:s hashing-
verktyg. Efter framgangsrik hashing av komponentdata, har hashad data ersatt tidigare
komponentdata i fordonsfiler frén tidigare simuleringar. Inga fordonsberoende parametrar har
modifierats, varfor fordonsfilerna har kunnat kéras i VECTO utan hashing.

Till resultaten fran studien hor bland annat erhallna effekt- och rackviddsdata for olika
simuleringsfall. Resultaten visar att en dndring av de identiska virdena for det kontinuerliga
vridmomentets och dverbelastnings-vridmomentets hastighet med +/—10% resulterar 1 en
proportionell dndring av den maximala kontinuerliga framdrivningseffekten. Néar antalet

varvtalssteg pé de utgdende axlarna minskas 6kar den totala kontinuerliga framdrivnings-
effekten, i fallet med en hogvéxelldda (men forblir oférdndrat i fallet med en lagvéxellada).

Vid hogre effektnivaer generellt sett, for uppmatta data-varden (battre anpassade én de
standardiserade datavéirdena vilka beskriver ett vérsta fall-scenario), samt {or fler vrid-
momentsteg pa utgdende axlar, erhalls ldgre energiforbrukning och langre rackvidd. Fordons-
grupp 9 (lastbil, 6x2-axelkonfiguration) i kombination med regionalleverans-korcykler ger
langst rackvidd, medan grupp 5 (dragbil, 4x2-axelkonfiguration) ger langst rackvidd for lang-
distans-korcykler och korcykler med tyngre fordon. Grupp 10 (dragbil, 6x2 axel-
konfiguration) liknar grupp 5, men fler dick leder till ett storre luftmotstand och hogre energi-
forbrukning. Sannolikheten for forkortad rackvidd okar vid lagre effektnivder och anvindning
av standarddata-varden. Standardvirdenas svagare resultat 1 frdga om rackvidden forklaras av
att de innefattar lagre vridmomentvérden i kombination med hogre moment-hastighet, vilket
resulterar 1 en hogre energikonsumtion och kortare rackvidd. Langdistanskor-cykler maste
enligt lagkraven ha en rickvidd pd minst 350 km, men dven regional-leverans-korcykler kan
ha en langre rackvidd. For bromsenergin erhélls de forvéntade resultaten, med en 6kning vid
regionalleverans-korcykler med ldgre hastigheter/fler trafikbegransningar samt vid hogre
massor. Studiens slutsats dr att uppmétta varden bor anvindas om mojligt. Farre varvtalssteg
kan forldnga rackvidden forsumbart, medan fler viidmoment-steg inte har ndgon gynnsam
effekt pa prestandan. Optimerade parametervirden kan spara tid och resurser. Studien kan
ocksa ge en fordjupad forstielse infor simuleringar med andra elmaskinstyper, komponenter,
fordonstyper, VECTO-versioner/-berdkningsldgen samt upp- och nerskalade parametrar.
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1. Introduction

The European Union (EU) has developed CO; regulations for the purpose of reducing
greenhouse gas (GHG) emissions from heavy-duty vehicles (HDV) such as trucks and buses.
In these regulations, the procedure for certifying different types of vehicle components is
described. All components described add up to the overall fleet average CO; emissions and
therefore need to be certified according to the legislation. In figure 1 below, the share of GHG
emissions by sector for the period Q3—Qa, 2019, is presented. The transport sector contributed
to 22.3% of the GHG emissions in the EU during that period, of which heavy-duty trucks and
buses contributed to 5.6% (compared with e.g. passenger cars: 12.8%, water navigation:
0.5%, aviation: 0.4%, and railways: 0.2%). Thus, heavy-duty trucks and buses contributed to
about 45% of the emission levels that passenger cars contributed to, and to about five times as
high emissions as water navigation, aviation, and railways together. Therefore, it is of
importance to monitor these significant contributions of the GHG gas emissions in the EU
from heavy-duty trucks and buses [1].

SHARE OF EU GREENHOUSE GAS EMISSIONS®, BY SECTOR

TRANSPORT :
O, .
22.3% : ® ROAD TRANSPORTATION =21.1%
3 — Passenger cars = 12.8%
- - Vans = 2.5%
15.5% 10.4% "W — Heavy-duty trucks and buses = 5.6%
3.3% % 3 - Motorcycles = 0.3%

- Other road transportation = 0.0%
@ AVIATION = 0.4%

® ENERGY SECTOR @ AGRICULTURE ® WATER NAVIGATION = 0.5%
INDUSTRY ™ ® WASTE SECTOR RAILWAYS = 0.2%
£} TRANSPORT ® OTHERS, INCL BUILDINGS ® OTHER TRANSPORTATION = 0.1%

* All COz equivalent
** Industry = ‘Manufacturing industries and construction’ + ‘Industrial processes and product use’

Figure 1. An overview of how GHG emissions are distributed between different sectors. Source (primary):
European Environment Agency (EEA). Source (secondary): ACEA: European Automobile Manufacturers’
Association (2020-03), CO2 emissions from heavy-duty vehicles: Preliminary CO2 baseline (03—0Q4 2019)
estimate, p. 3, https://www.acea.auto/filess/ ACEA_preliminary CO2_baseline_heavy-duty vehicles.pdf.

The vehicle use phase emissions are dependent on energy consumption, the well-to-wheel
emission factors, the lifetime driven distance, and the quantity of vehicles. The well-to-wheel
factors include the well-to-tank factors — emissions from electricity and/or fuel production —
and the fank-to-wheel factor — emissions from the vehicle tailpipe.

To effectively enforce compliance with these regulations, the EU established a standardised
simulation tool — the Vehicle Energy Consumption Calculation Tool (VECTO). This tool is
employed throughout the Union to certify heavy-duty vehicles with regards to their CO>
emissions, on a vehicle-by-vehicle basis, which is mandated by EU legislation.


https://www.acea.auto/files/ACEA_preliminary_CO2_baseline_heavy-duty_vehicles.pdf

The purpose of this master thesis is to study the impact of different input parameters on the
output data from the VECTO simulation tool, primarily focusing on CO; certification
outcomes (which are the applicable, evaluated output parameters in accordance with the CO»
certification provided as an input for the simulations) for electric propulsion systems utilising
integrated electric powertrain components (IEPC). Three different common Scania trucks
will be studied. In the context of their technical design, they are classified as battery electric
vehicles (BEV) with different electric machine characteristics, while in the context of
environmental impact they are classified as zero-emission heavy-duty vehicles (ZEV). In
addition to the simulation study, a literature study will also be performed of the CO»
regulations and the VECTO simulation tool.

Through this project work, valuable insights will be gained into the sensitivity of the VECTO
simulation output data to specific input parameters. This increased understanding could
possibly facilitate future developments in vehicle testing methods and design, regulation
strategies, and certification procedures within the EU context.

1.1. Objective

The goal of this master thesis is to familiarise with the VECTO (Vehicle Energy Consumption
Calculation Tool) simulation tool, while performing a profound literature study on both the
tool and relevant CO; legislation. The focus will primarily be on Annex Xb of the
Commission Regulation (EU) 2022/1379, dated 5 July 2022, which in detail addresses the
integrated electric powertrain component (IEPC) utilised in electric propulsion systems.

A key aspect of the thesis is to increase the understanding and knowledge among different
groups and units at Scania R&D of how VECTO can be used for the CO, certification of e-
propulsion drivelines. In addition, as a study being conducted within the e-propulsion team, it
will provide insights into how EU CO, regulations are implemented in practice. Previous
simulations have been performed at Scania R&D, but for older versions of VECTO and a
limited number of simulation cycles. Therefore, some of the older simulations will be
repeated using a later VECTO version that is still compatible with previously measured data,
and new simulations with other parameter values will also be performed.

The outcomes of the study will be documented thoroughly and presented separately, in
formats tailored for stakeholders at Scania R&D, and for academic evaluation at Uppsala
University.

1.2. EU regulations

1.2.1. CO2 EU regulations

In the Regulation (EU) 2017/2400, it is described under what circumstances the VECTO
simulation tool needs to be used. Figure 2 below gives a historic overview, where different
implementation steps of testing, certification, and simulations, in the EU CO; legislation are
highlighted. As can be seen, the VECTO-based CO- targets were introduced in 2019, testing
of electric vehicles was introduced in 2022, and certification of buses and various electric
vehicles was introduced in 2023 [2].
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Figure 2. The milestones of vehicle testing, certification, and simulations, in the EU during the time period
2012—-2023. Source: European Union (N/A). Code development platform. Last accessed: 2025-04-08.
https://code.europa.eu/groups/vecto/-/wikis/vecto-overview.

In this project, the focus will be on the determination Regulation (EU) 2017/2400, and the
amending Regulation (EU) 2022/1379. In these regulations, the vehicles are also defined as
vehicles of different groups, with different mission profiles/driving cycles (such as long-
haulage and regional delivery missions), weight classes (such as heavy-duty trucks), and
manufacturer volume classes (such as small or ultra-small production). A general overview of
the regulations will be presented in sections 1.2.2. and 1.2.3. below, and the most relevant
concepts for this study will be described more in detail in the theory section further below.

Simulations can be performed both on standard (example) CO; certification values and
measured CO; certification values (including the different types of input parameters that are
referred to in the certification). For the CO2 emissions themselves, the concept CO: value in
this context is defined as a simulation result — an output value — for vehicles from the VECTO
tool, in the unit [g/km], [g/passenger-km], [g/t-km] or [g/m>-km] [3]. For zero-emission
heavy-duty vehicles (ZEV) — further described in section 1.3. — it is the energy consumption
parameters that are the applicable simulation results, however. In section 2.1., supportive
background on the fleet average CO2 value is presented, and in section 3.3., the output
parameters of this study are presented.

Standard CO: certification values are input parameters for simulations of a component to
which certification of input parameters apply, but which has not yet been tested to obtain
specific measured values. Thus, standard values describe a worst-case scenario for the
component [4] and includes a specific tolerance margin [3].

In this project, the primary focus is on analysing measured values. The advantage of using
standard values is that they simplify measurement processes and reduce input complexity [5],
but the disadvantage is that they result in an increased energy consumption and a reduced
operational range.
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1.2.2. The determination Regulation (EU) 2017/2400 and its annexes

The determination Regulation (EU) 2017/2400 did not take electrified vehicles into account,
but this gap was addressed in the following amendment through Regulation (EU) 2022/1379.
The Regulation (EU) 2017/2400 treats the determination of CO2 emissions and fuel
consumption of heavy-duty vehicles (Euro VI), that the type-approval of motor vehicles and
engines is based on. It also mentions access to vehicle maintenance and repair information.
The regulation has regards to EU Directive 2007/46/EC, introducing a framework for the
approval of as well motor vehicles and trailers, as separate components, systems and technical
units produced for those types of vehicles. The regulation includes several annexes specifying
technical requirements and methodologies for compliance [6]:

Annex [: Classification of vehicles in vehicle groups,

Annex II: Requirements and procedures related to the operation of the simulation tool,

Annex III: Input information relating to the characteristic of the vehicle,

Annex IV: Model of the manufacturer’s records file and of the customer information file,

Annex V: Verifying engine data,

Annex VI: Verifying transmission, torque converter, other torque transferring component and
additional driveline component data,

Annex VII: Verifying axle data,

Annex VIII: Verifying air drag data,

Annex IX: Verifying truck auxiliary data,

Annex X: Certification procedure for pneumatic tyres,

Annex XI: Amendments to directive 2007/46/EC.

1.2.3. The amending Regulation (EU) 2022/1379 and its annexes

The Regulation (EU) 2022/1379 amends Regulation (EU) 2017/2400 that treats the
determination of CO> emissions and fuel consumption of heavy-duty vehicles and introduces

electrified vehicles as well as other new technologies. It contains the following annexes [4]:

Annex I: Classification of vehicles in vehicle groups and method to determine CO» emissions
and fuel consumption for heavy buses,

Annex II: Requirements and procedures related to the operation of the simulation tool,

Annex III: Input information relating to the characteristics of the vehicle,
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Annex IV: Model of the output files of the simulation tool,
Annex V: Verifying engine data,

Annex VI: Verifying transmission, torque converter, other torque transferring component and
additional driveline component data,

Annex VII: Verifying axle data,

Annex VIII: Verifying air drag data,

Annex I[X: Verifying lorry and bus auxiliary data,
Annex X: Certification procedure for pneumatic tyres,

Annex Xa: Conformity of simulation tool operation and of CO2 emissions and fuel
consumption related properties of components, separate technical units and systems:
verification testing procedure,

Annex Xb: Certification of electric powertrain components,
Annex XI: Amendments to Directive 2007/46/EC.
1.2.4. Regulation 85 and R85 certification

Another certification, with a critical dependency to the CO> certification, is the R85
certification. The certification has, together with monitoring and reporting descriptions, been
implemented by The United Nations Economics Commission for Europe (UNECE) for
electric drivetrains (in vehicle categories N (truck) and M (bus)) in Regulation 85. Every e-
drivetrain and power level needs to be certified, and parts of this certificate is used as input
for the COz certification.

1.3. Zero-emission heavy-duty vehicles

A zero-emission heavy-duty vehicle is characterised by the fact that is has no internal
combustion engine (ICE), alternatively an internal combustion engine with CO, emission
levels lower than 1 g/kWh, in accordance with either Regulation (EU) 595/2009 or Regulation
(EC) 715/2007, as well as the implementing measures [7].

It is distinguished from the low-emission heavy-duty vehicle (LEV), which is classified based
on the criteria that its specific CO2 emissions are lower than half of the reference CO>
emissions, of all vehicles in the vehicle subgroup in which the heavy-duty vehicle is included.
For further details, see point 2.3.3 of Annex I in Regulation (EU) 2019/1242 [7].

In Regulation (EU) 2019/1242, it was stated that CO> emissions reduction limits should be
decided for the vehicle fleets on a Union level for the years 2025 and 2030 — considering the
vehicle fleet renewal time, and the importance of the road transport sector contributing to the
Union climate and energy targets for 2030 and onward. Such a stepwise implementation of
targets also sends a clear and early message for the market to accelerate the introduction of
zero- and low-emission heavy-duty vehicles, and energy efficient technologies in general.

13



In addition to reducing the CO» emissions from road transport, promoting these types of
heavy-duty vehicles would also serve as helpful in the context of reducing air pollution and
noise pollution in cities and urban environments [7].

Also smaller lorries, for which the CO» emissions reduction targets do not apply, should still
be considered in the incentive procedures for the deployment of zero-emission heavy-duty
vehicles. Through this, incentives that are well balanced between different types of vehicles
will be enabled [7].

1.4. The VECTO simulation tool

VECTO is a software tool, developed by Graz University of Technology (TU Graz). It is
administered, and further developed, by the Joint Research Centre (JRC) [2] (The European
Commission’s science and knowledge service [8]). VECTO is used to determine CO>
emissions, energy (or fuel) consumption, and energy demand [9], from heavy-duty vehicles
among other types of vehicles (such as medium lorries, lorries with certain axle
characteristics, and buses and coaches). The simulation scenarios in VECTO have expanded
to include an increasing number of different vehicles. Since January 2019, multiple mission
profiles have been developed and incorporated in VECTO, related to buses, coaches and
lorries [2].

Several executable tools, tailored for different purposes, are available: VECTO Sim, VECTO
Air Drag, VECTO Engine, and VECTO Trailer, of which the first one — the simulation tool —
will be utilised in this study [10]. For convenience, it will mostly be referred to simply as
“VECTO”. VECTO also has multiple calculation modes for different purposes.

In this study, the main calculation method is the declaration mode, which is used for vehicle
declarations — and for comparing simulation outcomes, derived from generic scenarios
involving several predefined parameters. Additional calculation methods, such as engineering
mode, engine only mode, and verification test mode, are mainly used for experimental,
validation, and verification, purposes [11].

Among the characteristic parameters that are used in the VECTO simulations and have an
influential contribution to the power consumption of the vehicle are: air drag, auxiliary power
(power consumption of the auxiliary technologies described more in detail in the theory
section further below), electric machine performance, gearbox/transmission losses, vehicle
related masses, gearbox inertia, rolling resistance of the tyres, axle load and losses, powertrain
and battery performance. From the simulations based on these input parameters, values of
CO; emissions (from other vehicles than zero-emission heavy-duty vehicles) and energy
consumption are obtained for standard driving cycles. The manufacturers must monitor and
report this data, as well as corresponding parameters, to the EU Commission. This
information must also be provided publicly [10]. In Annex IV of the Commission Regulation
(EU) 2022/1379 [4] the different model files are treated, i.e. the manufacturer’s records file
(MRF), the customer information file (CIF) and the vehicle information file (VIF).

