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Abstract

The transport of people, as well as cargo, has evolved and grown
tremendously over the recent years. Technological development had to be
adapted to the different government measures for controlling polluting
emissions. Since the Paris agreement in 2015 limits have also been imposed
on the CO, emissions from road vehicles to keep global temperature growth
below 1.5°C. For the heavy transport sector, fleet limits of 15% for 2025 and
30% for 2030 CO, reduction have been introduced with respect to the limits
of 2019. Therefore, the current restriction of very low levels of polluting
emissions, as well as greenhouse gases, makes the transport sector face a great
technological challenge. In 2021, 99% of freight transport was powered by an
internal combustion engine with Diesel as fuel and without any type of
electrical assistance in the propulsion system. Moreover, polluting emission
limits such as the Euro 6 are achieved with complex post-treatment systems
that also add to the consumption of Urea.

Previous research and prototype systems have shown that it is possible
to achieve polluting emission targets with advanced combustion control
methods, thus reducing the complexity of post-treatment in the exhaust gas.
With greater success, the concept of Reactivity Controlled Combustion
Ignition can reach values below the Euro 6 with similar efficiency to Diesel
combustion. Unfortunately, it does not solve the CO, emission problems. On
the other hand, in passenger vehicles, the application of electric motors in
the propulsion system has been shown to successfully improve the overall
efficiency of the vehicle. The extreme case is the purely electric vehicles,
where efficiencies above 70% are achieved against 35% of the non-electrified
vehicles. However, limitations of vehicle range, charging time, payload
reduction and an unclear overall reduction in greenhouse emissions bring this
propulsion system under discussion. For vehicles with some degree of
electrification, polluting gas emissions continue to be a problem as for the
non-electrified case.



Therefore, this doctoral Thesis addresses the problem of polluting
emissions and CO; combined with advanced modes of combustion with
electrified propulsion systems. The application of these technologies focuses
on the heavy road transport sector. In particular, an 18-ton maximum load
truck that originally was equipped with an 8-liter six-cylinder engine with
conventional Diesel combustion. The present work uses experimental tools
such as measurements on the engine bench as well as on the road to feed and
validate numerical models of the engine, after-treatment system, and the
vehicle. The latter is the central point of the work since it allows addressing
systems such as mild hybrid, full hybrid, and plug-in hybrid. Experimental
engine calibration dedicated to hybrid propulsion systems is presented with
synthetic fuels in order to reach the limits of the Euro 7.



Resumen

El transporte de personas, asi como de carga ha evolucionado y crecido
tremendamente en los ultimos anos. El desarrollo tecnolégico debidé ser
adaptado a las diferentes medidas gubernamentales en términos de control
de emisiones contaminantes. Desde el acuerdo de Paris en 2015 para
mantener el crecimiento de la temperatura global por debajo de 1.5°C, se han
impuesto también limites para las emisiones de CO, por parte de vehiculos
de carretera. Para el sector del transporte pesado, se han impuesto limites de
flota de 15% para 2025 y 30% para 2030 de reduccién del CO; con respecto
a 2019. Por lo tanto, esta doble restriccion de muy bajos niveles de emisiones
contaminantes, asi como de gases de efecto invernadero hacen que el sector
del transporte este ante un gran desafio tecnolégico. En 2022, el transporte
de carga tiene un 99% de vehiculos propulsados a motor de combustién
interna con Diesel como combustible y sin ningin tipo de ayuda eléctrica en
el sistema de propulsién. Los limites de emisiones contaminantes como Euro
6 son alcanzados con complejos sistemas de postratamiento que ademaés
agregan el consumo de Urea.

Trabajos previos en la bibliografia, asi como sistemas prototipo han
demostrado que es posible alcanzar los objetivos de emisiones contaminantes
con métodos avanzados de control de la combustiéon y asi disminuyendo la
complejidad del post tratamiento en la salida de gases. Con mayor éxito, el
concepto de Reactivity Controlled Combustion Ignition puede alcanzar
valores por debajo de Euro 6 con eficiencia similar a la combustién de Diesel.
Sin embargo, no soluciona los problemas de emisiones de CO,. Por otro lado,
en vehiculos de pasajeros fue demostrado con suceso la aplicacién de motores
eléctricos en el sistema de propulsién para mejorar la eficiencia global del
vehiculo. El caso extremo son los vehiculos puramente electicos donde se
alcanza eficiencias por arriba del 70% contra 35% de los vehiculos no
electrificados. Sin embargo, limitaciones de autonomia, tiempo de carga y la
no clara reduccién global de la contaminacién debido a las emisiones de la
energia de la red eléctrica y la contaminacion de las baterias de ion-litio hacen
que este sistema de propulsion este bajo discusién. Para los vehiculos con



algin grado de electrificacion, las emisiones de gases contaminantes siguen
siendo un problema como para el caso no electrificado.

Por lo tanto, esta tesis doctoral aborda el problema de emisiones
contaminantes, asi como de CO, combinado modos avanzados de combustién
con sistemas de propulsion electrificado. La aplicacion de estas tecnologias se
centra en el sector del transporte de carretera pesado. En particular, un
camién de 18 toneladas de carga maxima que originalmente en 2022 equipa
un motor seis cilindros de 8 litros con combustién convencional Diesel. El
presente trabajo utiliza herramientas experimentales como son medidas en
banco motor, asi como en carretera para alimentar y validar modelos
numéricos de motor, sistema de postratamiento, asi como de vehiculo. Este
altimo es el punto central del trabajo ya que permite abordar sistemas como
el mild hybrid, full hybrid y plug-in hybrid. Calibracién de motor
experimental dedicada a sistemas de propulsién hibrido es presentada con
combustibles sintéticos y/o para llegar a los limites de Euro 7.



Resum

El transport de persones, aixi com de carrega ha evolucionat i crescut
tremendament en els dltims anys. El desenvolupament tecnologic degué ser
adaptat a les diferents mesures governamentals en termes de control
d'emissions contaminants. Des de 1'acord de Paris en 2015 per a mantindre
el creixement de la temperatura global per davall de 1.5°C, s'han imposat
també limits per a les emissions de CO, per part de vehicles de carretera. Per
al sector del transport pesat, s'han imposat limites de flota de 15% per a 2025
i 30% per a 2030 de reduccié del CO, respecte a 2019. Per tant, aquesta doble
restriccié de molt baixos nivells d'emissions contaminants, aixi com de gasos
d'efecte d'hivernacle fan que el sector del transport aquest davant un gran
desafiament tecnologic. En 2022, el transport de carrega té un 99% de vehicles
propulsats a motor de combustié interna amb Diésel com a combustible i
sense cap mena d'ajuda eléctrica en el sistema de propulsié. Els limites
d'emissions contaminants com a Euro 6 sén aconseguits amb complexos
sistemes de posttractament que a més agreguen el consum d'Urea.

Treballs previs en la bibliografia, aixi com sistemes prototip han
demostrat que és possible aconseguir els objectius d'emissions contaminants
amb metodes avancats de control de la combustié i aixi disminuint la
complexitat del post tractament en l'eixida de gasos. Amb major exit, el
concepte de Reactivity Controlled Combustion Ignition pot aconseguir valors
per davall d'Euro 6 amb eficiencia similar a la combustié de Diesel. No
obstant aixo, no soluciona els problemes d'emissions de CO,. D'altra banda,
en vehicles de passatgers va ser demostrat amb succés 1'aplicacié de motors
eléctrics en el sistema de propulsié per a millorar l'eficiencia global del vehicle.
El cas extrem sén els vehicles purament electicos on s'aconsegueix eficiencies
per dalt del 70% contra 35% dels vehicles no electrificats. No obstant aixo,
limitacions d'autonomia, temps de carrega i la no clara reduccié global de la
contaminacio a causa de les emissions de l'energia de la xarxa eléctrica i la
contaminacié de les bateries d'i6-liti fan que aquest sistema de propulsid
aquest baix discussié. Per als vehicles amb algun grau d'electrificacié, les



emissions de gasos contaminants continuen sent un problema com per al cas
no electrificat.