VECTO can be downloaded as an executable file developed for use on one computer unit
[10]. The current version utilised for this study is VECTO-4.2.7, which was released on the
9 of January 2025. VECTO-4.2.7 is meeting the latest regulatory standards and simulation
methodologies, while being compatible with the provided input data for this study. The latest
version is VECTO-4.3.3, which was released after the project had been initiated, on the 4 of
March 2025.
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VECTO is utilising a longitudinal dynamics modelling, a reversible computation approach,
“forecasting” functionalities, and approximately 0.5-s simulation timesteps [9].

The data from the simulations needs to be easily reviewable for the different parties, with a
format that is human readable and structured. Data integrity measures need to be
implemented, components need to be traceable regardless of if there is actual component data
or not, and modifications during the transmission must be possible to identify [8].

An important feature of VECTO with regards to certification is the hashing of component
data in VECTO’s hashing tool, which is an evaluation tool, intended for XML files. Hashing
component data at certification of components results in a digest value that is part of the
certificate. Hashing can be described as a function for mapping data of unregular size to a
fixed size. All component data is hashed, and reports and job data are also hashed. Hashing is
also performed on standard values. Hashing is not part of the data but can be compared to
detached signatures [8].

According to the legislation, the hash of the simulation tool input data must be identical to the
hash provided in the certificate of CO2 emissions — and parameters related to fuel/energy
consumption — for a number of distinguished components, systems, and technical units:
engines/electric machines, transmissions, torque converters/transferring components,
additional drivetrain components (ADC), axles, tyres, and body/trailer air drag [4].
Implementation of the hashing measure will prevent manipulation of data.

VECTO’s hashing tool is utilising a cryptographic hash function, with quick computations
regardless of data size. If the same message — i.e. an identical code script — is reused, it will
result in the same hash (the function is deterministic). If a similar message — with a minor
change — is used, the hash value will change essentially (the hash values should be
uncorrelated even if the messages are similar). For the same hash value, it will be infeasible to
find it among several different messages. The function also operates in a one-way direction —
a hash value cannot be used to extract a message [8].

The data is hashed on the plain-text XML data format, which can be represented with line
breaks, whitespaces, and comments. A disadvantage of this is that for semantically equivalent
XML data, different hash values may be obtained [8].

XML data elements are transformed utilising normalisation and canonicalization, with
standard methods being applied. The digest value is computed over the resulting data element,
and a reference element is generated. It is essential to maintain a strict XML structure, and to
use a feasible canonicalization method. A strict XML structure can be described as a strict
sequence of elements (rather than a presence of choice elements), provided with enumerations
where applicable. For this structure, the datatypes are also clearly defined — with timestamps
in UTC, floating-point values with 2—4 decimal places and no leading zeros, as well as
applicable values for the enumerations [8].

Canonicalization can be performed for files utilised in VECTO in two different ways.
Primarily, a standardised method found in libraries can be used: XML-CI4N. This is used for
arranging whitespace outside of elements, sorting attributes, text nodes and their contents,
namespaces, line breaks, and removal of comments.
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Secondarily, a VECTO-specific canonicalization, implemented as an XSL transformation can
be used, for ordering entries in gear lists, respectively in fuel, loss or power maps. These types
of transformation algorithms are then noted in VECTO’s signature element [8].

The primary motivation for implementing hashing is due to distinguished responsibilities, and
for ensuring data integrity. Hashing enables component manufacturers to confidently verify
that correct and accurate data was provided as input data for simulations. Similarly, vehicle
manufacturers gain confidence in that the component data received is correct, as long as the
digest value has not been modified. Moreover, VECTO’s hashing tool enables verification
tests to confirm the validity of component data as input data for simulations [8]. Figure 3
below illustrates the chain of digest values implemented in the VECTO simulation process,
highlighting how hashing is utilised for data integrity purposes across different stages.
Component data provided by the manufacturer is hashed, returning unique digest values that
accompany the data — as a signature — through the simulation process in VECTO. These
digest values ensure that the manufacturers of as well the component as the vehicle can verify
the authenticity and accuracy of the input data used. They are also part of the monitoring
procedure, being stored in records such as the MRF and CIF files (mentioned previously), as
well as in the Customer PDF, and the Vehicle Certificate of Conformity (CoC), enabling
transparent verification throughout the entire process [8].

Chain of Digest Values

Job Data
g | v-e

Customer PDF
: MRE
1 —7
| —/-P Job Data
7 — :
1 Vehicle CoC
A4 ;,_ .
Results H
TAA /TS ; Lo
Yeyvrey > @
DB LDB DD ... % : 7
;
European |

Commission

Figure 3. The chain of the component-unique digest values that are obtained after successfully hashing the
component data. Hashing, and its digest value, is a data integrity measure that is part of the certificate and the
monitoring procedure. Source: European Commission (2018-11). The European Commission’s science and
knowledge service Joint Research Centre, VECTO Data Integrity Measures, 2018 VECTO Workshop Ispra,
November 2018, p. 8, https://climate.ec.europa.eu/document/download/78b3d698-e4e9-4720-a241-
e2aall53600f en?filename=201811 integrity en.pdf

In figures 4 and 5 below, excerpts from the CO; certification documents are shown.
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1. Vehicle, component, separate technical unit and systems data
1.1, Vehicle data

1.11 Vehicle identification mumber (VIN)

1.1.2.  Vehicle category (N, Nj M) .

1.1.3.  Axle configuration .

1.1.4 Technically Permissible Maximum Laden Mass (t)

1.1.5.  Vehicle group in accordance with Annex |

1.1.5a. Vehicle (sub-)group for CO, standards

1.1.6 Mame and address(es) of manufacturer(s) 1.2 Component, separate technical unit and systems data

121, Engine rated power (kW) .......

122, Engine capacity (tr) ...

1.1.8.  Corrected actual mass (kg)

123, Fuel type (Diesel CIJCNG PILNG PI) .

1.1.9.  Vocational vehicle (vesino) ... 124 T ion values dfstandard

1.1.10. Zero emission heavy-duty vehicle (ves/no) 125, Transmission type (SMT, AMT, APT, £06€) .o

1.26.  No. of gears .......

1.1.11  Hybrid electric heavy-duty vehicle {ves/no) ...
1.27.  Retarder (yes/no) ...

1.1.12  Dual-fuel vehicle (ves/no) ...

128 Axle ratio ...

1.1.12a. Waste Heat recovery (yes/no) 1.29.  Average rolling resistance coeflicient (RRC) of all tyres of the motor vehicle:

1.2.10a. Tyre dimension for each axle of the motor vehicle ......

1.1.13.  Sleeper cab (yes/no) ..

1.2.10b. Fuel efficiency class(es) of the tyres in accordance with Regulation (EU) 2020740 for each axle of the
1.1.14.  HEV architecture (e.g. P1, P2) ... motor vehicle ..

1.2.10¢. Tyre certification number for each axle of the motor vehicle ..

1.1.15. PEV architecture (eg. E2, E3)

1.211. Engine stop-start during vehicle stops (yes/no) ..

1.1.16. Off-vehicle charging capability (yes/no)

1.2.12.  Eco-roll without engine stop-start (yes/no) ...

1117, - 1.2.13.  Eco-roll with engine stop-start (yes[no) .......

1.2.14. Predictive cruise control (yes/no)

1.1.18.  Off-vehicle charging maximum power (kW) ...

1.2.15  Electric machine system(s) total rated propulsion power (kW)

1.1.19. Vehicle technology exempted from Article 9

1.216  Electric machine system total continuous propul power (kW)

1.1.20. Class of bus (e.g. I, I+II erc)

1217 REESS total storage capacity (kWh)

1.1.21. Total number of reoi d 1.218  REESS useable storage capacity in simulation (kWh) ...

Figure 4. Excerpts from the CO2 certification description in Regulation (EU) 2022/1379, showing different input
parameters. Source: The European Union (2022-08-12). Official Journal of the European Union: Commission
Regulation (EU) 2022/1379 of 5 July 2022, p. 72—73, https.//eur-lex.europa.eu/eli/reg/2022/1379
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2.2. Average speed (kmfh) s
2.3, Fuel and energy consumption results (per fuel type and electric energy)
2.3.1.  Fuel consumption (Z/Km) .ooooommmmeeemeeemsiessoeeeeceneceeecenncenes

2.3.2.  Fuel consumption (g/t-km) ..orccemrneccs

2.3.3.  Fuel consumption (2/p-Km) ..oooommmreemmeeemesesscesenccsecesnennneenns

23.4,  Fuel consumption (2/m3-Km) .oeeeercrmsesness s

2.3.5.  Fuel consumption (I/T00KM) .coooorioociiiricoiiriireicsesscsscsesn

2.3.6.  Fuel consumption (I/t-Kim) .cconnrccimienecismicnssisisenens

2.3.7.  Fuel consumption (I/p-km) ..ocirimmvviiincnsssisnscnsssisssasis

238, Fuel consumption (/m*-Km) oeoeeerooerenmeeess e

2.3.9.  Energy consumption (MJ/km, kWh/km) ..

2.3.10.  Energy consumption (MJ/t-km, kWh/t-km)

2.3.11.  Energy consumption (M]/p-km, kWh/p-km)
2.3.12. Energy consumption (MJ/m*-km, kWh{m>-Km) ...
2.4, CO, results (for each mission profile and loading combination)

2410 COy (gfRM) e

242, COjp (gt-km) i

Figure 5. An excerpt from the CO2 certification description in Regulation (EU) 2022/1379, showing some
different CO2 emission and energy consumption units for a certain average vehicle speed. Source: The
European Union (2022-08-12). Official Journal of the European Union: Commission Regulation (EU)
2022/1379 of 5 July 2022, p. 74, https://eur-lex.curopa.cu/eli/reg/2022/1379

After collecting the data shown in figures 4 and 5, the mission profiles — and the weighted
CO; values — are inserted into the CoC mentioned above, as part of the CO> certification. The
CoC could serve as a guideline for future road toll (proposal COM(2017) 275 final) public
procurements, for instance [9].

The CoC is also part of the monitoring and reporting procedure (Regulation (EU) 2018/956).
Since 2020, the European Environment Agency (EEA) is collecting CO2 emission and fuel/
energy consumption data. National authorities provide the registration data needed. The
original equipment manufacturer (OEM) reports the output data mentioned above, and the
CO; data for the entire fleet — as well as for each OEM — is analysed annually [9].

The CO» emission data is also considered in the CO; emissions standards (proposal
COM(2018) 284 final). For vehicle groups 5, 9, 10 (evaluated in this project, and described
more in detail in the theory section) and 4, monitoring data for the year 2019 is used as a
baseline. The reduction targets were set to -15% until 2025, respectively -30% until 2030 (to
be evaluated). A specific group of vocational vehicles (i.e. heavy-duty vehicles not adapted
for transportation of cargo; or tractors with a speed not higher than 79 km/h [4]) were
excluded from the emission standards, having a limited cost-effective impact on the CO>
emission reductions. Incentives are implemented for zero-emission vehicles and low-emission
vehicles (LEV), as well as procedures for “banking and borrowing” of CO; emissions during a
specific period in years [9].
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1.5. The integrated electric powertrain component (IEPC)

In this study, the CO» certification of the integrated electric powertrain component (IEPC)
referred to in point 40 of part 2. Definitions of Annex Xb is treated [4]. The IEPC is a system
combination (see mark #10 in figure 6 below) of an electric machine system, EMS (see mark
#1 in figure 6) containing an inverter (see mark #2 in figure 6) and an electric machine (see
mark #3), with the addition of a single- or multispeed gearbox, a differential, or both [12].

An electric machine system consists of electric powertrain components being installed in a
vehicle. In addition to the electric machine and inverter, it also includes electronic control
units such as interfaces and connections for external systems [4].

In the case of the multispeed gearbox, it shall only have discrete gear steps. In the case of a
differential device, it has a torque that is divided into two branches, that is for left-hand-side
respectively right-hand-side wheels, with different rotational speeds. A differential brake or a
differential lock device (if present) can be used to bias or deactivate the torque-splitting
function.

Within the electric machine system, a DC/DC converter is an optional addition (see mark #4
in figure 6). Connected to the IEPC is a dynamometer/load machine (see mark #8) and a
speed/torque measuring device (see mark #9). Marks #5, #6 and #7 in the figure shows the
direction of the inverter input voltage respectively current, and (if applicable) the power
supply to the inverter [4].

Another characteristic of the IEPC is the sharing of one or more of the following features
among two or more components: housing, lubrication circuit, cooling circuit, and electrical
connections.

An IEPC shall also fulfil the following conditions [4]:

- It shall have no input shaft(s) for providing the system with propulsion torque, but only
output shaft(s) in the direction of the driving wheels.

- When there is more than one electric machine included in the IEPC, every electric machine
shall be connected to the same DC power source for every test run that is performed based on
the descriptions in the Annex.

An IEPC can be of design type wheel motor, referring to that one—two output shaft(s) are in
direct connection with the wheel hub(s), and where two separate configurations are classified
in the Annex. The configuration of type “L” applies to one shaft, where there is a dual
installation of the same component in symmetrical application (that is one on the left-hand
side of the vehicle and one at the right-hand side, at the same longitudinal wheel position).
The configuration of type “T” applies to two shafts, where just one component is installed —
with one output shaft in connection with the left-hand side of the vehicle and the other one in
connection with the right-hand side, at the same longitudinal wheel position [4].

The IEPC component file describes all parameters that are necessary for the electric machine,

including the maximum drive and recuperation torque of the motor, the drag torque, and the
electric power map.
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There might be multiple movable transmission steps or just one gear stage between the
electric machine and the output shaft. The electric power consumption map needs to be given
for each gear [12].

For pure electric vehicles (PEV) the IEPC type used is denoted E-IEPC (while for hybrid
electric vehicles (HEV) it is denoted S-IEPC) [4].

___._. 1o
optional| | optional} :
1 gearbox 1 differential

1

|

I feature |

H I

(L I

[ I

[ [

1 1 1

[ I

I [oocoooc [
1 ... Electric machine system 5... Inverter input voltage 9 ..... Speed/torque measurement
2 ... Inverter 6 ... Inverter input current 10 ... IEPC (optional instead of
3 ... Electric machine 7 ... Power supply to inverter electric machine system)
4 ... DC/DC converter (optional) 8 ... Dynamometer (load machine)

Figure 6. Provisions for measurement of electric machine system or IEPC. Source: The European Union (2022-
08-12). Official Journal of the European Union: Commission Regulation (EU) 2022/1379 of 5 July 2022, p. 198,
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32022R1379&qid=1745907255851

In VECTO, the IEPC is modeled in the following way [13]: in simulations, the virtual IEPC
component is divided into the configuration consisting of an electric machine including
electric power maps for each gear, a so-called APT-N gearbox whenever a multi-speed
gearbox is used, and possibly an axle gear (based on available models and the shift strategy
that is used for £2 (a PEV powertrain) and S2 (a HEV powertrain) configurations.

Different torque and speed data from the certification of the component are directly converted
from the reference measurement point at the output shaft of the IEPC, through each gear ratio
of the forward gears, to the input shaft of the virtually defined transmission component that
VECTO is using. This also reflects the output shaft used in the virtual electric machine
included in the IEPC.

When the single-speed IEPC is used, a simpler transmission component is used in the
application that only needs a single transmission ratio in comparison to the movable
transmission.

As gearbox related losses is one of the parts of the measured component values from the
IEPC, the current transmission component model in VECTO is directly parametrised using a
generic dataset describing a transmission component without losses, and with the only task of
managing the different transmission ratios in the gear shifting phase. Thus, in the case of a
single-speed gearbox, the simulation of the IEPC reminds of the simulations of £3 (also a
PEV powertrain) configurations.

When the differential is not present in the IEPC, an axle component also needs to be
determined for the vehicle, besides the electric machine and gearbox models already
implemented. In the VECTO-4.2.7 version, however, the input parameters to the gearbox and
axle are connected.

20



Thus, in order to create an input parameter of the axle component without defining additional
gear ratios (that is, however, implicitly defined by the IEPC input parameters), VECTO uses a
dummy gearbox.

1.6. Electric machine type

The electric machine is a converter of energy between electrical energy and mechanical
energy. The electric machine type in the system can either be an asynchronous machine
(ASM), an excited synchronous machine (ESM), a permanent magnet synchronous machine
(PSM) or a reluctance machine (RM).

In the vehicle configurations included in this study, the electric machines are of the PSM type,
so the details about the other types are not further developed in this context. PSM refers to a
permanent magnet synchronous electric machine type including a stator with multiphase AC
electro-magnets, which create a magnetic field that rotates synchronously with the frequency
of the line current. A constant magnetic field originates from built-in permanent magnets in
the steel rotor [4].