Per tant, aquesta tesi doctoral aborda el problema d'emissions
contaminants, aixi com de CO, combinat maneres avancades de combusti6
amb sistemes de propulsié electrificat. L'aplicacié d'aquestes tecnologies se
centra en el sector del transport de carretera pesat. En particular, un camié
de 18 tones de carrega maxima que originalment en 2022 equipa un motor sis
cilindres de 8 litres amb combustié convencional Diesel. El present treball
utilitza eines experimentals com sén mesures en banc motor, aixi com en
carretera per a alimentar i validar models numerics de motor, sistema de
posttractament, aixi com de vehicle. Est ultime és el punt central del treball
ja que permet abordar sistemes com el mild hybrid, full *hybrid i plug-in
hybrid. Calibratge de motor experimental dedicada a sistemes de propulsio
hibride és presentada amb combustibles sintétics i/o per a arribar als limits
d'Euro 7.



Everything can be taken from a man but one thing:

the last of the human freedoms

to choose one's attitude in any given set of circumstances,
to choose one's own way.

Viktor Frankl
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Nomenclature

Latin

A/F - Air Fuel Ratio

C - Carbon

C, - Specific heat capacity at constant pressure
CO - Carbon Monoxide
CO; - Carbon Dioxide
CsHg - Propylene

CsH, - Ethylene

CoHs - Ethane

1,3-C4Hs - 1,3-Butadiene
Ce¢Hg - Benzene
C7Hs-Toluene
C-Hs-Heptane

CsHis- Octane

m - Mass

m - Mass flow

h - Hours



h - Enthalpy

H - Unimolecular Hydrogen

HC - Hydrocarbon

H,O - Water

N, — Nitrogen

NO - Nitrogen monoxide

NO,. Nitrogen dioxide

NOx - Nitrogen oxides (NO and NO2)
O, - Oxygen

OMEx - Oxymethylene dimethyl ether
OH - Hydroxyl radical

p - Pressure

Qw - Heat transfer to the walls

t - Time

T - Temperature

u - Internal energy

V - Volume

X - Molar fraction

Y - Mass Fraction



Z - Zeolite

Greek

vy — Specific heat ratios (Cp/Cv)
A - Variation

n — Efficiency

1 — Micro

o — Density

¢ - Equivalence Ratio
Superscripts

o — Standard conditions

Subscripts

a - relative to air

b - relative to brake power

bb - Relative to blow-by

cyl - Relative to in-cylinder conditions
exh - relative to exhaust conditions

evap - Relative to evaporation conditions

f - relative to fuel



g - grams

i - relative to indicated power

in - relative to intake conditions
inj - relative to injection

out - relative to outlet conditions

O, - relative to oxygen

Initials and Acronyms

ASC - Ammonia Slip Catalyst

ATS - Aftertreatment System

BMEP - Brake Mean Effective Pressure
BSFC - Brake Specific Fuel Consumption
CA50 - Crank Angle at 50% mass fraction burned
CAD - Crank angle degree

CFD - Computational Fluid Dynamics
CI - Compression Ignition

CDC - Conventional Diesel Combustion
COV - Covariance

CR - Compression Ratio

D - Diesel



DAC - Direct Air Capture

CFR - Cooperative Fuel Research
CN - Cetane Number

EHC - Electrical heater catalyst
DF- Diesel Fuel

DI - Direct-Injection

DMDF- Dual-Mode Dual-Fuel
DOC - Diesel Oxidation Catalyst
DPF - Diesel Particulate Filter

Ea - Energy of activation

ECU - Electronic Control Unity
EGR - Exhaust Gases Recirculation
ES - Engine Speed

EU - European

FCEC - Fuel Consumption Equivalent Cycle
FID - Flame lonization Detector
FIS - Fuel Injection System

FSN - Filter Smoke Number

FTIR - Fourier Transformed Infrared Spectroscopy



G - Gasoline

GIE - Gross Indicated Efficiency

GF - Gasoline Fraction

GHG - Greenhouse gases

HCCT - Homogeneous Charge Compression Ignition
HP - High Pressure

HRF - High Reactivity Fuel

HRR - Heat Release Rate

HTHR - High Temperature Heat Release
ICE - Internal Combustion Engines

IMEP - Indicated Mean Effective Pressure
ISC - In-Service Conformity

ISFC - Indicated Specific Fuel Consumption
J - Joule

Kde - Kernel Density Estimation

K - Kelvin

L - Liters

LCA - Life Cycle Analysis

LRF - Low Reactivity Fuel



LHV - Lower Heating Value

LP - Low Pressure

LTC - Low Temperature Combustion
LTHR - Low Temperature Heat Release
MFB - Mass Fraction Burned

MCE - Multi-Cylinder Engine

MON - Motor Octane Number

NDA - Non — Disclosure Agreement

NTC - Negative Temperature Coefficient
NVH - Noise Vibration and Harshness
OEM - Original Equipment Manufacturers
PEF - Pre-Exponential factor

PER — Premix energy ratio

PFI - Port Fuel Injection

PLIF - Planar Laser Induced Fluorescence
PM - Particulate matter

PMEP - Pumping Mean Effective Pressure
PN - Particulate number

PPC - Partially Premixed Combustion



PPCI - Partially Premixed Compression Ignition
PRR - Pressure Rise Rate

PRR - Primary Reference Fuel

PT - Pressure Temperature

RCCI - Reactivity Controlled Compression Ignition
RWGS - Reverse Water-Gas Shift

RON - Research Octane Number

S - Sensitivity

SCE - Single Cylinder Engine

SCR - Selective Reduction Catalysts

SET - Supplementary Engine Test

SI - Spark Ignition

Sol - Start of Injection

PDF - Probability Density Function

TCO - Total Cost of Ownership

TDC - Top Dead Center

Tol - Time of Injection

TRF- Toluene Reference Fuel

VGT - Variable Geometry Turbine



TRL - Technology readiness levels

TTW - Tank - to - Wheel

WHSC - World Harmonized Stationary Cycle
WHTC - World Harmonized Transient Cycle
WHVC - World Harmonized Vehicle Cycle

WTW - Well-To-Wheel
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1.1 Introduction

This Thesis provides an overview of the different low carbon footprint
technologies for delivery trucks as near-term solution in the way of
decarbonizing the road transport sector. This first chapter establishes the
bases around which the investigation is focused. The second subsection gives
a quick summary of the global energy mix and the associated CO, emissions
to the transport sector, one of the main responsible for the global energy
consumption. Later, the trends of the past and future emissions regulations
for the transport sector are analyzed in detail. Moreover, the two most
expected emissions scenarios for the upcoming years set by the European
Commission (EC), 2025 and 2030, and the expected evolution of the
technology to fulfill them are discussed. Finally, the organization of the
Thesis is presented, describing the contents of each chapter and the
interaction between them.

1.2 Energy and emissions impact of the transport
sector

The world is facing a challenging situation where it is mandatory to
reduce greenhouse gases (GHG) and pollutant emissions. The main concerns
are the continuous rise of the world average temperature as well as the
continuous worsening of the air quality in urban regions in spite of the
measurements implemented in various sectors, such as road transport [1-4].

Figure 1-1 shows the equivalent carbon dioxide (COs.q) emitted in 2016
(the last global report available) by sectors [5]. COaq is understood as a
measure of how much a pollutant contributes to global warming relative to
carbon dioxide. The estimated global GHG emissions are 49.4 billion tons of
COseq, 73.2% of which corresponds to energy usage, 18.4% to agriculture and
forest, and the rest is distributed between industry and waste. Inside the
energy sector, transport accounts for 22.1% (16.2% of the total) and road
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transport for about 16.25%. This means that the transport sector is
responsible for about 12% of the global GHG emissions (5.9 billion tons of
COaeq per year).

According to the international energy agency (IEA), the GHG
emissions from the transport sector have not decreased in the last years [6].
To address this issue, the European Commission recently announced
stringent policies for shifting to low-emission mobility, with the main goal of
reaching a net-zero scenario for 2050 [7]. The global strategy integrates a
large set of measures to support Europe's transition to a low-carbon economy.
In their communication, it is possible to identify two priority areas for action:

e Increasing the efficiency of the transport system, removing obstacles
to the electrification of transport.

e Speeding up the deployment of low-emission alternative energy for
transport, namely: advanced biofuels, electricity, hydrogen, and

renewable synthetic fuels.
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Figure 1-1. Global greenhouse gas emissions sector by sector in 2016 [5].
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While CO, emissions are one of the main focuses of the latest scientific
research and political efforts, it is not a unique concern of the transport
sector. The local air pollution is also a crucial aspect of improving the health
quality in the cities, so other pollutants must also be considered. In
particular, NOx and particle matter (PM) has been proven to cause different
problems to human health [8]. Figure 1-2 shows the results reported by Bar
et al. [9] about the NO, concentration during the 2020 lockdown due to the
COVID pandemic. The results show that the mean NO, concentration over
the northern hemisphere was 64 umol/m? in 2019 (Figure 1-2a), while it
dropped to 52 umol/m? in 2020 (decreased by 19%). Despite some industries
stopped during this period, the greatest change was the strong reduction of
the people mobility. This evidence that NO. emissions in cities are mostly
coming from road transport. In cities like Madrid, Milan, and Paris, the
variation between the same months in 2019 and 2020 was over 25% on
average (see Figure 1-8). Similar results are shown for PM of size below
2.5 um. Despite the fact that studies have shown significant reductions in
NO2 and PM during COVID lockout, Singh et al. [10] emphasize the crucial
necessity of separating emissions changes from climatic variables in order to
prevent overestimating the effects of lock-down. According to their
investigation in Oxford, UK, the observed NO, reductions of 38% at roadside
and 17% at urban backdrop locations actually represent decreases in
emissions of 22% and 2%, respectively. They emphasize that reducing traffic
in the city center by 70% would have some positive effects on public health.
PM concentrations would not decrease, nevertheless, and more effective
emissions control methods might be more focused.
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Figure 1-2. Mean tropospheric NO, concentration (umol/m?) in 2019 (1*
March—-18" May) (a), and the percent deviation of NO; concentration in 2020
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Figure 1-3. Present average relative percentage deviation (RPD) of
tropospheric NO; concentration during the effective lockdown period in 2020
(8" March—8" May) in Madrid, Milan, and Paris. Adapted from [9].

In the EU, Heavy-Duty (HD) vehicles account for over 40% of the NOx
emissions from road transport [11], while they only represent 2.4% of the
total vehicle fleet [12]. To mitigate the pollutants at the tailpipe level, the
EC established the Euro regulation for engines, which sets the emissions
limits for transient and stationary conditions depending on the type of
application. It is important to note that European emission standards for new
heavy-duty diesel engines are commonly referred to as Euro I to Euro VII
(Roman numerals). Arabic numerals (Euro 1 to Euro 7) are reserved for
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light-duty vehicle standards. In addition, the light duty emissions are defined
base on distance specific values (g/km, #/km) making them intrinsic to the
complete vehicle platform. On the other hand, heavy-duty standard was
defined considering only the engine system. Therefore, the emissions values
are expressed in power specific values (g/kWh, #/kWh).

Figure 1-4 shows the NOx and PM limits for the different Euro
regulation stages for HD vehicles. Comparing the limits imposed by the
current emissions regulation, EU VI, to those proposed by the EUI (1992),
it can be seen that the levels of NOx and PM are 20 and 61 times lower,
respectively, than 21 years before [13].

1992 | 1996 | 2000 | 2005 | 2008 | 2013
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Figure 1-4. Heavy-Duty emission limits [14] (a) and evolution of the Euro
emissions standard for NOx and PM [15] (b).

In other countries, the road map to reduce the emissions from the
transport sector is similar to that in Europe. However, there is a large number
of countries (mainly developing countries) that are far from achieving the
targets set in Europe or the USA. Figure 1-5 shows that countries such as
Brazil, Mexico, and India still have legislations equivalent to EU V (two
times higher in PM and five times higher in NOx than EUVI). Figure 1-6
shows that the behavior will not change for most countries soon. Other
countries do not even have emission legislation, such as the African continent
or some Latin American countries. This slows down the process of achieving
a global reduction of pollutant emissions and also impedes the companies
from developing engines and powertrains that can be easily adapted to the
different scenarios.
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Figure 1-5. Worldwide emission legislation overview HD on-road CI engines
in 2020.
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Figure 1-6. Timeline of the HD emissions standards implementation in major

vehicle markets [16].

As shown in Figure 1-7a, since the EU I regulation entered into force
in 1992, newly registered HD vehicles have to certify emissions limits for
NOx, PM, CO, and HC, among other pollutants, below a certain value.
However, CO, emissions are not limited by the Euro regulation. The new
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European proposal is to apply penalties to the OEMs according to their fleet-
average CO; emissions to control the CO; emissions. In a first step, for 2025,
the target is to decrease the CO, fleet-average emissions by 15% with respect
to the value measured in 2019 of each OEM fleet. The penalty for the OEMs
that do not reach that level is estimated to be 4,250 € per gram of CO, and
tons of cargo mass per kilometer (gCO,*tkm). As a second step, for 2030, a
reduction of 30% with respect to 2019 is estimated, with a penalty of 6,800
€/gCOs*tkm. Considering the average CO, emissions of a Volvo FL 18-ton
non-hybrid truck produced in 2019 along the world harmonized vehicle cycle
(WHVC) with 50% payload, 60 gCO,/tkm, the penalty in 2025 would be
38,250 €/truck produced, and in 2030 of 122,400 €/truck. Considering that
the purchase price of the truck is around 40,000 €, it is clear that these
penalties will force the manufacturers to develop sophisticated technologies
that can together decrease CO, and pollutant emissions. USA has
implemented similar penalties with up to US$37,500 per vehicle if it does not
achieve the targets. China imposed a limit on the maximum fuel consumption
of Heavy-Duty vehicles. A summary of the target for these three world areas
is shown in Figure 1-7.

Region KPI unit 12 13 14 2015 16 17 18 19 2020 21 22 23 24 2025 26 27 28 29 2030
U 15% reduction by 2025 30% vs.
compared to 2019 baseline 2019
€0, emissions g/tkm -‘w
- : €O, ernission credits/debts 2025 stancare P T
accumulation credits/debts accumulation
USA 15% - 29% GHG reduction
E GHG emissions  CO,/tmi GHG Phase 1 {depending on vehicle type}
=———— Fuel economy gal/1000 tmi Phase-in
15-20-40-60% GHG Phase 1 GHG 2 (2021) GHG2 (2024) T

China
o
Fuel economy  I/100km Stage |

approx. 15% lower limits
compared to Stage ||

Stage Il (National Standard)
10.5-14.5% lower limits

Stage lll

Figure 1-7. Worldwide CO; emission regulations will be tightened for
commercial vehicles: in US and CN are already effective, FEU recently
introduced standards for 2025 and 2030 [17].
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Unlike Light-Duty (LD) vehicles, in the HD industry (trucks and buses
ranging from 3.5 to over 50 tons), there is more ambiguity about the future
technology mix. The reduction of the battery costs, the increase of the battery
energy density, and the faster-charging stations seen in the last years make
xHEV attractive also for HD vehicles. The xHEV abbreviation is used to
refer to mild hybrid electric vehicles (MHEV), full hybrid electric vehicles
(FHEV), plug-in hybrid vehicles (PHEV), and battery electric vehicles
(BEV). Figure 1-8 shows a continuous decrease in the battery cost from 2010
up to 2020 at an average rate of 19% /year. Moreover, another 8% is expected
from 2020 to 2024 and an additional 5% from 2024 to 2035. The precise
balance between various types of vehicles will be determined by future
technological advancements, pricing, legislative actions, and the availability
of charging infrastructure along long-distance routes. In this sense, some
specialists foresee that to achieve the “net zero” scenario in 2050 proposed
by the EC, the future share of HD vehicles would be around 80% of BEVs
and 20% of FCEVs [18]. Biofuels are expected to be not cost-competitive
compared to non-bio, low-emissions alternatives for any road transport
segment by 2050, with the exception of sustainably produced biofuels or
synthetic fuels in internal combustion engines (ICEs) powertrains used for
ultra-long-distance, very HD trucking or remote areas [19].
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Figure 1-8. Lithium-Ion battery prices from 2010 to 2020. Cost is in €/kWh
of battery storage energy. Adapted from [20].