1.7. Main input parameters

The parameters described in the IEPC component file are [12], [14], among which some of
their relations are illustrated in figure 7 below:

- The electric machine type, further described in section 1.6. above.

- Inertia [kgm?] which is only used in VECTO’s engineering mode and will not be further
developed in the context of this project.

- Gear ratios of the transmission steps for the IEPC. (Maximum output shaft torque [Nm] and
maximum output shaft speed [min™'] are optional input parameters for each forward gear).

- Nominal or rated R85 power [kW].

- Continuous load (load that the electric machine can generate continuously) parameters, that
is continuous torque [Nm], and its corresponding angular speed — the continuous torque
speed, or the test speed continuous torque [rpm] at the maximum and minimum voltage
levels. The continuous torque is the maximum value that the torque can achieve on average
over an 1800 s-period for the unit under test (UUT). The test procedure is referred to as a 30-
minute test.

- Among the overload parameters are the overload torque [Nm], which is the maximum torque
above the continuous torque that the electric motor can sustain for a specific time, and its
corresponding angular torque — the overload torque speed, or the test speed overload torque
[rpm]. Other parameters are the overload duration, or maximum overload time, [s] — which is
the time range within which the electric machine is at its peak performance — as well as the
thermal overload recovery factor (dimensionless), which is the factor that multiplied with the
maximum overload capacity becomes an upper limit for the accumulated overload energy.
Below this limit, peak power is available again.
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- In the electric power mapping cycle (EPMC), or electric power consumption map, the
electric power is defined that is necessary to determine a specific mechanical power at the
motor shaft (for specified values of the torque and the angular speed).

Calculations of the electric power demand are based on the map, which needs to include a
speed range from zero to maximum speed — as well as a torque range reaching above the
maximum drive and the maximum generation torque. The power map is generated for each
gear, and for two different general voltages levels.

- For the IEPC, torque curves are also determined. The maximum drive and maximum
generation torque curve, or the full load curve, displays torque over speed is determined at the
output shaft, based on the maximum drive and maximum generation torque of two different
voltage levels.

The full load curve is declared for the gear with the gear ratio closest to 1, and for the gear
with the higher ratio if two gears have a ratio at the same distance from 1. The drag (torque)
curve displays torque over engine speed when the motor has no energy consumption. The
torque values of the curve need to be below zero.

- Another parameter that is determined for the IEPC is the general voltage level — both the
minimum level and the maximum level — that the electric power consumption map and the
maximum drive and generation torque curve are based on.

IEPC
Gearbox system Electric machine system
(E-machine + inverter)
Inertia
n_IEPC _avg n_IEPC int_avg
e _gear e Power maps
T IEPC out T IEPC int
n - Drag curve

Figure 7. An illustration of input and output parameters determined for different components of the IEPC. An
own modification of an image originally from the VECTO-4.2.7 User Manual. Source: VECTO-4.2.7 User
Manual, Integrated Electric Powertrain Component (IEPC).

2. Background

2.1. Fleet average CO; value

As mentioned previously, the vehicles evaluated in this study are zero-emission vehicles. Yet,
they are also subject to CO> certification and need to be included in the calculations of the
fleet average CO- value. Even if their values do not increase or decrease the absolute
emissions, they do decrease the average emissions, thus contributing to a reduced — i.e. more
beneficial — fleet average CO> value.
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Through this, the zero-emission vehicles will compensate for the emissions from the
manufacturer’s other vehicles and reduce the risk of exceeding the emission limits and being
subject to penalties.

During each reporting period, the manufacturer is obliged to calculate the average specific
CO; emissions [g/tkm] according to formula (1) below [7]:

CO; =ZLEV - Y 'sg share.ss - MPWsg - avgCO24 (1),

where ZLEV = zero- and low-emission factor (see point 2.3 in Regulation (EU) 2019/1242),

> s¢ = sum over all vehicle subgroups,

share s; = share of new heavy-duty vehicles in the subgroup sg (see the regulation, point 2.4),

MPW,, = mileage and payload weighting factor (see the regulation, point 2.6),

avgCO2, = average specific CO2 emissions [g/tkm] (see the regulation, point 2.2).

In order to calculate the latter, the following formula (2) is used [7]:

avgCO2s >, CO2, | (Vsg - PLsg) (2),

where Y, = sum over the manufacturer’s new heavy-duty vehicles in the vehicle subgroup sg*,
CO2, = specific CO2 emissions of a new heavy-duty vehicle v (see the regulation, point 2.1),
V¢ = number of the manufacturer’s new heavy-duty vehicles in the vehicle subgroup sg*,
*with vocational vehicles excluded (see Article 4, §1, in the regulation),

PL, = average payload of vehicle in subgroup sg (see the regulation, point 2.5).

Then, CO2,, is calculated according to the formula (3) [7]:

CO2, =Y mp Wigimp - CO2ymp (3),

where ) = sum over all mission profiles (see the regulation, table 2),

sg = vehicle subgroup in which the new heavy-duty vehicle v belongs (see the regulation, 2.1),
Wie:mp = mission profile weight (see the regulation, table 2),

CO2y;mp= CO; emissions [g/km] of new heavy-duty vehicle obtained for mission profile mp,
and reported as described in Regulation (EU) 2018/956.

Now, for zero-emission vehicles, the specific CO2 emissions will simply be set to 0 g’km. (In
Regulation (EU) 2018/956, it is described how this will be done for the vocational vehicles.)
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As only zero-emission vehicles are studied, no fleet CO» average calculations will be
performed within the scope of this project. The formulas above are described merely to
provide a context with regards to the certification and reporting of CO; data.

2.2. Component testing

Component testing will not be performed as part of this master thesis, but it will be explained
briefly in this section, however, in order to provide a full picture of how CO»> legislation,
component testing, and simulations in VECTO, are related to each other [9].

By combining component tests with vehicle simulations, the fuel/energy consumption [g/km]
or [kW/km)] of the entire vehicle can be determined, with an increased reproducibility and
flexibility (as measured component data is applicable to all vehicles). Thus, this method offers
cost reductions. However, the simulation tool is regularly replaced with newer versions, in
order to include the up-to-date technologies.

As part of the component testing, constant speed tests are performed with a standard body
and/or trailer on a test track, and the torque is measured at the wheels and at air speed. From
this, the air drag can be determined. In order to determine the rolling resistance, tyre drum
tests are also performed according to Regulation (EC) 1222/2009. For IEPC:s, IEPC dyno
tests are performed. For auxiliaries, being technology dependent, component tests are not
performed.

A number of different components are evaluated at test rigs, such as retarders, angle drives,
axles, and transmission/gearbox components (in the latter, tests are also run for generic
“standard values”). Considering the gearbox loss maps — one for each gear — different options
are available. They can be based on: default values, measured idle losses and calculated
torque dependency, and complete measurements.

As for the fuel map —a power map in case of the IEPC — there is an IEPC test bed according
to the CO> regulations, from which a full load curve, a motoring curve, and the map is
obtained. Table 2 below gives an overview of the different test methods for different vehicle
components, and whether there are generic “standard values” available or not.
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VECTO Input VECTO Input

Vehicle Component Component Test Generic “standard values”
IEPC IEPC dyno Available
Air drag Constant speed test Available
(test track)

Rolling resistance Tire drum Available
Gearbox Test rig | Test rig + generic Generic only
Retarder Test rig Available

Axle Test rig Available
Angle drive Test rig Available
Auxiliaries Lorries: not applicable Technology dependent

Table 2. A modified version of an overview of the testing methods of different vehicle components, and the status
of their standard values. Source: European Commission (2018-11). The European Commission’s science and
knowledge service Joint Research Centre, VECTO — Overview, 2018 VECTO Workshop Ispra, November 2018,
p. 12, https://climate.ec.europa.eu/document/download/c0b9671d-b48e-418f-9b1{-
e265f6ec2ffb_en?filename=201811_overview_en.pdf

On-road tests are also performed to verify CO; emissions after the production of new
vehicles. The vehicle manufacturers are responsible for these tests, but the tests are verified
by the assigned approval authority. The primary measurement signals are 1). torque and speed
at the driven wheels, 2). engine speed, and 3). fuel/energy consumption [9].

As mentioned previously, VECTO has calculation modes tailored for verification purposes.
The signals for 1). and 2). are provided as cycle input values in VECTO’s VTP mode, as well
as the vehicle input data from the CO; certification. The vehicle subject to testing will either
pass or fail, depending on if the wheel work specific fuel/energy consumption [g/kWh] from
the VTP measurement is below the VECTO simulation result, including a tolerance of 7.5%.
The vehicle input data, including components, hashes, and provided auxiliary technology, also
needs to be checked with regards to correctness.

3. Theory

3.1. Truck configurations, driving cycles and related input parameters
The trucks that will be studied are divided into different vehicle categories — HDV groups —
based on their axle configuration, chassis configuration, and technically permissible

maximum laden mass in tons.

In this project, 4x2 and 6x2 axle configurations will be studied, thus vehicles with four or six
wheels, of which two wheels are located at the driving axle.
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The allowed input values of chassis configurations, according to the legislation, are “rigid
lorry”, “tractor”, “van” and “bus”, of which the three first are graphically presented in figure 8
below. The cha551s configurations that will be studied are the ones named rigid lorry and
tractor [4]. The tractor denotes a towing vehicle with a design and construction adapted for
semi-trailers, while the rigid lorry denotes a lorry [15] with a chassis-cab — and a body [3] —
used for the transportation of cargo [15].
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Van Rigid lorry (chassis-cab & body) Tractor

Figure 8. An overview of different chassis configurations. Source: European Commission (2019-11-21). Bodies
and trailers — development of CO2 emissions determination procedure, p. 179,
https://climate.ec.europa.eu/system/files/2020-01/report_bodies_trailers_en.pdf

Lorry
(light, medium, heavy)

The vehicle groups listed in the Commission Regulation (EU) 2022/1379 of 5 July 2022 that
will be studied in this project are group 5 (4x2, tractor, technically permissible maximum
laden mass (TPMLM) > 16 tons), group 9 (6x2, rigid lorry, TPMLM: all weights), group 10
(6x2, tractor, TPMLM: all weights). Thus, two tractor configurations with different axle
configurations will be studied and compared, and two 6x2 configurations with different
chassis configurations will also be studied and compared.

The truck configurations will be simulated for different mission profiles — or driving cycles.
VECTO uses seven different ones for heavy lorries: long-haulage, long-haulage EMS,
regional delivery, regional delivery EMS, urban delivery, municipal utility, and construction
[4]. The driving cycle describes the parameters in VECTO of a simulated route, which is
either distance- or time-based, with different fields related to the type of driving cycle.
Among the included parameters are the target speed cycle, the body or trailer configuration,
and the payload (the weight of cargo that is transported by a vehicle under different
conditions). Thus, the loading varies for the different types of cycles. The target speed cycle
can be explained as the vehicle velocity which the driver wants to reach (while being limited
by traffic conditions), as function of the distance travelled in the cycle.

Based on the vehicle group, a vehicle is commonly used for specific purposes. Therefore, the
driving cycles (or mission profiles) are classified by their usage profiles. Which cycles are
simulated are thus determined by the vehicle group. How the vehicle groups are distributed
among the mission profiles in the context of certification of heavy-duty vehicles is described
in Regulation (EU) 2017/2400, Annex I, Table 1 (see table 5 further below) [1].

To summarise, the purpose of the specified driving cycles is to reflect the specific use — or
mission — of a vehicle. The official CO; values — and the fuel/energy consumption — of the
simulated heavy-duty vehicles, are determined based on these cycles [7]. In table 3 below, the
representative parameters of each mission profile are presented. In table 4, some relevant
VECTO parameters related to driving are described.
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56 . - . 2.1.1 i i
! Mission profile (long haul, long haul (EMS (7)), Simulation parameters
regional, regional (EMS), wurban, municipal, (for eaclh TLSS10n
comstract ion) ’ ’ profile/load/fuel
combination)
57 Load (as defined in the simulation tool) (kg) 2.1.2
58 Fuel type (diesel/petrol/LPG/CNG/...) 2.13
59 Total vehicle mass in simulation (kg) 2.14
60 Average speed (km/h) 2.2.1
61 Minimum instantaneous speed (km/h) 2.22
62 Maximum instantaneous speed (km/h) 2.23
63 Maximum deceleration (m/s”) 224 Vehicle driving
performance (for each
. mission profile/load/
64 Maximum acceleration (m/s”) 225 fuel combination)
65 Full load percentage on driving time 2.2.6
66 Total number of gear shifts 227
67 Total driven distance (km) 228
68 CO, emissions (expressed in ghkm, g/t-km, 23.13-23.16
g/p-km, g/m’-km) CO1 emissions and
fuel consumption (for
69 Fuel consumption (expressed in gkm, g/t-km, 23.1-23.12 each mission profile/

g/p-km, g.-"m'a-km, 100km, l/t-km, 1/p-km,
Vm®-km, MI/km, MIt-km, MJ/p-km, MI/im”-km)

load/fuel combination)

Table 3. An excerpt of the Regulation (EU) 2018/956 with a presentation of parameters related to the different mission profiles. Source:
European Commission (2018-06-28). Regulation (EU) 2018/956 of the European Parliament and of the Council of 28 June 2018 on the
monitoring and reporting of CO2 emissions from and fuel consumption of new heavy-duty vehicles, https://eur-lex.europa.cu/legal-

content/EN/TXT/PDF/?uri=CELEX:32018R0956

Parameter Unit VECTO Description
Component
time [s] DrivingCycle | Absolute time. Timestamp at the middle of the current
simulation interval [time — dt/2, time + dt/2]
dt [s] DrivingCycle | Length of the current simulation interval
dist [m] DrivingCycle | Distance the vehicle travelled at the end of the current simulation interval
v_act [km/h] | Vehicle Average vehicle speed in the current simulation interval
v_targ [km/h] | DrivingCycle | Target speed
acc [m/s2] Driver Vehicle’s acceleration:
constant during the current simulation interval
grad [%] DrivingCycle | Road gradient

Table 4. A description of VECTO parameters related to driving. Source: VECTO-4.2.7 User Manual, Modal Results (.vmod).
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For instance, regarding the average speed, there are multiple different classifications
according to the legislation. Urban driving denotes the overall distance driven during energy
consumption measurements without the speed exceeding 50 km/h (consider the urban delivery
mission). Rural driving denotes the overall distance driven during energy consumption
measurements with the speed exceeding 50 km/h but not exceeding 70 km/h (consider the
regional delivery (EMS) mission). Motorway driving denotes the overall distance driven
during energy consumption measurements with the speed exceeding 70 km/h (consider the
long-haulage (EMS) mission) [4].

For further reference, see the result tables in the result section and the appendix, where
regional delivery (EMS) missions are presented with average speeds of roughly 60 km/h, and
long-haulage (EMS) missions with roughly 80 km/h.

In the declaration mode, the predefined cycles are of the type: target-speed, distance-based
[16]. The different cycles utilise a generic driver model, taking into account acceleration and
deceleration patterns, coasting, overspeed, and gearshift function (automated manual
transmission (AMT), automatic transmission (AT), manual transmission (MT)). From this,
realistic, vehicle-specific speed profiles are obtained.

Due to VECTO utilising a reversible computation model, the results between different
vehicles are fully comparable. Unlike in chronological computation models, there are no
oscillations [9].

Depending on the driving style, the average velocities, accelerations, and gear modes will also
vary. The probability that a higher gear is utilised in the driving cycle is increased for

missions where the average speed of the vehicle is increased.