Due to the fast development of battery technology, long-term
predictions (2050 and beyond) that consider the transport sector based on
electric technology are not questioned. However, hard steps need to be taken
to improve the battery and fuel cell technology, as well as to increase the
production of clean electric energy. Figure 1-9 shows that to cover the
expected energy demand by 2050, electricity production needs to be increased
3.5 to 5 times depending on the prevalence of two future scenarios: 1)
Decarbonization of the energy supply or 2) Decarbonization of the energy
supply together with an increase in systems efficiency. In both cases, a high
energy production increase needs to be done in only 20 years. In addition,
the expansion of the electricity production sector needs to be done in a
renewable and clean way. This means low land impact and ultra-low CO,
and other pollutant emissions.
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@ Synthesis and CO; capture
for synfuels production

@ Haber-Bosch process for
ammonia production

@ Extra electricity 129
for hydrogen storage
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@ Electrolysis for
hydrogen production
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plus maximum energy
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Figure 1-9. Total electricity generated by 2050 in the energy transitions
commission indicative pathways. Adapted from [18].

Figure 1-10 shows the requirements in terms of wind and solar
installed capacity to deal with the 2050 transport technology scenario,
assuming that all LD vehicles will be BEV and HD vehicles will be distributed
by BEV (80%) and FCEV (20%) in 2050. This estimation was performed by
the Energy Transitions Commission (ETC). The basis of the analysis is
performed by estimating the constant annual growth of the installed capacity
of wind and solar power. This annual growth is called a compound annual
growth rate (CAGR). In addition, the analysis added the scenario where
almost all the energy generation installed is renewable. This type of energy
is called variable renewable energy (VRE). The wind electricity capacity
would have to increase from 640 GW to 15,000 GW, while solar capacity
would have to increase from 650 GW to 30,000 GW.

Figure 1-11 shows the expected energy mix by 2050 performed by the
ETC considering the same two scenarios of Figure 1-9 [18]. Both options
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show that solar, wind, hydro, and nuclear need to be the main sources of
energy, with biomass and waste energy recovery in second place. This totally
shifts the current scenario with coal and oil as the main sources.
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Figure 1-10. Required growth of installed wind and solar capacity in GW
[18].
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Figure 1-11. Ezxpected indicative final energy miz EJ/year in a zero-carbon
economy. Adapted from [18].
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Finally, it is interesting to note that current reports consider the
vehicles without tailpipe emissions (BEVs, FCEV..) as “zero-emissions.”
However, zero-emission technology does not exist because transport
technology will always require different energy conversion processes where
CO; or other pollutant emissions are emitted. An interesting work addressing
this issue was presented by Kelly Senecal and Felix Leach [21]. The well-to-
wheel (WTW) [22] and life cycle analysis (LCA) [23] approaches are necessary
to be applied to account for the global emissions from a given technology.
However, there is not an agreement on how to consider these methodologies
and the required databases yet. Considering different studies in the literature,
the adoption of only BEV and FCEV technology for the transport sector
seems to be not the best option in the near-term [24,25]. Thus, the lack of
support in developing efficient HEVs to be used as technology-bridge could
generate a global negative environmental impact. The next subsections
discuss how partial electrification of the trucks can enable them to reach the
CO:, levels proposed for the 2025 and 2030 scenarios.

1.3 Future CO: European targets

For 2025 HD applications, the EC established a target of 15% fleet-
average tank-to-wheel (TTW) CO, reduction compared to 2019 values [26].
This measure was established after introducing a similar target for LD
vehicles, specifically a 28% fleet-average TTW CO, reduction for 2025 (68
gCO,/km) with respect to 2020 (95 gCO,/km) [27].

Figure 1-12 shows a summary of potential solutions to improve the
current commercial HD powertrains (Diesel compression ignition in non-
hybrid powertrain with standard chassis and body) presented by FEV at the
Vienna Motor symposium 2020 [28]. Aerodynamic and tire upgrades could
aid by 6%. However, vehicle size restrictions make it difficult to improve
aerodynamics, such as with additional air deflectors in Europe. Furthermore,
reducing rolling resistance by 13% is not always an easy undertaking because
it is also affected by the road surface. Engine improvements such as higher
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compression ratio, friction improvements, and more complicated EGR
systems can help to other 5% improvement. However, an additional 4% is
required to achieve the proposed 15%. At this point, the introduction of
electrification in the powertrain is mandatory.

Hybrid electric powertrains can be a possible solution to improve the
current powertrain efficiency while transitioning, in an affordable way, to
pure electric vehicles. The definition of a hybrid vehicle, according to the
world forum for the harmonization of regulations on vehicles of the United
Nations, is "a vehicle with at least two energy storage systems and at least
two energy converters' [29]. In general, the two-energy sources are the ICE
and the electric motor (EM), while the two energy storage systems are the
fuel tank and the battery package. With correct energy management, the
increase of the system components allows for an increase the global vehicle
efficiency. The main benefits are a better use of the ICE and the energy

recovery during braking.

In addition, depending on the powertrain architecture, benefits in terms
of pollutant emissions can be gained by means of proper control of the ICE.
Figure 1-12 shows that a mild hybrid vehicle (48V battery system) can bring
a CO, benefit of around 5% compared to the non-hybrid vehicle, fulfilling the
2025 CO; target. However, this prediction introduces the challenging task of
arriving at up to 50% of brake thermal efficiency (BTE) in the ICE and the
complete vehicle body design. So, these improvements give tentative values
not always attainable for all applications. Then, some questions arose:

e How much is the potential reduction of the MHEV technology
in a delivery truck?

e Can an FHEV be an alternative to directly achieve the 15%
CO, emissions reduction? What about other pollutants?

e  Which technology, or a mix of technologies, can achieve both
CO; emissions and EU VI targets?
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These questions will be answered in Chapter 4 and Chapter 5 of this
Thesis.

Topic Improvements co, Total CO,
reduction | reduction [RAREREVE
C? Incr. vehicle length (80 cm) 4%
Q Vehicle aero/tires ; , 6%
L Low resistance tires 2.5%
=
— CR increase by 3 units 1.5%
W o : (VCR, piston redesign) :
. 3 Engine 5% =
9 < 45 = 50% BTE LP EGR 1.5% =
8 Friction & parasitic losses 2% ?_'3
(] S
> Predictive Route & driving opt., gear shifts, re-fueling, w
o 2 5% 5% o
8 powertrain control energy & power mgmt., after-treatment etc. =
o= § 48V mild hybrid Regenerative braking, transients 1% o
dg & (25kw) e-WHR 2%
QO Total 18%

Figure 1-12. Potential pathway to meet the 2025 CO; targets in HD vehicles
[30].

For 2030, the EC established for the HD transportation a 30% fleet-
average TTW CO; reduction compared to 2019 values [27]. Going further,
the 2050 scenario is expected to be net-zero CO; emissions [31]. Net-zero
means that it is not possible to only consider the tailpipe emissions but also
the indirect emissions associated with the vehicle manufacturing, use, and
disposal processes, as well as those to the energy sourcing, among others.
This quantification must be done by means of a WIW or LCA basis [32].
Thus, to achieve the 30% CO; reduction compared to 2019, additional
technological improvements, apart from those referred to the vehicle itself,
need to be done.

To reach the 2030 levels, the increase of the electric-to-thermal energy
level with respect to the possible solution for 2025 (MHEV and FHEV) could
be a solution. Plug-in Hybrid Vehicles (PHEV) trucks can be an affordable
option with medium size battery packs without the necessity of fast charging.
The mileage reduction will not be as problematic as with BEVs, and the
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battery aging -a hot topic in BEVs- can also be reduced by means of
intelligent management of the energy split. Thus, zero tailpipe emissions in
urban zones together with long trip distances can be achieved. The ICE
equipped needs also to be able to achieve low pollutant emissions in the case
that charging infrastructure is not available. In this work, the PHEV
technology will be evaluated in Chapter 6, trying to answer the next question:

o  What is the effect of the battery size on the emissions reduction
from a PHEV delivery truck?

o Is it possible to reduce the total battery energy with respect to
a BEV truck?

Another option to reach the 2030 target that has been growing in the
last years is the use of low-carbon fuels in ICE. One type is synthetic fuels,
which are defined as an effective and environmentally benign duplicate of
gasoline or diesel, with the goal of allowing ICEs to run as they presently do
on fossil fuels while drastically reducing CO, emissions and hazardous
pollutants. This definition includes certain synthetic fuels such as e-gasoline
or e-diesel. These fuels are also called drop-in fuels and are an alternative to
rapidly decarbonize the transport sector without big infrastructure changes.
The lower CQOaq associated with these fuels is due to the fuel production
process, where a large amount of CO; is captured from the atmosphere and
combined with hydrogen taken from the water electrolysis with renewable

energy sources (wind and solar power).