Table 5 below displays some of the different characteristics of different vehicles groups and
mission profiles [9].
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Elements relevant to the Allocation of mission profile
classification in vehicle groups - and vehicle configuration -
= =
g W £ . zZ
3 ,E |z | ¥ : [ E|F || & £
| %:c | Sx:z| % 2 | 3| 2 £l 8| g | 28
S| d2 |GiE 2 |gz| z |F|E.|%|z2|§|:F
- = ‘= & - = = = g a E‘ F W
3 A £ = = & 2 A = ‘B 7
i 8 = g g g’ P2 | £ | & g
= = e & = - &
Rigid =35-<15 ()] not covered vet
Rigid (ar tractor)** 75-10 1 R R Bl
4 Rigid (or tractor)** >10-12 2 R+T1 R R B2
* [Rigid eroacon™ | =12-16 3 R R B3
Rigid =16 4 R+T2 R R B4
Tractor =16 5 T+ST | T+HST+T2 | THST | T+ST+T2
Rigid 75-16 (6) not covered vet
4x4 | Ragad =16 )] not covered yet
Tractor =16 (8) not coverad ver
Rigid all weights 9 R+T2 | R+D+ST R R+D+ST R B5
o2 Tractor all weights 10 T+5T | T+ST+T2 | THST | T+5T+T2
Rigid all weights 11 R+T2 | R+D+ST R R+D+ST R R B3
i Tractor all weights 12 T+5T | T+ST+T2 | THST | T+ST+T2 R
Rigid all weights (13) not covered vet
6x6 Tractor all weights (14) not covered yet
8x2 [Rigd all weights (15) not covered yet
(generic
Ex4 | Rumd all weights 16 R weight+
CdxA)
Ex6 L i
fxf Rigid all weights (17y not covered yet

Table 5. Description of different vehicle groups studied in this project (Table 1 of Annex I to Commission
Regulation (EU) 2017/2400). The letters denote: T = tractor, R = rigid and standard body, T2 (and T1 when
applicable) = standard trailer, ST = standard semitrailer, D = standard dolly. * = EMS - European Modular
System. ** = vehicle classes where tractors are treated as rigids, while having the specific curb weight of a
tractor. Source: European Commission (2018-11). The European Commission’s science and knowledge service
Joint Research Centre, VECTO — Overview, 2018 VECTO Workshop Ispra, November 2018, p. 20,
https://climate.ec.europa.eu/document/download/c0b9671d-b48e-418f-9b1f-
e265f6ec2ffb_en?filename=201811 overview_en.pdfz

Based on sales volumes and fleet average CO> values of different truck configurations (see
figures 9 and 10 below), this study will focus on the long-haulage, long-haulage EMS,
regional delivery, and regional delivery EMS mission profiles [1]. In table 6 below, an
example of the share of different vehicle subgroups in Q3-Q4 2019 is presented. The long-
haulage vehicle subgroups of vehicle groups 5, 10, and 9, had the highest share during the
period with 62.8%, 9.7%, and 9.2%, respectively. The regional delivery subgroups will be
studied for comparison.

The same vehicle groups are also of interest from a “CO; average” point of view. The fleet
average COz values are visualised in both figure 9 and figure 10, with the multiple different
vehicle subgroups included in the first case, respectively in a normalised format for each
vehicle subgroup in the latter case. In both cases, the long-haulage subgroups of vehicle
groups 5, 10 and 9 have the lowest, i.e. best fleet average CO; value [g/tkm]. The zero-
emission heavy-duty vehicles contribute to the very highest reduction of this value per
vehicle.
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Q3-Q4 share Configuration GCW [T] Engine [kW] Cabin
4-UD 0.4% R 4x2 =16 <170 All
=170 day cab
!E 4-RD 7.9% R 4x2 161704265 sloopor cap D2 & sleeper
4-LH 1.9% R 4x2 =16 =265 Sleeper
All-day cab
_.,j 5-RD 0.8% Tax2 -16 <265 sleeper cab Day & sleeper
5-LH 62.8% T 4x2 =16 =265 sleeper cab Sleeper
E 9-RD 7.2% R 6x2 Day
9-LH 9.2% R 6x2 Sleeper
_.__-.ﬂ 10-RD 0.1% T 6x2 Day
10-LH 9.7% T 6x2 Sleeper

Table 6. The share of different vehicle subgroups in Q3-Q4 2019. Source: ACEA: European Automobile
Manufacturers’ Association (2020-03). CO2 emissions from heavy-duty vehicles: Preliminary CO2 baseline

(03-04 2019) estimate, p. 6, https://www.acea.auto/filess/ ACEA preliminary CO2 baseline _heavy-
duty_vehicles.pdf

ALL SUBGROUPS COMBINED, TOTAL FLEET SHARE

12

Vehicle share [%]
o

D L"\_m 1
S

CO2 [g/tkm]

Figure 9. The total fleet share of a combination of different vehicle subgroups in Q3-0Q4 2019, and their average
CO2 values [g/thm]. Source: ACEA: European Automobile Manufacturers’ Association (2020-03). CO2
emissions from heavy-duty vehicles: Preliminary CO2 baseline (03-0Q4 2019) estimate, p. 7,
https://www.acea.auto/filess ACEA_preliminary CO2_baseline_heavy-duty_vehicles.pdf
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Figure 10. Different vehicle subgroups in Q3-Q4 2019, and their average CO2 values [g/tkm], normalised per subgroup. Source: ACEA:
European Automobile Manufacturers’ Association (2020-03). CO2 emissions from heavy-duty vehicles: Preliminary CO2 baseline (Q3-0Q4
2019) estimate, p. 9, https://www.acea.auto/files/ ACEA_preliminary CO2_baseline_heavy-duty_vehicles.pdf

The configurations specified above have standard duty cycles of 100 km (only for municipal
utility missions the cycle is 11.25 km) in VECTO’s declaration mode [17] but differ in how
large the volume or weight of cargo is.

EMS in this context (mentioned above) means European Modular System, which makes it
possible to combine existing loading units — or modules — into longer and possibly heavier
vehicle configurations, to be used for some routes of the road network. The EMS solution
increases road freight transport efficiency, while reducing the effects on the environment.
Thus, national authorities have the possibility of authorising [18] trailer combinations for
vehicles of 60t TPMLM [3].

For the vehicles in groups 5, 9, and 10, having the cab type sleeper cab — rather than day cab
(see the figures 11 and 12 below) — and an operational range > 350 km, the mission profile
may be classified as long-haulage [7].

\ I L 3
\ v <SS (HESe—

Figure 11. Photographer/Creator: Dan Boman. Figure 12. Photographer/Creator: Gustav Lindh. Photo examples of a sleeper cab in figure
11 to the left (with a wider cab, adapted for in-cab sleeping), and a day cab in figure 12 to the right (smaller in size, and not adapted for in-
cab sleeping). Sources/picture credits: https://media.scania.com/fotoweb/archives/5011-Images/Mediaprovider A/2025/250/25030/25030-
002.tif.info#c=%2Ffotoweb%2Farchives%2F501 1 -Images%2F, https://media.scania.com/fotoweb/archives/5011-
Images/Mediaprovider B/2022/221/22176/22176-006.tif.info#c=%2Ffotoweb%2Farchives%2F5011-Images%2F%3Fq%3Dday%2520cab
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When the operational range is below 350 km, the mission profile may be classified as regional
delivery. For group 5, an additional condition needs to be fulfilled for the long-haulage
mission profile — that the power is at least 265 kW [7].

A generic example schema of a vehicle certification procedure is illustrated in figure 13
below, but in the case of energy consumption (EC) rather than fuel consumption, the
performance of the electric machine, the powertrain components, and the battery model would
also contribute with input data for the VECTO simulations. In figure 14 below, the motor —
which would be replaced by an electric machine for an electric vehicle — and the battery
model are included as model input parameters for the VECTO simulations.

input data Icct

Figure 13. A modified version of a schema of a European HDV fuel consumption certification, from 2019.
Source: European Commission (2019-11-21). Bodies and trailers — development of CO2 emissions
determination procedure, p. 61, https://climate.ec.europa.eu/system/files/2020-01/report bodies trailers en.pdf
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Figure 14. An overview of VECTO's data flow. Source: European Commission (2018-11). The European
Commission’s science and knowledge service Joint Research Centre, VECTO — Overview, 2018 VECTO
Workshop Ispra, November 2018, p. 7, https://climate.ec.europa.eu/document/download/c0b9671d-b48e-418f-
9b1f-e265f6ec2ffb_en?filename=201811 overview_en.pdfz
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In figure 14, also a model of a HDV is depicted, with contributing force and power properties
indicated. F4; = the aerodynamic force, Frou = the sum of the individual rolling resistance
forces of the wheels, F 4 = the vehicle acceleration force, and the gravitational force is:
Fg:Fz+FGrd (4),

where F. = the normal force in the plane of the vehicle,

FGra = the road gradient force.

From formula (4), Fr« can be derived.

The effective power is given according to the formula (5):

Pe=Puir + Proit + Pace + PGra + Pross+ Paux (5),

where P4;- = contribution to the effective power from the air resistance,

Prou = contribution to the effective power from the rolling resistance forces,

P4cc = contribution to the effective power from the vehicle acceleration force,

Pgrqa = contribution to the effective power from the road gradient force,

P55 = contribution to the effective power from the loss maps,

P1ux = contribution to the effective power from the power consumption by auxiliaries.

In the following sections, the individually contributing parameters will be further described.
3.1.1. Masses and loading conditions

In the declaration mode, only the specific vehicle needs to be declared. VECTO adds a
standard trailer for specific missions based on the vehicle type and mission profile [19].
Primary lorry is a concept introduced for the purpose of declaring CO; certification values of
vehicles. This type of lorry has a complete chassis, e-machine (or engine), transmission, axles,
tyres, and auxiliaries, but its body or semi-trailer is standardised.

The concept standard body/trailer/semi-trailer is described in Regulation (EU) 2017/2400,
Annex VIII, appendix 4, with standardised units for testing the air resistance of lorries — and

with generic masses — as inputs for the CO> certification calculations in VECTO. These
different concepts are illustrated in figure 15 below [3].
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Primary lorry

Rigid standard body
lorry e ——
Rigid T1, T2
+ trailer
Tractor +
semi-trailer
EMS L standard semi-trailer T2
(5,10,12) L]
EMS ’ standard b°dYJ J‘ standard semi-trailer
(9,11) el UL

Figure 15. A graphical overview of the concepts of primary lorry, standard body, and standard semi-trailer.
Source: European Commission (2019-11-21). Bodies and trailers — development of CO2 emissions
determination procedure, p. 174, https://climate.ec.europa.cu/system/files/2020-01/report bodies_trailers en.pdf

The parameter corrected actual curb mass vehicle describes the vehicle’s mass when
unloaded. The parameter maximum loading gives an indication of the maximum possible
loading for a specific vehicle based on the curb mass as well as the technically permissible
maximum label mass (TPMLM) values (neglecting the loading capacity of another trailer)
[19].

3.1.2. Air resistance

The air resistance is defined by the product of the drag coefficient Cu (dimensionless) and the
cross-sectional area 4 [m?], Cad(Wer), multiplied by the air density pair [kg/m?] [19]. For the
latter, a default value of 1.188 kg/m? is used in the declaration mode [20]. The cross-sectional
area varies for different cabins, so the air resistance is a parameter dependent on the truck
configuration. For the determination of the air resistance during the constant speed phase, a
standard box-body is used in the case of rigid lorries, and a standard trailer in the case of
tractors [3].

In the declaration calculation mode of VECTO, the following speed (vv.x) dependent cross
wind correction (6) is used [21]:

CaA(B) - Ca(0) = arp + aofp” + asf* (6),
where the dimensionless coefficients a1, a2, a3 vary for different vehicle types, under the

circumstances of a uniform wind distribution with wind speeds of 3 m/s and a height of 4 m
above ground level, according to the table 7 below:
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Vehicle type a; a as

Rigid solo 0.013526 0.017746 —0.000666
Rigid trailer, EMS 0.017125 0.072275 -0.004148
Tractor semitrailer 0.030042 0.040817 —-0.002130
Bus, coach —0.000794 0.021090 —0.001090

Table 7. The coefficients of different vehicle types used in VECTO'’s speed dependent cross wind correction.
Source: VECTO-4.2.7 User Manual, Cross Wind Correction.

Note that the formula for the air resistance is a polynomial of third order, thus the air
resistance is highly dependent on the velocity vier = S [m/s].

The function for the air resistance as a function of the vehicle speed is based on the
calculations (7), (8), (9) below by VECTO [21], where integration is performed for all
applicable directions of ambient wind, as well as for all height levels from ground level to
maximum vehicle height. The boundary layer effect is also taken into account.

For group 9 vehicles, the maximum vehicle height requirement is similar to any of the values
3.60 m, 3.75 m, 3.90 m or 4.00 m — and for group 5 or 10 vehicles, the value is 4.00 m —
according to table 8 below (table 2 in the Regulation (EU) 2022/1379) [4].

Vehicle height requirements for medium rigid lorries, heavy rigid lorries and

tractors
Vehicle group minimum vehicle height [m] | maximum vehicle height [m]
51, 53, 55 3,20 3,50
1s, 1 3,40 3,60
2 3,50 3,75
3 3,70 3,90
4 3,85 4,00
5 3,90 4,00
9 similar values as for rigid lorries with same technically
permissible maximum laden mass (group 1, 2, 3 or 4)
10 3,90 4,007

Table 8. The height requirements for vehicles of different groups. Source: The European Union (2022-08-12),
Official Journal of the European Union: Commission Regulation (EU) 2022/1379 of 5 July 2022, p. 132,
https://eur-lex.europa.eu/eli/reg/2022/1379

h=hyen
Cd,vA(vveh) = 1/(27|:Vveh2hveh) fa=360° fh=0 CdA (ﬁ) Vair (h' C()Zdh da (7)5

a=0o

Vair (h) = \/(Uwind (h) cosa + vveh)z + (vwind (h) sina)z (8),
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Vwind () = Vwind (hrer) (B [ o)’ (9), where:

o = direction of ambient wind relative to the x-axis of the vehicle,

h = height above ground level [m],

hrer = reference height [m] =4 m for 3 m/s average ambient wind,

vair = resulting air flow velocity from vehicle speed and ambient wind [m/s],

wen = vehicle speed [m/s],

Vwind = velocity of ambient wind [m/s],

The aerodynamic force [N] is obtained from (10): Faero = Y2pair (Cay A(Vven))Vver (10),

where pqi- = air density.

3.1.3. Dynamic tyre radius and axles/wheels

For the truck configuration, the number of vehicle groups and the number of driving axles are
specified, so the tyres is an input parameter dependent on the truck configuration. In VECTO’s
declaration mode, the dynamic tyre radius is calculated automatically from the tyres of the

driven axle [19].

In order to calculate the total rolling resistance coefficient, the axle specific parameters
relative axle load, RRCiso, and Fiso need to be provided.

In the declaration mode, only the axles of the truck are needed, while the dynamic tyre radius
1s determined from the second axle — assumed to be the driven axle. In the case of a trailer,
VECTO adds predefined load-shares and wheels automatically [19].

The total rolling resistance, RRC, is determined from a speed-independent formula, depending
on axle-specific rolling resistances, RRC 1so(;). Taking into account the vehicle’s mass,
however, the RRC model is dependent on the vehicle’s total mass inclusive loading. The
formula (11) is as follows [22]:

RRC =Y~1" = 56 "RRCiso)* (s - m - g/(w(i) - Faso@))’ " (11),

where: RRC = total rolling resistance coefficient (dimensionless), calculated value,

n = number of axles of the vehicle: truck and trailer (dimensionless), input value,

i = index of a specific vehicle axis (dimensionless), input value,

si) = relative axle load (dimensionless), input value,

RRCisoq) = tyre RRC according to ISO 28580 standard (dimensionless), input value,

w() = number of tyres (2, or 4 for twin tyres), input value,
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Fasoq) = tyre test loading according to ISO 28580 standard: 85% of max. load capacity [N],
input value,

m = vehicle mass including loading [kg], calculated value,

g = Earth gravity acceleration (constant = 9.81, VECTO 3.x: 9.80665) [m/s?], constant value,
S = 0.9 (dimensionless), constant value parameter.

3.1.4. Powertrain components and auxiliary power

In VECTO’s Vehicle Editor — Powertrain Tab, powertrain components such as a separate
retarder and an optional angle drive (angle gear) can be specified [19], [23].

In VECTO’s Auxiliary Dialog, the auxiliaries are managed. Their power demand depends on
the vehicle type and the mission profile. In the declaration mode, predefined [24], technology
dependent generic functions — or tables — for a constant, average power demand are used [9].
The certain technology is selected by the user from the given options (electric system, cooling
fan, HVAC system, pneumatic system, steering pump [24], power take off (PTO) [9]). In the
case of the steering pump, a number of technologies can be selected — one for every steered
axle [24].

3.1.5. REESS: Battery model

The battery model of the rechargeable electric energy storage system (REESS) is one of the
aspects of vehicle classification, so it is a parameter dependent on the truck configuration. The
parameters used in the battery model are the following: capacity of the battery pack [Ah],
maximum and minimum states of charge [%], maximum current [A] for (dis)charging over
the state of charge (SoC), voltage [V] — and internal resistance [€2] — of the battery pack over
the state of charge. The internal resistance can be of constant form with regards to pulse
duration or vary with the length of the pulse duration [25].

When the simulation is running, the battery’s state of charge must stay between its maximum
and minimum limits [25].

3.2. Input parameters related to the electric machine characteristics

In the context of electric machine characteristics, the number of speed and torque
measurement points/timesteps can be varied in the simulation model. From these simulations
different electric power map curves will be obtained, and their impact on the simulation
results will be analysed. Varying the overload duration is also a possibility.

Other input parameters that can be varied to study the impact on the simulation results are the
continuous and overload torque speeds (that will affect the operational range). In order for the
torque speeds to comply with the Commission Regulation (EU) 2022/1379 of 5 July 2022, the
following conditions must be fulfilled [4]:
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- Prior to the test, the related maximum and minimum torques must be declared by the
component manufacturer of the unit under test, UUT, as being dependent on the rotational
speed for the interval from 0 rpm to the maximum operating speed. This must be done for
both voltage levels (Viax,Test and Viin,7est). As for the maximum and minimum torque levels,
there are positive torque (motoring operation) and negative torque (generating operation). The
torque limits can be asymmetric, with the absolute value of the generating torque being higher
than the absolute value of the motoring torque (see figure 16 below). In the VECTO-4.2.7
version, this higher absolute value is not utilised in the context of recuperation, however,
which differs from the case of real driving. In an upcoming VECTO release in July 2025,
there will be a bugfix introduced, that will solve this issue [26].

The excess recuperation potential results in an essential increase in power consumption in the
simulation. In Voith’s presentation Modification request for improved realism in the VECTO
simulation of mild hybrid systems EMS with asymmetrical torque limits this topic is treated in
the case of simulations of hybrid systems, but it applies to the case of simulating pure-electric
systems as well [27]. In this study, all the vehicle groups are simulated with the same IEPC:s,
however, so they can be equivalently compared.

Permitted measuring range
for continuous torque and
overload torque

* Example for measuring
point continuous torque

Torque
o
S n s

In contrast to real driving,
VECTO does not use this range.

Speed
—e— T_min —o— T_max

Figure 16. Maximum and minimum (asymmetric) torque limits of an electric machine system. The absolute value of the generating torque
can be higher than the absolute value of the motoring torque. The VECTO-4.2.7 version does not utilise the higher absolute value with
regards to recuperation, causing an increased power consumption in the simulation. Source: Voith (2024-11-12). Modification request for
improved realism in the VECTO simulation of mild hybrid systems EMS with asymmetrical torque limits, p. 5,
https://code.europa.eu/groups/vecto/-/wikis/uploads/b7a6eb1£fd102539¢d7b090f0f1728267/2024-11-

12 EMS with_asymmetrical torque limits JRC.pdf

- According to the regulation, the measurements of the output torque and rotational speed of
the UUT must include at least ten different data points to generate a correct maximum torque
curve ranging from the lowest to the highest speed. The lowest speed setpoint determined by
the component manufacturer must not exceed a speed of 2% of the maximum operating speed
of the UUT as determined by the component manufacturer. If such a lowest speed setpoint is
not allowed for operating the system of the test setup, the component manufacturer must
determine a lowest speed setpoint which is applicable for a specific test setup. The highest
speed setpoint of the UUT must be determined by the specified maximum operating speed.
For the other at least eight different rotational speed setpoints, they are restricted to the
interval between the specified lowest and highest speed setpoints.
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The step size between one setpoint and the next one is not allowed to exceed 15% of the
maximum operating speed determined by the component manufacturer for the UUT [4].

- For the torque setpoints, the lowest and highest setpoints are derived from the overall
minimum respectively the overall maximum torque limits for each voltage level. In this case,
the intervals of the eight remaining setpoints are also restricted to a maximum width — of
22.5% of the maximum torque [4].

Among the fixed parameters that are dependent on the electric machine, gear ratios are
declared. Gear ratios are declared for all forward gears of the transmission, according to the
formulas (12) and (13):

igear = nGBX_in/nEM (12),
or igear = nGBX_in/nADC (13),

depending on if there is just an electric machine, or an electric machine with additional drive-
line components. nggxx is the rotational speed at the transmission input shaft, ng is the
rotational speed at the electric machine output shaft, and n4pc is the rotational speed at the
ADC output shaft [4].

Other fixed input parameters depending on the electric machine are the maximum and
minimum voltage levels, restricted by hardware limitations (related to how voltages, currents,
and heating losses depend on each other).

In order to assure that the electric machine input data used in the simulations is complying
with the EU regulations, also the certification number is provided as a fixed input parameter.
In VECTO it is a string that includes both letters and numbers. It is of the type:
eX*YYYY/YYYY*Z2Z2Z27/2777*1*00000*00, where eX is the country code (X is a number),
YYYY/YYYY is the HDV CO; determination regulation, ZZZ7/Z777 is the latest amending
regulation, I denotes IEPC (E in the case of an engine), 00000 is the base certification number
(where zeroes can be replaced with other numbers), and 00 is the extension.

3.3. Output parameters

From VECTO simulations, as well time resolved as aggregated results are obtained. Due to
limited resources and time, the output parameters reported in the result section further below
are of the aggregated form (based on the different mission profiles and their subgroups).

3.3.1. Operational range: Different parameters

In Annex IV of Regulation (EU) 2022/1379 - that describes the model of the output files of
the simulation tool - the operational range is defined, which is one of the most important
output parameters in this study. Three different types of operational range parameters are
described. The actual charge depleting range is the range that, using the available amount of
REESS energy, can be driven in charge depleting mode without being re-charged. The
equivalent all electric range is the contribution to the actual charge depleting range from the
electric energy in the REESS, with no energy contribution from the non-electric propulsion
energy storage system. The zero CO: emissions range is the contribution to the energy from
propulsion energy storage systems having zero CO> emissions.
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Since the vehicles in this study are purely driven by electric energy, and are classified as zero-
emission heavy-duty vehicles, the different range parameters described have identical values.

It is beneficial if the operational range exceeds the minimum limit for long-haulage truck
configurations (which have the highest volume/weight cargo ratio) of 350 km, as this vehicle
subgroup has the best, i.e. lowest, fleet average CO; value (based on data provided by ACEA
members) [1].

The zero-emission heavy-duty vehicles adapted for long-haulage missions have the best/
smallest contributions to the fleet average CO; value, why it is of interest to study them and
how their operational range values are affected by the input parameters.

3.3.2. Energy consumption and brake related parameters

The energy consumption of the different vehicle configurations are simply presented in the
following units: [kWh], [kWh/km], [kWh/tkm].

The brake related parameters in VECTO are P_brake in [kW], the power at the brake input
shaft, and P_brake loss [kW], the power loss resulting from braking. They are depending on
several other parameters as well, as can be seen in figure 17 below [28]. The input shaft is
described as a shaft serially mounted between the axle and the wheels, into the drive train.
P_brake_in is dependent on other parameters according to (14):

P_brake_in = P_axle_in - P_axle_loss (14),

where P_axle_in [kW] is the power at the axle-gear input shaft and P_axle_loss [kW] is the
interpolated power loss at the axle gear, obtained from the loss map. P_axle_in is then
dependent on other parameters according to (15):

P_axle_in= P_ret_in - P_ret_loss (- P_angle_loss*) (15) (*in case of angle gear),

where P ret in [kW] is the power at the retarder input shaft and P ret loss [kW] is the
interpolated power loss at the retarder, obtained from the loss map. P_angle_loss [kW] is the
power loss at the angle gear, which is empty if not applicable. P_ret in is then dependent on
other parameters according to (16):

P ret in=P gbx in-P _gbx loss - P_gbx_inertia (16),

where P _gbx_in [kW] is the power at the gearbox input shaft and P _gbx _loss [kW] is the
interpolated power loss at the gearbox, obtained from the combined loss map, shift losses
because of gearshifts in automatic transmission (AT) gearboxes (P_gbx_shift [kW]), and
gearbox inertia losses (P_gbx_inertia [KW]).

Then, the power at the driven wheels P_wheel in [kW] is determined from (17):

P wheel in=P brake in- P _brake loss (17).

From the brake power, the brake energy is determined by simply multiplying it with time.
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Figure 17. An illustration of how the brake parameters are related to other parameters. Source: VECTO-4.2.7
User Manual, Powertrain and Components Structure.

4. Methodology

CO; certification results will be analysed, and the impact of the CO; certification input vales
on the VECTO-4.2.7 simulations will be examined for common BEV truck configurations at
Scania Group, with regards to the operational range. In the context of declaring specific
vehicles and examining CO> certification results, the declaration mode will be the selected
calculation method.

The VECTO simulations will be performed in accordance with the Commission Regulation
(EU) 2022/1379 for different values of input parameters:

- depending on the truck configuration, as described in section 3.1,
- depending on the electric machine characteristics, as described in section 3.2.

The fixed parameters are obtained from either the specific truck configuration selected, or
dependent on the electric machine (gearbox parameters, maximum/minimum voltage levels).

The parameters that can be varied are the number of (rotational) speed and torque
measurement points/width of timesteps (as long as these are at least ten, and the steps are not
too large) and the continuous and overload torque speeds (these will affect the operational
range values).

The effects, i.e. output parameters, that will be analysed are the operational range and the
brake power. Operational range values above the long-haulage minimum range limit of 350
km are preferred. Simulations will be performed based both on previously used VECTO input
data for simulations performed in older versions of VECTO, as well as new simulations with
other parameter values. Thus, also the VECTO tool will be evaluated in this project.

The simulations will be performed in the version VECTO-4.2.7, and IEPC component data
will also be hashed using the VECTO hashing tool — an evaluation tool — of the same version.
The first step is to modify parameters in previously created files, in accordance with the EU
regulations. The IEPC XML data (component data) will then be hashed, and the hashed IEPC
XML data will be used as the IEPC component data in the vehicle files that will be simulated
in VECTO. An example of the data flow of the VECTO tool is illustrated in figure 18 below

[8].

The vehicle files are also adapted from previously created files, with the IEPC component
data in the original vehicle files being replaced with the new, hashed data (that has been
obtained from the data from the modified input files). This procedure can be performed
directly in the vehicle files by simply cutting and pasting IEPC data content, as only the IEPC
component data (not the vehicle data) is modified and hashed once again in the hashing tool.
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If all the data is processed correctly, no error messages will be returned in the hashing tool, or
when running simulations in VECTO. The procedure is illustrated in a flow chart in figure 19
below.

VECTO Data Flow

Engine

Vecto
Engine

Measurem
ent Data

Measurem Evaluation
ent Data U Tool
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Vehicle Energy Consumptian Calculation Tool
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entData__M Tool
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Simulation Tool
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ent Data
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Customer
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Measurem Evaluation . s Records File
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Figure 18. An example of the data flow of the VECTO tool. VECTO Airdrag and VECTO Engine are executable,
pre-processing tools with the hashing function incorporated into the tool. In this study, the evaluation tool is the
(separate) hashing tool, and the component data being added to the vehicle file is hashed IEPC data. The

VECTO tool will also generate a vehicle information file as output data. Source: European Commission (2018-
11). The European Commission’s science and knowledge service Joint Research Centre, VECTO Data Integrity
Measures, 2018 VECTO Workshop Ispra, November 2018, p. 3, p. 10,
https://climate.ec.europa.cu/document/download/78b3d698-e4e9-4720-a24 1-

e2aal153600f en?filename=201811_integrity en.pdf

When opening the hashing tool, different options are provided — either hashing component
data, or verifying component, job, or result, data (see figure 20 below). After selecting the
option for hashing component data, the XML file is loaded, and the canonicalization
(method), and digest method and value are printed.

Then it will be possible to save component data, unless no errors were detected. The hashing
tool will return different messages, depending on to what extent loading of the file was
successful, which will be described in section 4.1 below.

42


https://climate.ec.europa.eu/document/download/78b3d698-e4e9-4720-a241-e2aa1153600f_en?filename=201811_integrity_en.pdf
https://climate.ec.europa.eu/document/download/78b3d698-e4e9-4720-a241-e2aa1153600f_en?filename=201811_integrity_en.pdf

Input Data | —

XML File

VECTO Hashing tool

IEPC File

Vehicle File

VECTO

|

Output Data

Figure 19. A flow chart illustrating the file preparation procedure for VECTO simulations. Source: Scania CV AB.
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Figure 20. The VECTO Hashing Tool window with its different hashing and verification options. Source:
European Commission (2018-11). The European Commission’s science and knowledge service Joint Research
Centre, VECTO Data Integrity Measures, 2018 VECTO Workshop Ispra, November 2018, p. 25,
https://climate.ec.europa.eu/document/download/78b3d698-e4e9-4720-a241-

e2aal153600f en?filename=201811 integrity en.pdf
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4.1. Error messages in the hashing tool and the simulation tool

Some examples of errors showing up in VECTO’s hashing tool are that no file was selected,
the file could not be read (perhaps it was not an XML file), the file was a malfunctioning
XML file (perhaps it was not intended for VECTO), or the file was not including the expected
content/data. These types of errors are described in figure 21 below [8].

The XML File Status Indicator

——— @

HAIVIL « No XML file has been selected

XML - The file could not be read. Ensure the file exists and is a valid
XML file

XML -+ XML validation against a known VECTO XML schema failed

XML -« The selected XML file is a valid VECTO XML file, but it has the
wrong contents

XML ° green the selected file is a valid VECTO XML file and has the
correct contents

Figure 21. The XML file status indicator of VECTO's hashing tool. Source: European Commission (2018-11).
The European Commission’s science and knowledge service Joint Research Centre, VECTO Data Integrity
Measures, 2018 VECTO Workshop Ispra, November 2018, p. 28,
https://climate.ec.europa.eu/document/download/78b3d698-e4e€9-4720-a241-

e2aal 153600f en?filename=201811_integrity_en.pdf

When trying to hash data modified with respect to output shaft speed steps and/or torque
speed steps, which were not complying with the EU regulations, error messages were returned
in VECTO’s hashing tool. Error messages in VECTO could also be returned when trying to
run simulations based on input data with calculation errors (such as if the output shaft speed
steps and torque steps ended up in the wrong places in the maps when the number of steps
were reduced). One example is when errors in the map data caused efficiency calculations
returning negative values.

Error messages could also be returned in VECTO due to data errors (e.g. data missing in the
files), or due to compatibility errors (if the data or hashing tool version used is not compatible
with the VECTO version used). For instance, due to partly old input data, the latest released
version of VECTO was not used in this project.

4.2. Input power and vehicle characteristics

The electric propulsion units that will be evaluated in this project are central drives with
different power levels [kW]: P1 > P2 > P3 > P4. Pl and P2 correspond to a higher-speed
gearbox and P3 and P4 to a lower-speed gearbox.

The effect of the electric machine on the performance of different vehicles is studied by
running simulations for different vehicle groups and for different IEPC component data.
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Based on sales volumes, simulations will be run for Group 5, Group 9 and Group 10 vehicles
described more in detail in section 3.1.

4.3. IEPC standard values and IEPC measured declared/reference values

The purpose of standard values is that they can be used when measured values are missing
(for instance when developing a new component), and that they can facilitate measurements.
They describe a worst-case scenario, however, and will in this study be used in order to
indicate how much the vehicle performance can be improved by providing carefully selected
input data values.

The declared values are the exact measured values, while the reference values are values
rounded to integer values based on the declared values. The reference values will be
compared to the modified values described in section 4.4 below and will as well be used for
comparisons between different input power levels, between the measured values and the
standard values, and between different vehicle groups.

The IEPC standard values are set values, so they are used as input values in the simulations
for different vehicle groups just as they are.

4.4. IEPC measured values

In the sections 4.4.1.—4.4.3. below it is described how the IEPC measured values will be
modified for the simulations. The speed steps described in sections 4.4.2. and 4.4.3. will be
varied as well individually, as simultaneously.

4.4.1. Continuous output shaft torque speed and overload output shaft torque speed

The continuous output shaft torque speed and the overload output shaft torque speed are set
equal in the case of declared values and reference values and will be equally modified. The
values will be increased, respectively decreased, with 10%, for the case of the reference
overload duration of 120 s, but also for the case of a 30-minute overload duration, or 1800 s.

4.4.2. Output shaft speed steps

The output shaft speed steps will be reduced according to the Commission Regulation (EU)
2022/1379 of 5 July 2022 [4]. Data for at least ten different steps needs to be measured.

The lowest speed point is not allowed to exceed 2% of the maximum operating speed, and the
intervals between the points are not allowed to exceed 15% of the maximum operating speed.
When possible, the number of speed steps will be reduced to the minimum of ten points.
Sometimes, additionally points will be included so that the intervals will not be too large.