Other synthetic fuels produced with recovered CO, and green Ho,
typically via methanol, are DME and OMEx, which are attracting attention
due to the potential to reduce the WI'W CO, emissions but also other
pollutant emissions such as soot and NOx. The high oxygen content and
reduced carbon bounds make it ideal for CI engines in order to avoid the soot
generation. However, engine recalibration and changes in the fuel systems are
necessary due to the low heating value of these fuels.
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Low carbon fuels also include fuels from biomass, such as biodiesel or
bioethanol. These fuels have controversial attention due to the food versus
crop debate. Clean hydrogen, carbon capture, storage or use (CCS/U), and
sustainable bioenergy are all necessary to be able to generate the
aforementioned fuels. Figure 1-13 shows a scheme of the different possible
green fuel pathways. There are several possible synthetic fuels or biofuels to
be used in truck applications. In this work, the topic is assessed using OMEx,
and methanol in a hybrid dual-fuel engine. This also will be presented in
Chapter 6.

, """"" Q """" " """"" A Natural Gas
: Water [

g Methanol OMEXx

Carbon Synthesis Conversion
Capture

Green Electricity \—‘—iﬁ

3 Synthetic fuels
R { ﬁ

ok — | . -
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Green Electricity Electricity

Biofuels

( Decarbonizing transportation )

Figure 1-13. Low Carbon Fuels production process for transport

decarbonization.
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1.4 Euro VI and VII pollutant emissions limits for

the Heavy-Duty transport

For the EC, the CO, emissions are not the unique concern in the
transport sector. Pollutant emissions produced by ICEs are on the spot after
the Diesel Gate scandal. Euro VI legislation for HD vehicles already imposes
a high restriction on the tailpipe composition. Thus, the current powertrains
use a complex after-treatment system (ATS) to fulfill the legislation.

However, the EC is currently formulating new regulations for the future
Euro VII standard in terms of tailpipe emissions. Compared to the Euro VI
standard, Euro VII is expected to require lower emissions levels over a wider
range of on-road operating situations. Specifically, the regulation will give
more emphasis to low-load conditions, corresponding to urban driving and at
low temperatures, when the ATS is less efficient. Thus, special attention will
be paid to ensure that NOx emissions stay low. According to the most recent
proposal from the consortium for ultra-low vehicle emissions (CLOVE) [33],
the new set of limitations should result in a 50% of pollutant reduction with
respect to Euro VI. In addition, it will be requested a 90% reduction in NOx
emissions during low-load and cold-start operations, which corresponds to
urban driving conditions. Another requirement is that the vehicle must meet
pollutant emission restrictions during its entire useful life of 1,200,000
kilometers. As a result, manufacturers will almost certainly need to invest in
new technologies to meet the increased regulatory standards.

While the exact date of implementation of the Euro VII standard has
yet to be defined, the new standards are projected to take effect between
2025 and 2030 [34]. Furthermore, the California air resources board (CARB)
adopted the Heavy-Duty Omnibus Regulation in 2020, which establishes
increasingly strict pollutant emission limitations for 2024 and 2027. China
has begun laying the groundwork for the development of China VII
standards, with an application deadline of 2030.
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1.4.1 ATS solution for Euro VII

For the NOx emissions control, the current Euro VI emission control
systems rely mostly on selective catalytic reduction (SCR). Ammonia slip
catalysts (ASC) are frequently employed to meet the 10-ppm ammonia limit
averaged across the World Harmonized Vehicle Cycle (WHVC). All Euro VI
compliant systems have diesel particulate filters (DPFs), which rely largely
on a diesel oxidization catalyst (DOC) for passive and active regeneration.
SCR is particularly efficient in reducing NOx emissions to very low levels
under favorable engine operating conditions, but it has limits in achieving
similar performance under low-load and cold-start situations, such as those
seen in urban driving. There are four major ways in which these technologies

can be assisted:

1) Improving the NOx conversion efficiency of the warmed-up system.
2) Accelerating the SCR warm-up.

3) Keeping the SCR warm.

4) Reducing engine-out NOx emissions.

While some innovations may result in a fuel economy reduction, this is
not always the case. Figure 1-14 depicts a hypothetical ATS design for
achieving Euro VII. It employs two DOC and SCR+ASC with one DPF and
an electrical heater catalyst (EHC). The latter is crucial for cold start

operation.

International Council on Clean Transportation (ICCT) and National
Renewable Energy Laboratory (NREL) accessed the estimated incremental
cost of this type of system. The final numbers are shown in Figure 1-15. All
costs were calculated using a 13-liter, 330-kW HD truck engine. Operational
expenditures, such as the purchase of urea exhaust fluid and maintenance
charges, are not considered. Each truck is projected to cost an additional
US$2000 to US$4000 due to the new ATS to achieve Euro VII emissions in
terms of CO, HC, NOx and soot. Considering that the purchase price of the
truck is around 40,000 €, this means a price increase of around 10%.
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1.4.2 Advanced combustion concepts for Euro VII

The Euro VII regulation will almost certainly introduce a stringent
reduction in NOx emissions. Thus, it is expected that the regulated emissions
levels will be reached not only by means of the ATS but also by reducing the
engine-out emissions through improved engine control. According to a
previous study [37], reducing the engine-out NOx emissions from about 5.0
g/kWh to 2.0 g/kWh would give the ATS an additional 200 seconds to reach
the light off temperature (maximum NOx conversion efficiency) under
WHVC transient cycle. Nonetheless, in conventional powertrains operating
under conventional diesel combustion, the in-cylinder NOx emissions
reduction would entail a penalty in fuel consumption and PM emissions.
Therefore, the use of advanced high-efficiency combustion modes that enable
breaking the NOx-soot trade-off is pointed as a promising alternative to
enable the required pollutant emissions reductions without the use of complex
and expensive ATS.

Low-temperature combustion (LTC) allows controlling the engine-out
NOx and soot emissions simultaneously by reducing the in-cylinder
temperature and promoting premixed combustion, at least from part of the
in-cylinder charge, instead of diffusive conventional diesel combustion.
Among the different advanced combustion modes that have been proposed
over the years, the Reactivity Controlled Compression Ignition (RCCI)
showed advantages in terms of combustion controllability and load range
extension. Figure 1-16 illustrates the conventional operation zone of some
LTC concepts such as homogeneous charge compression ignition (HCCI),
premixed charge compression ignition (PCCI), and RCCI compared to the
conventional diesel combustion on a ®-T diagram based on the work
performed by Neely et al. [38].
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Figure 1-16. NO, and soot formation zones as a function of the local
equivalence ratio and local temperature with the operating zone illustration
of conventional diesel combustion, RCCI, PCCI, and HCCI. Adapted from
[38].

This combustion concept can be easily implemented by adding a port
fuel injector (PFI) to a CI engine to inject a second fuel with different
reactivity than that injected directly into the combustion chamber [39].
Experimental and simulation studies have demonstrated that RCCI is
capable of achieving diesel-like or better efficiency [40] together with near-
zero NOx and soot emissions [41]. The effect of different variables on RCCI
efficiency and emissions has been deeply investigated. In this sense, the engine
settings [42], piston geometry and compression ratio [43], fuels used [44], and
air management conditions [45] have been optimized. The majority of the
investigations found in the literature rely on RCCI to achieve NOx values in
steady-state conditions below Euro VI regulation (0.4 g/kWh) and soot
emissions in the range of 0.1-0.2 FSN [46]. These results would confirm the
great potential of the RCCI concept, meaning that nearly 60% of the total
after-treatment costs of Heavy-Duty vehicles could be reduced by removing
the SCR system. However, the main limitation is the impossibility to achieve
an entire engine map calibration suitable for real applications.
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Benajes et al. [47] proposed a multi-mode dual-fuel combustion
concept moving from fully premixed combustion (as RCCI) at low loads
towards a diffusive dual-fuel one at high loads to overcome the difficulties of
achieving high engine loads. The multi-mode combustion concept allows the
dual-fuel operation in the whole engine map; however, some calibration
constraints such as NOx and soot emissions must be relaxed as compared to
the levels achieved with the fully premixed dual-fuel strategies. Therefore,
depending on the operative conditions, such as driving cycle or vehicle total
weight, it could not be possible to achieve the EU VI emissions levels. One
possible solution is the use of an electric machine (EM) in the powertrain to
compensate for the lack of power of the ICE. Therefore, a de-rated RCCI
engine in a hybrid powertrain sounds like a potential solution to reduce both
CO; and pollutant emissions.

Other critical aspect of LT'C concepts is the low exhaust temperature.
When the concept achieves the emissions legislation limits without using an
ATS it is not an issue. However, as the government limits not only considers
NOx and PM, instead includes for example HC and CO it is not possible to
not use any ATS in the engine exhaust. Therefore, a challenge enters that it
is to make efficient ATS systems as an oxidation catalyst. In addition, hybrid
powertrain operation with large number of ICE on/off makes the problem
even bigger. Heaters in the exhaust can be applied or powertrain energy
management to increase the ICE operations appears as potential solutions.

1.5 Summary

Hybrid electric vehicles (HEVs) were extensively studied in passenger
car applications, and they are currently a relatively mature technology, being
commercially available on a large scale [48]. However, for Medium- and
Heavy-Duty applications, the studies in this field are in the first steps, and
vehicle prototypes are only found at this moment. Compared to conventional
internal combustion engine vehicles, HEVs incorporate more electrical
components featuring many available patterns of combining the power flows
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to meet the load requirements. Due to the multiple power sources, there exist
several powertrain topologies and different control strategies to control the
vehicle power. Dynamic interactions among various components and their
multidisciplinary nature make it difficult to predict interactions among
various vehicle components and systems. Prototyping and testing each design
combination is cumbersome, expensive, and time-consuming. Modeling and
simulation are therefore indispensable for concept evaluation, prototyping,
and analysis of HEVs. The main advantage of the hybrid technology is the
possibility to increase the powertrain operating efficiency and regenerate
braking energy into onboard energy storage. Even if the operation of Heavy-
Duty vehicles is typically over a long distance and consists mostly of constant
speed driving, a significant amount of braking energy can be regenerated
because of the road elevation changes. Depending on the location of the
electric machine, different hybrid vehicle configurations can be found. In
passenger vehicles can be found several commercial applications. However,
the benefits of the above-mentioned powertrains are not extensively
addressed in Trucks.

In this work, both LTC and electrification will be combined to reduce
CO; emissions and pollutants simultaneously as NOx and PM. As a result,
Chapter 6 of this Thesis examines the EUVII scenario beyond 2025.

1.6 Document content and structure

The main novel of this work is to combine the powertrain electrification
together with advanced combustion strategies to reduce the CO, and
pollutant emissions simultaneously. Experimental and numerical tools will be
used to answer the proposed questions in the most efficient and cost-effective
way. The work includes fundamental and applied concepts in the topic of
combustion, fluid dynamics, electrochemistry systems as well as energy
management.
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This Thesis is structured into seven chapters. The main contents of
each subsequent chapter can be outlined as follows:

Chapter 2 details the literature review, addressing the most relevant
advancements considering electrified powertrains and novel combustion
strategies for internal combustion engines. Benefits, drawbacks, and
challenges will be clearly stated. This first discussion will enlighten which
should be the gaps to be filled by this research, justify it, and define the main
objectives to be pursued.

Chapter 3 presents the experimental and numerical tools used in this
research. First, the experimental facility in which a multi-cylinder engine was
installed is described. Secondly, the numerical vehicle and components
models are described, evidencing the most relevant aspects of each software.
To conclude, the powertrain optimization strategy methodology is presented
in detail.

Chapter 4 describes the benefits and drawbacks of the application of
the first level of electrification, MHEV, in an 18-ton Truck. The methodology
proposed in Chapter 3 to obtain the best powertrain configuration to meet
the 2025 targets is applied. Taking advantage of the 48 V system, different
electrified components such as an electric pump in the high-pressure EGR
loop, an electrified turbocharger, and an electric heater in the ATS are tested.
The 48 V MHEV system with e-components is compared to the original
experimentally tested high pressure (HP) + low pressure (LP) EGR engine
and the OEM conventional diesel combustion (CDC) engine. The fuel
consumption, TTW CO, emissions as well as the main pollutant emissions
are estimated by means of numerical simulations in homologation (WHTC)
and real driving cycles and different truck payloads. Finally, the main
drawbacks of the concept are identified, and the potential solutions are the
bases of the next chapter.

Chapter 5 aims to assess the impact of different powertrain
architectures in a full hybrid powertrain (600 V). Parallel pre-transmission
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(P2), series (SHEV), and power split (PSD) hybrid are evaluated by means
of numerical models fed with the experimental calibration obtained in the
engine test bench. As in Chapter 4, the fuel consumption, TTW CO,
emissions as well as the main pollutant emissions are estimated by means of
numerical simulations in the homologation WHTC and real driving cycles at
different truck payloads. Finally, a summary of the possibilities to achieve
the 2025 targets is discussed. The main challenges for 2030 targets are
identified, and the potential solutions are the bases for the last result chapter.

Chapter 6 evaluates different solutions to meet the targets beyond 2025.
In particular, the 30% of CO, reduction for 2030 is set as the main target.
The 600 V PHEV technology is studied. In addition, the use of synthetic
fuels in FHEV powertrains is evaluated with the introduction of the WTW
analysis. Moreover, an LCA is included to evaluate the differences between
the OEM truck, MHEV, FHEV, PHEV, FHEV with synthetic fuels, and
BEV truck. This brings a general picture of the possible scenarios and the
benefits of each technological proposal.

Chapter 7 summarizes the contributions of the investigation and draws
the most significant conclusions from this work. Moreover, enhancements and
additional investigations for this topic are proposed as future works.

Figure 1-17 depicts the argument line that was followed from the Thesis
definition to the conclusions.
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2.1 Introduction

This chapter presents an overview of the current transportation sector,
focusing on trucks in Europe. It is identified a predominance of Diesel non-
hybrids and a small market penetration of battery-electric powertrains.
Therefore, the main advantages that justify the current market share and

challenges to be tacked is shown.

Subsequently, potential solutions to overcome these challenges are
introduced. Two subsections are presented, divided into Advanced
Combustion Modes to overcome pollutant emissions and electrified
powertrains to improve vehicle efficiency and, consequently, CO, emissions.

The main conclusions are listed in a separate subsection, followed by
the objective of this work based on the gap found in the research
bibliography. Lastly, the methodology proposed is outlined.

2.2 Overview of the Heavy-Duty sector

Heavy-Duty transport, defined as trucks, buses, and coaches, is a
critical sector to the European economy. In particular, trucks that are used
for the transportation of goods account for more than 75% of freight
movement by weight in the EU [49]. All commodities purchased in Europe
are transported by truck for at least part of their journey to the consumer.
Furthermore, many critical public services, such as waste collection, fire, and
construction, are provided by trucks. There are currently over 6.6 million
trucks in use across the European Union [49]. Therefore, the improvement of
the vehicle energy economy and emissions is crucial. In addition, around
190,277 trucks (with a maximum payload of over 5 tons) were exported
worldwide in 2019, worth €5.6 billion. For example, around half of all heavy
trucks made in the United States originate from European-owned plants
using European technology [50]. Despite that this Thesis focuses on the
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European legislation (CO, targets and EU emissions limits) and current EU
truck technology, the bibliography and results can be extended to other
countries.

Figure 2-1 shows the average cargo mass by country in 2019 and 2020
to understand the European truck transportation scenario. The comparison
between 2019 and 2020 is interesting due to the modifications generated by
the COVID situation. The average cargo mass for national and international
transport was 14.3 tons in 2019 and 2020. Figure 2-2 shows the percentage
of empty travel for trucks to complement the previous information. Empty
vehicles made for one-fifth of all road freight journeys at the EU level. The
majority of countries have a percentage of empty vehicle kilometers ranging
from 10% to 35%. The ratio for Cyprus and Montenegro, on the other hand,
was higher than 45.0 percent, owing to one-way journeys -carrying
commodities imported through ports and construction traffic. This shows the
importance of improving the vehicle performance at zero cargo mass.