4.4.3. Torque speed steps
For the torque steps, measurements will also be performed for a minimum of ten points
according to the EU regulations. The intervals between the points are not allowed to exceed

22.5% of the maximum torque. Scaling will be done symmetrically, so for each output shaft
speed value, the number of torque speed steps will remain even or odd also after scaling.
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For some gears, there will be 10-14 torque speed steps for each output shaft speed value,
while for others there will be 10—18 torque speed steps (depending on the distribution of even
and odd numbers of torque speed steps).

For each step, the three highest absolute torque values for both motoring and generating
operation modes (corresponding to the three highest respectively lowest values) will need to
be included in the maps. These are the maximum torque + 5%, the maximum torque limit, and
the maximum torque limit value (the overall maximum torque - 5%).

5. Results

5.1. IEPC and BEYV performance

Modifying the value of the overload duration from 120 s to 1800 s (30 minutes), did not cause
any change in numerical values of the parameters. A discussion on this will follow in section

6 below.

5.1.1. Total rated propulsion power and max continuous propulsion power

According to the results obtained from the simulations, an equal increase of the identical
continuous torque and overload torque speed caused a directly proportional increase in
maximum continuous propulsion power (see table 9 below).

IEPC: Rated Max Continuous Max Continuous Max Continuous Max Continuous

power [kW] Propulsion Power Propulsion Power for Propulsion Power Propulsion
for measured values | +10% change in for —10% change in Power for Std
[kW] output shaft speeds output shaft speeds values [kW]

Pl PCI 1.1 PC1>PI 0.9 PCI 1.0076 PC1

p2 pPC2 1.1 PC2>P2 0.9 PC2 1.0084 PC2

P3 PC3 1.1 PC3>P3 0.9 PC3 1.017 PC3

P4 PC4 1.1 PC4>P4 0.9 PC4 1.019 PC4

Table 9. The change in max. continuous propulsion power when the equal continuous and overload torque speeds were changed by +/— 10%.

When the output shaft speed steps were decreased from 2024 steps to 10—11 steps (see table
10 below), the total rated propulsion power was increased in the case of a higher-speed
gearbox (P1, P2). In the case of a lower-speed gearbox (P3, P4), the total rated propulsion
power remained the same, however. This is the result of mechanical differences between the
higher- and lower-speed gearboxes.

Central drive: Rated power
(kW]

Total Rated Propulsion Power
for measured values [kW]

Total Rated Propulsion Power
for a reduced no. of output
shaft speed steps

Total Rated Propulsion Power
for Std values

Pl PRI 1.0076 PRI 1.010 PRI > PI
P2 PR2 1.014 PR2 1.115 PR2 > P2
P3 PR3 PR3 0.903 PR3 > P3
P4 PR4 PR4 1.014 PR4 > P4

Table 10. The change in total rated propulsion power when the output shaft speed steps were decreased from 20—24 steps to 10—11 steps.
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5.1.2. Operational range

Some of the most interesting results of the study — the maximum and minimum operational
range values — are summarised in the tables below. Table 11 represents the measured
reference values, table 12 represents the standard values, and in table 13 the maximum and
minimum operational range values of different mission profile subgroups are compared (see a
visual comparison in figure 22 below). The differences between these range from 15%—-27%.

Some of the long-haulage missions presented in the VECTO output files are in fact below the
minimum long-haulage limits of 350 km (range) respectively 265 kW (power limit for vehicle
group 5, here larger than P3 and P4) according to the EU legislation. Therefore, these have
been omitted (these simulations should have been aborted) in the result tables below.

Table 14 below represents the measured values obtained when the output shaft speed steps

and/or the torque steps have been modified. In table 15 below, these values are compared to
the measured reference values.

Power, e- Vehicle Vehicle | Payload Average Energy Energy Energy Brake Range
Machine Group #, mass [kg] speed consumption consumption consumption energy [km]
Cycle [ke] [km/h] [kWh] [kWh/km] [kWh/tkm] [kWh]
Pl kW SLHL 21033 2600 79.9 97.3 0.971 0.374 0.002 551.2
P2kW 5LHR 37733 19300 79.5 121.6 1.213 0.063 0.284 441.1
PI kW SLEL 27333 3500 79.9 126.2 1.260 0.360 0.019 424.9
P2 kW SLEL 27333 3500 79.9 126.2 1.260 0.360 0.043 424.9
P2kW 5LER 50333 26500 78.8 161.5 1.612 0.061 2.027 332.0
PI kW 9RDL 15733 1400 60.9 75.8 0.758 0.541 0.038 706.3
PI kW 9RDR 21433 7100 60.8 83.5 0.835 0.118 0.166 641.2
PI kW SREL 27333 3500 60.9 120.1 1.201 0.343 0.536 445.8
P2 kW 5RER 41333 17500 60.3 144.9 1.449 0.083 3.462 369.5
Table 11. Maximum range values for different mission profiles, from the tables with results for the measured reference values.
LH: long-haulage. RD: regional delivery. LE: long-haulage EMS. RE: regional delivery EMS. L/R: low/reference load.
Power, e- Vehicle Vehicle |Payload | Average Energy Energy Energy Brake Range [km]
Machine Group #, mass [kg] | [kg] speed consumption consumption consumption energy
Cycle [km/h] [kWh] [kWh/km] [kWh/tkm] [kWh]
P2 kW 9LHL 22333 2600 79.2 139.9 1.397 0.537 0.319 383.3
P2kW 9LHR 39033 19300 71.6 174.3 1.739 0.090 1.350 307.7
P2 kW 9LEL 27833 3500 78.8 163.9 1.636 0.468 0.287 327.1
P2kW 9LER 50833 26500 76.9 216.2 2.158 0.081 3.944 248.1
P2 kW 10RDL 22233 2600 60.1 126.1 1.261 0.485 1.666 424.5
PI kW 10RDR 32533 12900 60.1 154.2 1.542 0.120 3.865 347.0
Pl kW 9REL 27833 3500 60.3 163.3 1.633 0.467 2.743 327.8
P2 kW 10RER 42533 17500 59.4 205.0 2.050 0.117 8.393 261.1

Table 12. Minimum range values for different mission profiles, from the tables with results for the standard values.

Vehicle Vehicle | Payload | Range, Energy Range, | Energy A(Range) | A(Range)
Group #, Cycle | mass [ke] measured | consumption, | std. consumption, | [km] [%]
kel values measured values std. values
[km] values [km] [kWh/tkm]
[kWh/tkm]
SLHL 21033 2600 553.1 0.372 468.1 0.440 85.0 154
SLHR 37733 19300 441.1 0.063 344.5 0.081 96.6 21.9
SLEL 27333 3500 424.9 0.360 341.2 0.448 83.7 19.7
SLER 50333 26500 332.0 0.061 254.5 0.079 71.5 23.3
9RDL 15733 1400 706.3 0.541 556.8 0.687 149.5 21.2
9RDR 21433 7100 641.2 0.118 484.9 0.156 156.3 24.4
SREL 27333 3500 445.8 0.343 340.2 0.450 105.6 23.7
SRER 41333 17500 369.5 0.083 269.1 0.114 100.4 27.2

Table 13. A comparison between the maximum range values (from the tables with results for the measured reference values) and the
minimum range values (from the tables with results for the standard values) for different mission profile subgroups.
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Figure 22. The operational range values from table 13 above, presented in bar charts for visual comparison (measured vs. standard values).

Power | Vehicle Vehicle Payload Fewer Fewersp | Fewertq Fewer tq Fewersp+tq | Fewersp +
[kW] Group #, mass [kg] | [kg] sp steps: steps: steps: steps: Brake tq steps:
Cycle steps: Range Brake Range energy [kWh] | Range

Brake [km] energy [km] [km]

energy [kWh]

[kWh]
Pl SLHL 21033 2600 0.005 551.2 0.002 550.4 0.005 550.3
P2 SLHR 37733 19300 0.314 441.0 0.284 440.6 0.314 440.5
P SLEL 27333 3500 0.020 425.1 0.019 424.4 0.020 424.5
P2 SLER 50333 26500 2.141 331.5 2.027 331.7 2.141 3313
Pl 9RDL 15733 1400 0.036 706.5 0.039 704.7 0.036 705.0
Pl 9RDR 21433 7100 0.164 6414 0.172 639.5 0.164 640.1
P SREL 27333 3500 0.510 446.0 0.573 445.1 0.522 445.1
P2 SREL 27333 3500 0.687 446.0 0.815 444.8 0.730 445.0
P2 SRER 41333 17500 3.412 369.2 3.528 368.9 3.386 368.8

Table 14. Maximum range values and related parameters for different mission profiles, from the tables with results for the measured values
obtained when modifying the output shaft speed and/or torque steps. Note that in only one case (for the range 331.7 km), does a reduction in
torque steps account for the maximum range value obtained from the simulations with modified parameters. sp: speed. tq: torque.

LH: long-haulage. RD: regional delivery. LE: long-haulage EMS. RE: regional delivery EMS. L/R:

low/reference load.

Power Vehicle Range Energy Fewer Fewer Fewer Fewer Fewer Fewer
[kW] Group #, | [km] consumption speed steps: | speed steps: | speed steps: | torque torque torque
Cycle [kWh/tkm] Range A(Range) A(Range) steps: steps: steps:
[km] [km] [%] Range [km] | A(Range) A(Range)
[km] [%]
Pl SLHL 551.2 0.374 551.2 0 0 550.4 -0.8 -0.15
P2 SLHR 441.1 0.063 441.0 -0.1 -0.023 440.6 -0.5 -0.11
Pl SLEL 424.9 0.360 425.1 +0.2 +0.047 4244 -0.5 -0.12
P2 SLEL 424.9 0.360 425.0 +0.1 +0.024 424.5 -0.4 -0.094
P2 SLER 332.0 0.061 331.5 -0.5 -0.15 331.7 -0.3 -0.090
Pl 9RDL 706.3 0.541 706.5 +0.2 +0.028 704.7 -1.6 -0.23
Pl 9RDR 641.2 0.118 6414 +0.2 +0.031 639.5 -1.7 -0.27
Pl SREL 445.8 0.343 446.0 +0.2 +0.045 444.8 -1.0 -0.22
P2 SRER 369.5 0.083 369.2 -0.3 -0.081 368.9 -0.6 -0.16

Table 15. A comparison between the operational range of the measured reference values and the operational range obtained when modifying
the output shaft speed steps. LH: long-haulage. RD: regional delivery. LE: long-haulage EMS. RE: regional delivery EMS.

L/R: low/reference load.

It was concluded that the operational range increases with decreasing energy consumption. In
general, a higher operational range, or lower energy consumption, was obtained for higher
power configurations.
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By comparing the results based on IEPC standard values with the results based on IEPC
measured values, it was concluded that a higher operational range could be obtained when
using measured values than when using standard values describing worst-case scenarios. For
some of the driving cycles simulated with standard values, missions were aborted (and
complete results not obtained).

By reducing the number of output shaft speed steps from 20-24 steps to 10—11 steps, a
negligible increase in operational range could be obtained for some mission profiles.
Reducing the number of torque steps from 22—24 steps to 10—18 steps, however, resulted in a
general increase in the energy consumption and a decrease in the operational range.

The combined reduction of output shaft speed steps and torque steps gave rise to mixed
results. The resulting operational range could be in-between the range values obtained from
modifying the steps individually or be below both the range values obtained (if they were both
reduced because of the modified parameters).

The torque was varied as a function of speed in the previous, and repeated simulations (see
figure 23 below). It did not only have an impact on the maximum continuous propulsion
power, but also on the energy consumption and the operational range. A lower torque speed,
in combination with the corresponding higher torque, resulted in a lower energy consumption,
and a higher range.

Motor and generating Torque afo speed

Figure 23. Positive motoring torque and negative generating torque as a function of speed, with marked measurement points used in
previous and repeated simulations.
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The operational range was not only influenced by the electric machine characteristics, but also
by the truck dependent parameters. It was found to be decreasing with increasing masses of
the vehicle and the payload, and with increasing velocity. Therefore, regional delivery
missions, having a lower velocity, resulted in a higher operational range than long-haulage
missions.

Since regional delivery missions have no minimum limit for the operational range, the range
itself does not matter. However, since the operational range is inversely dependent on the
energy consumption, a higher operational range corresponds to a lower, more beneficial
energy consumption. For group 5 and 10 vehicles — both tractors — more similar trends in the
results were obtained than for group 9 vehicles — lorries. The results showed that for regional
delivery configurations, lorries (group 9) had a higher operational range than tractors. For
long-haulage configurations, however, tractors (groups 5 and 10) had a higher operational
range than lorries. Group 5, having the 4x2 axle configuration, performed better than group 10
(with the 6x2 axle configuration).

In the result tables in the appendix, all results (not only the ones presented in this section) are
presented.

5.1.3. Brake energy

According to tables 11, 12, respectively 14, the brake energy is in general higher for regional
delivery missions than for long-haulage missions, for reference loads than for low loads, and
for EMS missions. Thus, the brake energy increases with mass.

For group 9, and low-power configurations, however, long-haulage configurations have a
higher brake energy than regional delivery missions (which have a high operational range/
low energy consumption). For standard values, corresponding to the worst-case scenarios,
however, the brake energy is higher for regional delivery missions than for long haulage
missions, also for low-power configurations.

5.2. VECTO performance
5.2.1. Driving cycles in VECTO

In figure 24 below, the left graph represents the long-haul driving cycle, and the right graph
represents the regional delivery driving cycle.

When comparing these with the previously plotted driving cycles in figure 25 — where the
upper graph represents the long-haul driving cycle, and the lower graph represents the
regional delivery driving cycle — it is evident that the same driving patterns are obtained once
again. This outcome is expected, since the driving cycles are predefined. Thus, VECTO is
performing consistently, even for different versions.
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Figure 24. Long-haul (to the left) and regional delivery (to the right) driving cycle graphs obtained by plotting
own output data from simulations.
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Figure 25. Long-haul (above) and regional delivery (below) driving cycles obtained from output data from
previous simulation studies.

5.2.2. VECTO performance: Non-numerical changes of parameters

When simulations reusing the input data from previous simulations were run again in the
VECTO-4.2.7 version, identical numerical output values were obtained. Thus, the VECTO
tool can perform consistently even though its version has been updated.

The only changes in the output data are the file ID, as well as the reference URI and the digest
value (below “<Signature>" in figure 26 below), the simulation tool version, and the date, or
timestamp (always in UTC, followed by — and ending with —a “Z”).

As the URI and the digest value are both unique sequences of characters used for
identification [29] or signature purposes, these changes were to be expected from the new
simulations. In figure 26 below, an example file is shown. It can be seen that in a hashed file
there is a unique digest value for each reference URI.
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Structure of Hashed XML Files
stnerate-o7l / XML Declaration

n xmlns="urn:tugraz:ivt:VectoAPI:DeclarationDefinitions:v0D.8" 1_ Root Element

rn:tugraz:ivt:VectoAPI:DeclarationComponent:v0.8"
sion="0.6" Namespace definitions,
Component, Job, or Report

www.w3.0orqg/2000/09/xmldsigi" sc!
www.w3.org/2001/XMLSchema-inst

tion="urn:tugraz:ivt:VectoAPI:DeclarationComponent:v0.8 ../XSD/VectoComponent.xsd">

Jtnﬁjf}‘:i:ni:;”ENG*C4Blbl3debatld3682c4" > ™ Wrapping element
Identifies content type
[...1
e/nats _["Model Data
<Signature> ™

ference URI="H#ENG-c481bl3bB8dba4d36B82c4">
<di:Transforms>
<di:Transform Z

="urn:vecto:xml:2017:canonicalization" /> ~ Dlgest Value

="http://www.w3.0rq/2001/10/xml-exc-cl4ng" />
Reference to data,

nod Rlgorithm="http://www.w3.0rqg/2001/04/xmlencgsha256" /> C14N MethOdS,
Jalue>BWAXs /2pGjQJdvn2GJETX21bNOBYSN3Xrrb+a+BfVUg=</di:DigestValue> Hashing Algorithm

</tns:Engine>
</tns:VectoInputDeclarations

European

14 Commission

Figure 26. A structure of hashed XML files for VECTO simulations. Source: European Commission (2018-11).
The European Commission’s science and knowledge service Joint Research Centre VECTO Data Integrity
Measures 2018 VECTO Workshop Ispra, November, 2018, p. 14,
https://climate.ec.europa.cu/document/download/78b3d698-e4e9-4720-a241-

e2aal 153600f en?filename=201811_integrity en.pdf

6. Discussion

The reason for that the maximum continuous propulsion power and the total rated propulsion
power values can exceed the rated power levels is because of a theoretical overcapacity of the
IEPC:s in the VECTO model.