While considering the type of truck (Figure 2-3), it is possible to see
that the most used variety in 2020 had between 30-40 tons of maximum
permissible laden weight (52%). With lockdowns and high urban delivery,
the pandemic situation shows an increase in the number of medium-sized
trucks (10-20 tons). There was a shift from 10% in 2019 to 16% in 2020 and
a decrease in large trucks from 40% in 2019 to 27% in 2020. This seems to
be a trend that will continue in the next years due to the drastic increase in
the delivery business.
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Figure 2-1. Average loads of road freight transport in 2019 and 2020. Adapted

from [49].
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Figure 2-3. Road freight transport by maximum permissible laden weight of
the vehicle in 2020. Adapted from [49].

Other interesting information found in the literature is the average age
of Europe’s trucks: 12.4 years [49]. Vehicles less than five years old accounted
for 61 percent of total vehicle kilometers. In comparison, vehicles older than
ten years accounted for only 20 percent. Therefore, the expected lifespan of
the trucks and fleet renewal is also important aspect. This data also gives an
idea of the years it can take to have a large market penetration of new
technology.

In terms of manufacturers, Volkswagen leads (32%) the truck market,
followed by Volvo (24%) and Daimler (19%) [51]. When looking at the road
freight transport by axle configuration, all major economies had more than
70% of their transport performed by road tractors and semi-trailers in 2018.
From 1.660.888 trucks evaluated, 144.254 were lorry (9%). The rests are

Lorry plus Trailer or road tractor plus semi-trailer [37].

After an overview of the EU truck scenario, the next sections of this

chapter aim to set the fundamentals of the research scope by evidencing the
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different challenges that have been faced during the last years the Heavy-
Duty powertrains and possible solutions presented by researchers and
Original Equipment Manufacturers (OEMs).

2.3 Current powertrain challenges

The market is shared by mostly non-hybrid powertrains operating with
CI engines under conventional diesel combustion (CDC), a small part with
natural gas in non-hybrid powertrains, and an almost negligible part is
composed of electrified vehicles. Figure 2-4 shows that in Europe, non-hybrid
CDC accounts for 97.9% of the total number of new registrations in 2019.
Along with this work, this technology will be considered a conventional
powertrain.

The new registrations of chargeable trucks (BEVs and PHEVSs)
represent 0.2% of the EU new registrations (mainly in Germany and the
Netherlands) [50]. HEV held a smaller share of new truck sales in 2019, with
only 0.1% of the EU new registrations. Other types of vehicles, like petrol-
fueled, represent just 0.1% of the total (mainly Finland and Germany), and
alternative fuels (Natural gas, LPG, biofuels, and ethanol vehicles) account
for 1.8% (mainly France, Italy, and Germany). Despite non-conventional
powertrains being small in numbers, they gradually see an increase due to
the newer European legislation. BEV between 2018 and 2019 increased by
109%, alternative fuels by 70%, and hybrid powertrains by 10%.
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Diesel = 97.9%
Gasoline = 0.1%

HEV = 0.1%

BEV & PHEV = 0.2%
Alternative Fuel = 1.7%

Figure 2-4. Fuel types of new trucks for the Furopean market share in 2019.
Adapted from [50].

Focusing on conventional powertrains, one of the major problems is
the engine's dependence on the truck payload and driving cycle. Southwest
Research Institute's [52] created a numerical model for evaluating vehicle
performance and fuel economy. With less than 5% fuel consumption
variances, this tool was validated against existing chassis dynamometer test
data. It stressed the need to understand how the engine runs during different
vehicle driving cycles so that engine technology development can concentrate
on the parts of the operating map that spend the most time. For a Dodge
Ram 6.7-liter diesel non-hybrid truck, Figure 2-5 was created to help visualize
engine operation during drive cycles. It comprises the engine torque curve,
the engine fuel map, and points of different sizes to represent the amount of
time spent in a particular section of the fuel map (Medium-Duty vehicle).
Each point’s area is proportional to the time spent in that speed/load bin.

In addition, Figure 2-5 shows that the increase in payload shifts the
operating conditions to higher loads (>600 Nm) and engine speeds (>2000
RPM). This part of the map is more efficient with a BSFC of 205-220 g/kWh
instead of 300 g/kWh of low engine load (<400 Nm). The idle zone (around
0 Nm) is similar in both cases because the truck is stopped depending on the
driving cycle. The authors studied the operational engine points for the
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European homologation cycle for Heavy-Duty (WHVC) with a 4-ton payload
for the same vehicle. This mild cycle never operates the engine above 1750
RPM or 300 Nm torque. As a result, the engine never gets into the more
efficient portion of the operating map.
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Figure 2-5. Engine operating map for the Ram pickup with the 6.7-liter diesel
on the US06 cycle at zero (a) and 11 ton (b) payload. Source [52].

Lajunen [53] studied, by numerical simulation, long-haul trucks with
40-90 tons (Figure 2-6). For a conventional powertrain, the increase in the
payload directly impacted the fuel consumption with an increase of 38%,
65%, and 90% when passing from 40 tons to 60, 76, and 90 tons, respectively.
However, considering the specific fuel consumption (grams of fuel per
kilogram of vehicle weight), the vehicle is more efficient with a decrease of
18%, 22%, and 25% for 60, 76, and 90 tons with respect to the 40-ton case.
The decrease in specific fuel consumption is due to the change in engine
operation from low load to high load with the increase of the cargo mass, as

seen in Figure 2-5.
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Figure 2-6. Fuel consumption increased, and payload-specific fuel
consumption decreased in percentage for three payload variations. Source
[53].

Zhu et al. [54] investigated the energy flow in a Heavy-Duty truck
dyno test bench. The vehicle was tested under the China-World Transient
Vehicle Cycle (C-WTVC). The findings demonstrate that the vehicle’s
operating conditions have the most significant impact on the energy flow
distribution of a Heavy-Duty diesel-powered vehicle. Under C-WTVC, the
vehicle's effective power, exhaust energy flow, coolant energy flow, pump loss
energy flow, and other loss are 35.7%, 35.1%, 19.6%, 2.1%, and 7.5%,
respectively. Due to the vehicle's frequent acceleration and deceleration, the
variability range of the diverse energy flows is significant. The Heavy-Duty
vehicle's brake thermal efficiency under C-WTVC remains between 20% and
43% except for idle conditions. The discrepancy between the maximal BTE
and what can be achieved under transitory conditions shows one of the crucial
problems of non-hybrid powertrains. Zhu et al. [54] also show that coolant
and exhaust energy flow can reduce energy consumption in transient

conditions if it is recovered.

As was previously shown, almost all Heavy-Duty vehicles are
compression ignition with Diesel as fuel. The reason is the high efficiency and
reliability with respect to other types of engines (spark ignited) or fuels
(gasoline, natural gas). However, there are several problems to be tackled.



2.3 Current powertrain challenges 39

The high NOx and particle matter (PM) that the compression-ignition engine
has at tailpipe emissions are well known. In addition, the ICE efficiency is
reduced when compared with other mechanical converting systems used in
transport, such as electric machines or fuel cells. An electric motor can
transform electricity into mechanical energy with an 85-97% efficiency, while
for a fuel cell, this efficiency ranges from 40-60%. As shown previously, the
ICE ranges between 20-48%.

Going deep into the Conventional Diesel Combustion (CDC), it can be
phenomenologically described as a sequence of processes from the fuel
injection at the end of the compression stroke up to the well-controlled
diffusion combustion during the expansion stroke. Briefly, the injection
process takes place on a high-density flow, originated by the compression of
the fresh air and residuals during the compression stroke. The liquid fuel is
injected with high velocity (high injection pressure) into this environment to
allow a proper spray penetration and atomization. During this injection
process, various simultaneous phenomena can be found as the gas-liquid
phase interaction, spray atomization, evaporation, and droplet-wall
interaction. The evolution of the mixing process coupled with the high
pressure and temperatures inside the combustion chamber enables the
spontaneous ignition of the mixture, burning part of the already premixed
fuel.

The period from the start of the injection process up to the ignition of
the mixture is defined as the ignition delay. It lasts a few crank angle degrees.
Once the combustion is established, the fuel continues to be injected into a
more reactive environment, reducing the vaporization and ignition delay.
This sequence of steps is generally known as the mixing-controlled part of
the diesel combustion. Figure 2-7 shows the characteristics zone in terms of
the fuel state, flame, and pollutant formation of the conventional diesel

combustion.
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Figure 2-7. Conceptual description of DI diesel combustion during the
mixing-controlled burn phase illustrates the different zones and processes in
the diffusive combustion. Adapted from [55].