When analysing the differences between the standard values and the measured values, it was
found that the data of standard values contained lower continuous and overload torque values
in combination with higher continuous and overload torque speeds (giving rise to higher
losses). This caused a higher energy consumption, and, consequently, a lower operational
range. That is also why the simulations based on standard values resulted in a worse
performance, despite having a higher total rated propulsion power and a higher maximum
continuous propulsion power in general (see tables 9 and 10). Thus, this study confirmed that
the standard values represent a worst-case scenario compared to measured values. Therefore,
component testing, and measurements and declarations of parameter values are important in
order to obtain a higher performance. Through this, vehicle design could be optimised.

It is also reasonable that the previous, and repeated, simulations with higher torque values and
lower torque speed resulted in a higher range, due to a reduction of losses. This is also
consistent with the results based on standard values.

Group 9 displayed the best performance with respect to regional delivery missions, due to
lower masses and, consequently, a lower rolling resistance coefficient. The reason for why
group 5, having a 4x2 axle configuration, performed better than the similar group 10, having a
6x2 axle configuration, is due to a lower air resistance as a consequence of a lower number of
axles.
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Regarding the heavier vehicle configurations in the EMS mission profiles, they are too heavy
for the lower DC power levels when standard values are used. The simulations of these
missions are therefore aborted for the P4 kW and P3 kW power configurations. Thus,
simulations with heavier vehicle configurations being aborted would require a higher DC
power, while simulations with lighter vehicle configurations being aborted would require a
lower DC power. Ultimately, this has to do with gearing and optimisation of gear usage.

Regional delivery missions and long-haulage missions have different advantages and
disadvantages. Regional delivery configurations operate at lower average speeds, and thus
have a lower air resistance and energy consumption (and a higher operational range). Long-
haulage configurations have the best fleet average CO; value and also deliver goods more
efficiently, as they can be loaded with higher masses/volumes of cargo.

More brake energy is expected to be needed for higher masses and for regional delivery
missions, due to more traffic constraints.

As previously mentioned, something to be aware of when assessing the results is that VECTO
does not always perform in accordance with the legislation. Some mission profiles with
operational range values below 350 km or a DC power level below 265 kW were incorrectly
presented as long-haulage missions, and these simulations should have been aborted.
Therefore, the results need to be assessed from both a technical point of view and a legal point
of view.

7. Conclusions

Concerning the fixed parameters, vehicles of the type “rigid lorry” in combination with the
mission profile regional delivery, or vehicles of the type “tractor” in combination with the
mission profile long-haulage, and vehicles with fewer axles (4x2 rather than 6x2), had a
positive impact on the energy consumption, or the operational range. Mission profiles with
lower masses/loading (resulting in a lower rolling resistance coefficient) and lower average
speeds (resulting in a lower air resistance) could also have a positive impact on the result, in
comparison with other mission profiles.

For measured IEPC values, a higher operational range was obtained than for standard IEPC
values, and no simulations were aborted due to poor performance. Thus, measured values
should be used when possible. In general, higher power levels resulted in a higher operational
range, or lower energy consumption. For standard values, however, a lower power level
would be well-adapted to vehicles with lower loading, and their optimal gearing.

A reduction in the number of speeds steps could result in a negligible increase in operational
range for some of the mission profiles. For the reduction of torque steps however, the general
result was that the energy consumption increased, and the range decreased. Combining the
two effects can thus give rise to mixed results.

For a higher torque value, in combination with a lower torque speed, a higher operational
range could be obtained.

The brake power was also found to be dependent on the mission profile, the mass of the
vehicle and the payload, and the average speed.
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When assessing the results obtained from the VECTO simulations, they need to be assessed
separately from legal respectively physical points of views as well, as VECTO does not abort
all simulations with incorrect output data with respect to the EU legislation or to the actual,
i.e. physical, component capacity.

8. Outlook

The following measures are proposed to achieve improved results in similar studies in the
future: increasing the number of simulations per input variable studied (i.e. scaling up or
down the modified parameter values for an increased measurement accuracy), a) andpting
input data so that it is compatible with later VECTO releases with updated models and a
reduction of bugs. Simulations could be run for series of measurements, with multiple
different numerical values used for each simulation parameter.

Since a reduction of the number of torque steps resulted in a general increase in energy
consumption or decrease in operational range, the impact of an extension of the number of
torque steps could be interesting to investigate in a future study. (In this study, values were
only modified or removed. The data was not extended with additional input values.)

Even though this study is based on electric machines of the PSM type, simulations extended
to the other types of electric machines could answer questions on the performance of different
electric machine types in comparison to each other.

The study could also be extended in the context of VECTO performance, by studying how the
results of the calculations are affected when VECTO is used for the purposes of validation
and verification of data rather than for declaration of data. This would be motivated by the
fact that the different corresponding calculation modes utilises different calculation models
with different input values.

Other departments at Scania within other R&D fields could perform similar studies on other
vehicle components than the IEPC, or on other vehicle types (for instance buses and lorries).

More efficient and cost-effective testing procedures could be achieved with an optimal
selection of parameter values. The gained knowledge of the performance of the IEPC and the
BEV:s could be relevant in broader contexts such as for product development and support, as
well as for product marketing.
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Appendix

Abbreviations, acronyms and definitions
ACEA (European Automobile Manufacturers’ Association).
ADC (additional driveline components).

Ah (ampere-hour).

AM / APT-N,P,S (automatic transmission).

AMT (automated manual transmission).

ASM (asynchronous machine).

BEV (battery electric vehicle).

CIF (customer information file).

CoC (Certificate of Conformity).

EC (energy consumption).

EEA (European Environment Agency).

E-IEPC / IEPC-E (EM and IEPC are both components present in the vehicle).
EM(S) (electric machine (system)).

EPMC (electric power mapping cycle).

ESM (excited synchronous machine).

GHG (greenhouse gas).

HDV (heavy-duty vehicle).

HEV (hybrid electric vehicle).

ICE (internal combustion engine).

IEPC (integrated electric powertrain component).
int (interpolation).

JRC (Joint Research Centre).

LEV (low-emission vehicle).
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LH (EMS) (long-haulage (European modular system)).
MRF (manufacturer’s records file).

MT (manual transmission).

OEM (original equipment manufacturer).

PEV (pure electric vehicle).

PSM (permanent magnet synchronous machine).

PTO (power take-off).

RD (EMYS) (regional delivery (European modular system)).
REESS (rechargeable electric energy storage system).
RM (reluctance machine).

RRC (rolling resistance coefficient).

SoC (state of charge).

Std value (standard value used in VECTO).

TPMLM (technically permissible maximum label mass).
UUT (unit under test).

VECTO (Vehicle Energy Consumption Calculation Tool).
VIF (vehicle information file).

VTP (Verification Testing Procedure).

ZEV (zero-emission (heavy-duty) vehicle).
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Tables with results

Group 5* Measured values. LH: long-haulage. RD. regional delivery. LE: long-haulage EMS. RE: regional
delivery EMS. L/R: low/reference load.

Power, e- |Cycle |Vehicle |Payload |Average |Energy Energy Energy Brake |Range
machine mass [ke] speed consumption |consumption |consumption |energy |[km]
[ke] [km/h]  |[kWh] [kWh/km] [kWh/tkm] [kWh]

Pl kW LHL 21033 |2600 79.9 97.3 0.971 0.374 0.002 |551.2
PI1kW LHR |37733 19300  |79.8 121.7 1.214 0.063 0.233  |440.8
PI1kW LEL 27333 |3500 79.9 126.2 1.260 0.360 0.019 14249
Pl kW LER |50333 26500 |79.1 162.1 1.618 0.061 1.935 [330.8
Pl kW RDL  [21033 2600 61.0 92.4 0.924 0.356 0.132  |579.1
PI1kW RDR  |31333 12900 | 60.8 109.7 1.097 0.085 1.104 14879
PI1 kW REL  |27333 |3500 60.9 120.1 1.201 0.343 0.536  |445.8
PI1 kW RER  [41333 17500 | 60.5 145.1 1.451 0.083 3.309  [368.8
P2 kW LHL [21033 |2600 79.9 97.3 0.971 0.374 0.013 |551.1
P2 kW LHR [37733 |19300 |79.5 121.6 1.213 0.063 0.284 |441.1
P2 kW LEL 27333 |3500 79.9 126.2 1.260 0.360 0.043 4249
P2 kW LER [50333 |26500 |78.8 161.5 1.612 0.061 2.027 3320
P2 kW RDL  |21033 2600 61.0 92.6 0.926 0.356 0.220 [578.3
P2 kW RDR [31333 12900 |60.8 109.7 1.097 0.085 1.383 4877
P2 kW REL 27333  |3500 60.9 120.1 1.201 0.343 0.781 |445.6
P2 kW RER 41333 [17500 ]60.3 144.9 1.449 0.083 3.462  1369.5
P3 kW LHL 21033 |2600 79.6 97.5 0.973 0.374 0.013  |549.9
P3 kW LHR 37733 |19300 |77.8 124.0 1.238 0.064 2.608 [432.5
P3 kW LEL

P3 kW LER

P3 kW RDL 21033 |2600 60.7 93.3 0.933 0.359 0.568 573.9
P3 kW RDR |31333 |12900 [59.9 112.7 1.128 0.087 4.071 4747
P3 kW REL

P3 kW RER

P4 kW LHL 21033 |2600 79.1 96.9 0.968 0.372 0.173  |553.1
P4 kW LHR 37733 |19300 |76.5 122.7 1.225 0.064 3.580 [437.0
P4 kW LEL

P4 kW LER

P4 kW RDL 21033 |2600 60.4 93.0 0.930 0.358 0.954 |575.6
P4 kW RDR 31333 |12900 |59.3 112.3 1.123 0.087 5.003 476.7
P4 kW REL

P4 kW RER
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Group 9% Measured values. LH: long-haulage. RD. regional delivery. LE: long-haulage EMS. RE: regional
delivery EMS. L/R: low/reference load.

Power, e- |[Cycle |Vehicle |Payload |Average |Energy Energy Energy Brake |Range
machine mass [ke] speed consumption | consumption |consumption |energy |[km]
[kg] [km/h] [kWh] [kWh/km] [kW/tkm] [kWh]

PIkW |LHL [22333 2600 80.0 113.9 1.137 0.437 0.002 470.8
PIkW |LHR [39033 19300 |79.7 136.8 1.366 0.071 0352 [392.0
PIkW |LEL 27833 |3500 79.9 131.3 1.311 0.374 0.032 4084
PIkW |LER [50833 26500 |79.1 166.6 1.663 0.063 2.064 [321.9
PIkW |RDL  |15733 |1400 60.9 75.8 0.758 0.541 0.038 [706.3
PIkW |RDR [21433 |7100 60.8 83.5 0.835 0.118 0.166 |641.2
PIkW |REL  |27833 |3500 60.9 124.9 1.249 0.357 0.588 [428.5
PIkW |RER  |41833 17500 ]60.5 150.0 1.500 0.086 3.485 [356.8
P2kW LHL 22333 |2600 80.0 113.9 1.137 0.437 0.008 [470.8
P2kW LHR [39033 19300 |79.5 136.6 1.364 0.071 0.415 [392.5
P2kW LEL 27833 3500 79.9 131.3 1.310 0.374 0.051 [408.5
P2kW LER |50833 |26500 [78.8 165.9 1.656 0.063 2.097 [323.2
P2kW RDL  |15733 1400 60.9 75.9 0.759 0.542 0.108 |705.6
P2kW RDR  |21433 |7100 60.8 83.6 0.836 0.118 0.268 6404
P2kW REL  |27833 [3500 60.9 125.0 1.250 0.357 0.766 |428.2
P2 kW RER  |41833 17500  |60.3 149.8 1.498 0.086 3.634 3573
P3 kW LHL 22333 |2600 79.5 114.2 1.140 0.439 0.030 4694
P3 kW LHR [39033 19300 |77.5 138.7 1.384 0.072 2.765  |386.7
P3 kW LEL

P3 kW LER

P3 kW RDL  |15733 1400 60.9 76.1 0.761 0.543 0.151 |703.6
P3 kW RDR  |21433 |7100 60.6 84.3 0.843 0.119 0.597 |634.6
P3 kW REL

P3 kW RER

P4 kW LHL 22333 |2600 78.9 113.3 1.131 0.435 0.252  |473.1
P4 kW LHR [39033 19300 | 76.1 136.9 1.367 0.071 3.648  [391.6
P4 kW LEL

P4 kW LER

P4 kW RDL  |15733 1400 60.9 75.9 0.759 0.542 0.181 |7054
P4 kW RDR  [21433 |7100 60.4 84.2 0.842 0.119 1.032  |635.7
P4 kW REL

P4 kW RER
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Group 10* Measured values. LH: long-haulage. RD: regional delivery. LE: long-haulage EMS. RE: regional
delivery EMS. L/R: low/reference load.

Power, e- |[Cycle |Vehicle |Payload |Average |Energy Energy Energy Brake |Range
machine mass [ke] speed consumption |consumption |consumption |energy |[km]
[kg] [km/h] [kWh] [kWh/km] [kWh/tkm] [kWh]

PI1 kW LHL 22233 |2600 79.9 100.5 1.003 0.386 0.000 |5334
PI1 kW LHR |38933 19300 |79.8 125.5 1.253 0.065 0.426 4272
PI1 kW LEL 28533 [3500 79.8 129.2 1.289 0.368 0.032  |415.1
PI1 kW LER |51533 ]26500 [79.0 165.5 1.652 0.062 2.169  [324.0
PI1 kW RDL |22233 |2600 61.0 95.8 0.958 0.369 0.196 |558.5
PI1 kW RDR 32533 12900 | 60.8 1134 1.134 0.088 1.267 |472.1
PI1 kW REL 28533 |3500 60.9 123.9 1.239 0.354 0.725  432.1
P1 kW RER 42533 17500  [60.5 149.6 1.496 0.086 3.761 3577
P2kW LHL 22233 |2600 79.9 100.5 1.003 0.386 0.008 [533.5
P2kW LHR |38933 19300 |79.5 1254 1.251 0.065 0.486  |427.7
P2kW LEL 28533 [3500 79.8 129.1 1.289 0.368 0.074 |415.2
P2kW LER |51533 [26500 |78.6 165.0 1.647 0.062 2.248 |325.1
P2kW RDL 22233  |2600 61.0 96.0 0.960 0.369 0.300 |557.7
P2kW RDR 32533 12900  |60.7 1134 1.134 0.088 1.535 4719
P2kW REL |28533 |3500 60.8 124.0 1.240 0.354 0.933  [431.8
P2 kW RER 42533 17500 ]60.3 149.3 1.493 0.085 3.912 3585
P3 kW LHL 22233 |2600 79.5 100.8 1.007 0.387 0.046 |531.8
P3 kW LHR |38933 19300 |77.6 127.8 1.276 0.066 2.965 [419.5
P3 kW LEL

P3 kW LER

P3 kW RDL |22233 |2600 60.6 96.9 0.969 0.373 0.741 [552.5
P3 kW RDR 32533 12900  |59.7 117.0 1.170 0.091 4.889 4573
P3 kW REL

P3 kW RER

P4 kW LHL 22233 |2600 79.0 100.3 1.001 0.385 0.285 [534.7
P4 kW LHR |38933 19300 |76.1 126.3 1.261 0.065 3.873  |424.6
P4 kW LEL

P4 kW LER

P4 kW RDL |22233 |2600 60.3 96.6 0.966 0.372 1.306  |554.1
P4 kW RDR 32533 12900  [59.0 116.6 1.166 0.090 6.053  459.1
P4 kW REL

P4 kW RER

61




Group 5* Measured values. sp: speed. tq: torque. LH: long-haulage. RD: regional delivery. LE: long-haulage
EMS. RE: regional delivery EMS. L/R: low/reference load.

Power |Cycle |Vehicle |Payload |Fewer sp Fewer sp | Fewer tq Fewer tq |Fewersp & |Fewersp &
[kW] mass [kg] steps: Brake |steps: steps: Brake |steps: tq steps: tq steps:
[ke] energy Range energy Range Brake Range [km]
[kWh] [km] [kWh] [km] energy
[kWh]
Pl LHL [21033 2600 0.005 551.2 0.002 550.4 0.005 550.3
Pl LHR [37733 19300  ]0.257 440.9 0.233 440.4 0.257 440.3
Pl LEL [27333 3500 0.020 425.1 0.019 424.4 0.020 424.5
Pl LER [50333 26500  |2.060 330.9 1.935 330.7 2.060 330.6
Pl RDL [21033 2600 0.126 579.2 0.132 577.8 0.122 578.2
Pl RDR [31333 12900 1.090 488.2 1.086 487.3 1.091 487.4
Pl REL  [27333 3500 0.510 446.0 0.573 445.1 0.522 445.1
Pl RER [41333 17500  3.209 369.1 3.343 368.3 3.182 368.7
P2 LHL [21033 |2600 0.013 551.1 0.013 550.4 0.013 550.2
P2 LHR [37733 |19300 |0.314 441.0 0.284 440.6 0.314 440.5
P2 LEL [27333 |3500 0.031 425.0 0.043 424.5 0.031 424.4
P2 LER [50333 [26500 |2.141 331.5 2.027 331.7 2.141 331.3
P2 RDL 21033 |2600 0.198 578.6 0.209 5773 0.157 577.6
P2 RDR  [31333 |12900 1.248 488.0 1.402 486.9 1.288 486.7
P2 REL  [27333 |3500 0.687 446.0 0.815 444.8 0.730 445.0
P2 RER [41333 |17500 [3.412 369.2 3.528 368.9 3.386 368.8
P3 LHL [21033 |2600 0.030 551.8 0.012 549.6 0.030 551.6
P3 LHR [37733 |19300 ]2.690 434.2 2.608 432.4 2.630 434.2
P3 LEL
P3 LER
P3 RDL 21033 |2600 0.566 576.5 0.560 573.6 0.566 576.1
P3 RDR  [31333 |12900 |4.064 477.3 4.068 474.6 4.071 477.0
P3 REL
P3 RER
P4 LHL [21033 |2600 0.186 553.0 0.173 552.8 0.186 552.8
P4 LHR [37733 |19300 |3.552 4373 3.579 436.9 3.552 437.1
P4 LEL
P4 LER
P4 RDL 21033 |2600 0.951 576.0 0.946 575.2 0.951 575.6
P4 RDR [31333 [12900 [4.991 477.5 4.987 476.5 4.996 477.1
P4 REL
P4 RER
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Group 9% Measured values. sp: speed. tq: torque. LH: long-haulage. RD: regional delivery. LE: long-haulage
EMS. RE: regional delivery EMS. L/R: low/reference load.

Power |Cycle |Vehicl |Payload |Fewer sp Fewer sp |Fewer tq | Fewer tq Fewer sp & |Fewer sp & tq
[kW] e mass |[kg] steps: Brake |steps: steps: steps: Range | tq steps: steps: Range
[ke] energy Range Brake [km] Brake [km]
[kWh] [km] energy energy
[kWh] [kWh]
Pl LHL 22333 |2600 0.002 470.8 0.002 470.1 0.002 470.0
Pl LHR 39033 [19300 ]0.400 392.0 0.352 391.6 0.400 391.6
Pl LEL |27833 |3500 0.027 408.5 0.032 408.0 0.027 407.9
Pl LER |50833 [26500 |2.089 322.2 2.064 321.7 2.089 321.9
Pl RDL |15733 |1400 0.036 706.5 0.039 704.7 0.036 705.0
Pl RDR |21433 |7100 0.164 641.4 0.172 639.5 0.164 640.1
Pl REL |27833 |3500 0.509 428.9 0.645 427.8 0.573 427.5
Pl RER |41833 [17500 |3.451 357.1 3.504 356.4 3.441 356.7
P2 LHL 22333 |2600 0.009 470.8 0.008 470.3 0.009 470.0
P2 LHR 39033 [19300 ]0.429 392.4 0.415 392.1 0.429 391.9
P2 LEL |27833 |3500 0.031 408.7 0.051 408.1 0.031 408.1
P2 LER |50833 [26500 |2.172 3229 2.097 323.0 2.172 322.7
P2 RDL |15733 |1400 0.090 706.1 0.113 704.1 0.089 704.7
P2 RDR |21433 |7100 0.278 640.2 0.263 638.8 0.278 638.7
P2 REL |27833 |3500 0.684 428.2 0.816 4274 0.795 427.3
P2 RER [41833 |[17500 |3.443 357.6 3.653 356.9 3.444 357.1
P3 LHL 22333 |2600 0.062 471.3 0.030 469.2 0.062 471.1
P3 LHR 39033 [19300 |2.832 388.0 2.765 386.7 2.771 388.1
P3 LEL
P3 LER
P3 RDL |15733 |1400 0.148 705.4 0.161 702.8 0.156 704.7
P3 RDR |21433 |7100 0.602 637.7 0.597 634.2 0.602 637.2
P3 REL
P3 RER
P4 LHL 22333 |2600 0.251 472.9 0.253 473.0 0.251 472.6
P4 LHR [39033 |19300 |3.665 391.8 3.644 391.5 3.665 391.6
P4 LEL
P4 LER
P4 RDL |15733 |1400 0.180 706.1 0.192 704.7 0.190 705.4
P4 RDR |21433 |7100 1.056 636.6 1.032 635.2 1.056 636.0
P4 REL
P4 RER
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Group 10*. Measured values. sp: speed. tq: torque. LH: long-haulage. RD: regional delivery. LE: long-haulage
EMS. RE: regional delivery EMS. L/R: low/reference load. XXXX: error.

Power |Cycle |Vehicl |Payload |Fewer sp Fewer sp |Fewer tq | Fewer tq Fewer sp & |Fewer sp & tq
[kW] e mass |[kg] steps: Brake |steps: steps: steps: Range | tq steps: steps: Range
[ke] energy Range Brake [km] Brake [km]
[kWh] [km] energy energy
[kWh] [kWh]
Pl LHL 22233 |2600 0.001 533.4 0.000 532.7 0.001 532.6
Pl LHR |38933 [19300 ]0.469 427.3 0.426 426.8 0.463 426.8
Pl LEL |28533 |3500 0.033 415.3 0.032 414.7 0.035 414.8
Pl LER |51533 [26500 |2.263 324.1 2.169 323.9 2.263 323.9
Pl RDL  |22233 |2600 0.194 558.5 0.190 557.3 0.188 557.5
Pl RDR |32533 |12900 1.304 472.0 1.329 471.3 1.376 471.0
Pl REL |28533 |3500 0.689 432.1 0.786 4314 0.746 431.2
Pl RER 42533 [17500 |3.776 358.0 3.781 357.4 3.755 357.7
P2 LHL 22333 |2600 0.011 533.5 0.008 532.9 0.011 532.7
P2 LHR |38933 [19300 |0.511 427.7 0.486 427.3 0.505 427.1
P2 LEL |28533 |3500 0.046 4154 0.074 414.7 0.046 414.8
P2 LER |51533 |26500 |2.328 324.9 2.248 324.9 2.328 324.6
P2 RDL |22233 [2600 0.287 557.9 0.284 556.6 0.311 556.4
P2 RDR |32533 |12900 1.452 472.0 1.573 471.0 1.504 471.1
P2 REL |28533 |3500 XXXX 431.9 0.992 431.0 0.901 430.9
P2 RER [42533 |[17500 |3.793 358.6 3.957 358.1 3.774 358.2
P3 LHL 22233 |2600 0.090 533.9 0.046 531.6 0.090 533.7
P3 LHR 38933 [19300 |2.960 4214 2.965 4194 2.960 421.3
P3 LEL
P3 LER
P3 RDL  |22233 [2600 0.739 555.6 0.733 552.2 0.739 555.2
P3 RDR |32533 [12900 |5.039 459.1 4.837 457.3 5.018 459.0
P3 REL
P3 RER
P4 LHL |22233 |2600 0.293 534.7 0.285 534.5 0.293 534.4
P4 LHR |38933 [19300 |3.911 424.6 3.867 424 .4 3.911 424 .4
P4 LEL
P4 LER
P4 RDL |22233 [2600 1.301 554.5 1.292 553.9 1.301 554.1
P4 RDR [32533 |12900 |6.045 459.7 6.022 459.0 6.035 459.4
P4 REL
P4 RER
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Group 5* Standard values. LH: long-haulage. RD: regional delivery. LE: long-haulage EMS. RE: regional

delivery EMS. L/R: low/reference load. A: aborted simulation. XXXX: error.

Power, e- |Cycle Vehicle |Payload | Average Energy Energy Energy Brake |Range
machine mass [ke] speed consumption | consumption | consumption | energy | [km]
[ke] [km/h] [kWh] [kWh/km] |[kWh/tkm] |[kWh]
PI1 kW LHL A 21033 |2600 78.6 59.5 1.390 0.535 0.015 XXXX
PI1kW LHR 37733 19300 779 154.7 1.544 0.080 0.812 346.7
PI1kW LEL 27333 3500 79.0 155.7 1.554 0.444 0.296 3444
PI1kW LERA |50333 [26500 |75.4 105.5 2.813 0.106 0.418 XXXX
PI1kW RDL 21033 2600 60.4 120.2 1.202 0.462 1.274 4454
PI1kW RDR 31333 12900  60.0 148.2 1.482 0.115 3.556 361.2
PI1 kW REL 27333 3500 60.2 157.0 1.570 0.449 2.543 340.8
PI1kW RER A 41333 17500  ]50.8 27.8 1.678 0.096 1.634 XXXX
P2kW LHL A [21033  |2600 78.2 60.2 1.403 0.540 0.036 XXXX
P2kW LHR 37733 19300 |77.7 155.6 1.554 0.081 1.277 344.5
P2kW LEL 27333 |3500 78.7 157.1 1.569 0.448 0.186 341.2
P2kW LER 50333 [26500 |77.0 210.7 2.103 0.079 3.796 254.5
P2kW RDL 21033 |2600 60.2 120.5 1.205 0.464 1.761 444.2
P2kW RDR 31333 12900  |60.0 149.0 1.490 0.116 3.854 359.3
P2kW REL 27333 |3500 60.0 157.3 1.573 0.450 2.656 340.2
P2kW RER 41333 17500  [59.4 198.9 1.989 0.114 7.321 269.1
P3 kW LHL 21033 |2600 75.6 114.6 1.143 0.440 1.343 468.1
P3 kW LHR A [37733 19300 |28.9 2.4 0.789 0.041 1.217 XXXX
P3 kW LEL
P3 kW LER
P3 kW RDL A [21033  |2600 7.5 0.3 3.131 1.204 0.000 XXXX
P3 kW RDR A [31333 12900 4.2 0.2 3.642 0.282 0.000 XXXX
P3 kW REL
P3 kW RER
P4 kW LHL 21033 [2600 74.6 114.5 1.143 0.440 1.492 468.3
P4 kW LHR A [37733  [19300 |31.0 2.2 0.758 0.039 1.270 XXXX
P4 kW LEL
P4 kW LER
P4 kW RDL A [21033  ]2600 6.9 0.3 3.026 1.164 0.000 XXXX
P4 kW RDR A [31333 [12900 |5.0 0.2 3.553 0.275 0.000 XXXX
P4 kW REL
P4 kW RER
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Group 9% Standard values. LH: long-haulage. RD: regional delivery. LE: long-haulage EMS. RE: regional
delivery EMS. L/R: low/reference load. A: aborted simulation. XXXX: error.

Power, e- |Cycle Vehicle |Payload | Average Energy Energy Energy Brake |Range
machine mass [ke] speed consumption | consumption | consumption | energy | [km]
[ke] [km/h] [kWh] [kWh/km] |[[kWh/tkm] |[kWh]
Pl kW LHL A 22333 |2600 78.5 69.5 1.623 0.624 0.019 XXXX
Pl kW LHR 39033 19300 777 173.1 1.727 0.090 0.993 309.9
Pl kW LEL 27833 |3500 79.0 162.8 1.625 0.464 0.189 329.3
Pl kW LER A 50833 26500 |75.5 108.1 2.881 0.109 0.434 XXXX
Pl kW RDL A 15733 1400 51.6 12.1 0.725 0.518 0.235 XXXX
Pl kW RDR 21433 |7100 60.4 110.3 1.103 0.155 1.299 485.1
Pl kW REL 27833 |3500 60.3 163.3 1.633 0.467 2.743 327.8
Pl kW RER A 41833 17500  [50.8 28.5 1.722 0.098 1.639 XXXX
P2kW LHL 22333 |2600 79.2 139.9 1.397 0.537 0.319 383.3
P2kW LHR 39033 19300 |77.6 174.3 1.739 0.090 1.350 307.7
P2kW LEL 27833 |3500 78.8 163.9 1.636 0.468 0.287 327.1
P2kW LER 50833  [26500 |76.9 216.2 2.158 0.081 3.944 248.1
P2kW RDL 15733 1400 60.4 96.1 0.961 0.687 0.884 556.8
P2kW RDR 21433 |7100 60.3 110.4 1.104 0.156 1.701 484.9
P2kW REL 27833 |3500 60.1 162.9 1.629 0.465 2.719 328.6
P2kW RER 41833 17500 |59.4 204.9 2.049 0.117 8.008 261.2
P3 kW LHL 22333 |2600 74.7 132.4 1.321 0.508 1.437 405.1
P3 kW LHR A 39033 19300 |30.2 2.5 0.843 0.044 1.239 XXXX
P3 kW LEL
P3 kW LER
P3 kW RDL 15733 1400 58.5 91.9 0.919 0.657 3.234 5824
P3 kW RDR A 21433 |7100 7.5 0.4 3.163 0.446 0.000 XXXX
P3 kW REL
P3 kW RER
P4 kW LHL 22333 |2600 73.8 132.7 1.324 0.509 1.605 404.1
P4 kW LHR A 39033 19300  |29.9 24 0.820 0.043 1.291 XXXX
P4 kW LEL
P4 kW LER
P4 kW RDL 15733 1400 58.0 93.5 0.935 0.668 3.524 5724
P4 kW RDR A 21433 |7100 7.1 0.3 3.047 0.429 0.000 XXXX
P4 kW REL
P4 kW RER
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Group 10* Standard values. LH: long-haulage. RD: regional delivery. LE: long-haulage EMS. RE: regional

delivery EMS. L/R: low/reference load. A: aborted simulation. XXXX: error.

Power, e- | Cycle Vehicle |Payload |Average |Energy Energy Energy Brake Range
machine mass [kg] speed consumption | consumption | consumption | energy | [km]
[ke] [km/h] [kWh] [kWh/km] | [kWh/tkm] |[[kWh]
Pl kW LHL A 22233 |2600 78.4 62.4 1.459 0.561 0.025 XXXX
Pl kW LHR 38933 19300 |77.8 159.3 1.591 0.082 1.011 336.5
Pl kW LEL 28533 |3500 78.9 160.1 1.598 0.457 0.170 335.0
Pl kW LER A 51533 [26500 |75.3 108.1 2.884 0.109 0.533 XXXX
Pl kW RDL 22233 |2600 60.3 124.9 1.249 0.481 1.593 428.5
Pl kW RDR 32533 12900  |60.1 154.2 1.542 0.120 3.865 347.0
Pl kW REL 28533 |3500 60.3 162.4 1.624 0.464 2.834 329.5
Pl kW RER A 42533 17500  |50.7 28.6 1.727 0.099 1.699 XXXX
P2kW LHL 22233 |2600 79.0 123.9 1.237 0.476 0.215 432.8
P2kW LHR 38933 19300 |77.6 161.2 1.609 0.083 1.434 332.6
P2kW LEL 28533 |3500 78.7 161.4 1.611 0.460 0.229 3323
P2kW LER 51533 [26500 |76.9 215.6 2.152 0.081 4.125 248.7
P2kW RDL 22233 |2600 60.1 126.1 1.261 0.485 1.666 424.5
P2kW RDR A 32533 12900  |32.7 4.8 1.506 0.117 0.495 XXXX
P2kW REL 28533 |3500 60.0 162.3 1.623 0.464 2.996 329.8
P2kW RER 42533 17500  |59.4 205.0 2.050 0.117 8.393 261.1
P3 kW LHL 22233 |2600 74.8 118.0 1.178 0.453 1.614 454.5
P3 kW LHR A 38933 19300 |30.6 2.3 0.781 0.041 1.294 XXXX
P3 kW LEL
P3 kW LER
P3 kW RDL A 22233 |2600 6.9 0.3 3.168 1.219 0.000 XXXX
P3 kW RDR A 32533 12900  |4.0 0.2 3.691 0.286 0.000 XXXX
P3 kW REL
P3 kW RER
P4 kW LHL 22233 |2600 74.0 118.4 1.182 0.454 1.767 453.0
P4 kW LHR A 38933 19300 |30.3 22 0.758 0.039 1.345 XXXX
P4 kW LEL
P4 kW LER
P4 kW RDL A 22233 |2600 6.4 0.3 3.062 1.178 0.000 XXXX
P4 kW RDR A 32533 12900 |3.8 0.2 3.604 0.279 0.000 XXXX
P4 kW REL
P4 kW RER
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