Advantages of CI engines include no-knock limit, low cycle-by-cycle
volatility at lean conditions, and reduced pumping losses owing to un-
throttled operation, resulting in extremely high efficiency as compared to SI
engines. Previous works [56-58] provide a thorough examination of how
engine design and operational characteristics affect diesel engine efficiency.

The first Rudolf Diesel’s engines were only approximately 26% efficient.
Modern compression-ignition diesel engines dominate the commercial
trucking industry, which converts roughly 44 percent to 48 percent of fuel
energy into engine work. New diesel engines, despite their already highly
efficient, continue to improve. Advanced coating materials to reduce heat
transfer losses, novel materials to reduce friction losses, sophisticated piston
shapes to reduce emissions, adjusting injection settings to be more efficient,
and waste heat recovery are the primary study areas.

According to EPA estimates, diesel engines will cut fuel consumption
(CO; emissions) per unit of work by 4.2 percent between 2017 and 2027. By
2030, CO; emissions from engines would be lowered by an average of 0.3
percent to 0.4 percent per year. To accomplish these results, teams led by
Cummins, Daimler, Navistar, and Volvo exhibited engine improvements of
12-17 percent over a 2010 baseline. These improvements are part of the US
Department of Energy's Super Truck initiative, aiming for a BTE of more
than 50%. Currently, the program has a peak brake thermal efficiency of 50—
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51 percent. The follow-up aim for the Super Truck program would be a brake
thermal efficiency of 55 percent under peak conditions.

FEV presented an estimation of the potential to achieve above 50%
peak BTE by starting from a 46% BTE engine (2020 Heavy-Duty Diesel
engine) [29]. The compression ratio, injection pressure, and combustion
control increase can give additional 2 points of BTE (major step). Improving
the air management, parasitic and friction losses can allow achieving the first
target of 50% BTE. In addition, a low-pressure EGR and waste heat recovery
allow going further, to almost 54% BTE. Figure 2-8 shows the peak BTE
achievable with FEV predictions.
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Figure 2-8. CI Diesel engine's new technology impacts peak brake thermal
efficiency (BTE). Adapted from [30].

An example of this is the 13-liter commercial engine developed by
China-based automaker Weichai Group with a brake thermal efficiency above
50% (50.26%) in 2020 [59]. The main improvements declared are: 1) Increase
combustion speed by 30% by optimizing the architecture of the air passage,
fuel injection, and combustion chamber shape. 2) The engine's general
structure is strengthened to withstand high peak firing pressure. 3) Adapting
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the turbocharger to the demand for exhaust gas recirculation while
maintaining turbine efficiency according to rules and norms and obtaining a
1% increase in brake thermal efficiency. 4) A subzone lubrication method was
created based on the various characteristics of the system's friction pairings
to minimize overall friction by 20%. 5) Develop a succession of more precise
control predictive models to advance control technology.

Despite the efficiency being improved to around 54% BTE (Figure 2-8),
the emissions of NOx and particle matter (PM, mainly soot) are still a
challenging issue. Once the combustion is established in a Diesel engine, the
injected fuel is progressively vaporized and mixed by diffusion from the rich
fuel zone near the spray to the leaner mixture near the thin reaction sheet.
This rich zone is prone to agglomerate polycyclic aromatic compounds.
Therefore, initiating the soot formation (see Figure 2-7). On the outer side of
the flame, the high temperature with the excess oxygen and nitrogen
environment gives space to the thermal NOx formation mechanism, which
consists of the decomposition of N, by unimolecular oxygen and its
subsequent reactions, producing nitrogen oxides. These emissions are the
primary concern in Diesel engines and are necessary to be decreased. Despite
the intensive research on reducing the conventional diesel combustion
hazardous products, it was concluded that soot and NOx emissions coexist,
and strategies to reduce one of them penalize the other, called the NOx-soot
trade-off. In this sense, the technological answer to the current normative
was the introduction of after-treatment systems to reduce the emissions levels
after leaving the combustion chamber. Nonetheless, these devices have
increased the vehicle price and the total cost of ownership (TCO).

Figure 2-9 shows the Volvo D13 Euro VI engine, similar to the engine
used in this Thesis. The engine is an in-line six-cylinder engine with a Diesel
Oxidation Catalyst to reduce CO and HC, catalytic exhaust treatment (SCR)
to control NOx emissions, and a diesel particulate filter (DPF). Exhaust gas
recirculation (EGR) is also used. A seven injector (one additional fuel
injection in the exhaust pipe to the six injectors of the cylinders) is added to
increase the ATS temperature during a cold start. This device inject fuel in
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the exhaust pipe, after the turbine outlet, to warm up the engine during cold
start. The combustion of this fuel is only to increase of the temperature of
the exhaust gases. Therefore, no work is taken from this fuel, represent a
great waste of energy for the system.

In addition, NOx sensors, temperature sensors, and PM sensors are
often used for ATS management. The SCR requires the use of Urea diluted
in water (AdBlue) for the NOx conversion by the ammonia reaction. This
implies an extra tank as well as an injector (eighth ICE injector) and control
system. In addition, AdBlue increases the cost of operation. It is estimated
that 5% of AdBlue [60] (0.60 €/laane Spanish market) per liter of diesel
consumed (2.00 €/Ipisci Spanish market). This adds to a total operation cost
of 2.03 €/lpisa. Lastly, Ammonia Slip Catalyst (ASC) after the SCR is
required to meet the NHj limits of Euro legislation. This ammonia is a
residual from the AdBlue operation. Due to the dynamic driving cycle,
recognizable amounts of NH; leave the SCR due to not completing the
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Figure 2-9. Example of an ATS for EU VI in Heavy-Duty: Volvo D13K
EUVI. Adapted from [61].
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Despite ATS being an effective way to reduce tailpipe emissions, there
are two main concerns. 1) The differences between homologation emissions
and real driving emissions. 2) The future emissions legislation, for example,
the EU VII in Europe. The first is related to the widely known Dieselgate. A
German automaker used false ECU control to detect dyno testing and used
a lower emissions calibration, which later was not used under real driving
conditions. This impacted all Diesel engines directly and in Light-Duty,
provoking a massive ban of this type of ICE for that application. Costumers
and manufacturers shifted to gasoline ICEs or alternative propulsion systems
(Gasoline-Hybrid or pure BEV).

For HD wvehicles, this was not the case because another mature
alternative does not yet exist for the application. Betegari et al. [62] studied
the behavior of different trucks in real driving conditions. The vehicle was a
Euro V truck compliment with 16 tons. The NOx emission coefficient, defined
as the ratio of real road NOx emission to test bench emission, shows that the
emissions were four times higher in city driving cycles. For interurban cycles,
the coefficient was three, and for highway cycles, two times the chassis dyno
tests. The improvement in highway settings is due to relatively higher
exhaust temperature. This allows for maintaining a high temperature in the
after-treatment system (>150°C). Therefore, the conversion efficiency of HC,
CO, NOgx, and soot is also high. An alternative to reduce pollutant emissions
without complex ATS is controlling the combustion process using new
combustion concepts, aiming at the active reduction of the combustion
pollutant while maintaining similar efficiency levels to those found in CDC.
This topic will be addressed in detail in the following subsection.

Before passing on future technology opportunities, it is important to
describe the current electrified powertrain available. Customers can now
purchase pure electric trucks. MAN, Volvo, Mercedes Benz, and others have
started series production in the European market. Battery electric
powertrains are one of the most energy-efficient human and cargo
transportation modes. The difference between the efficiency of conventional
and electric powertrains is more than double, as shown in Table 2-1. In
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addition, the tailpipe emissions are zero with the electric powertrain. There
seems to be no doubt that pure electric powertrains are the best option from
this perspective. However, the ultra-low emission of CO, of this type of
powertrain is not well demonstrated in all conditions.

Table 2-1. Drivetrain efficiency of current powertrains in the market.

Adapted from
Efficiency Diesel ICE BEV
AC/DC rectification - 95%
Battery charging - 95%
DC/AC inversion - 95%
Motor Operation 39% to 48% 87% to 95%
Transmission 95% 98%
Total Drivetrain 37% to 45% 73% to 80%

The main problems that can be identified to justify the current low
amount of BEV HD trucks on the streets (in 2020, only 7,400 BEVs trucks
were sold worldwide [63], 90% in China) are related to the battery: energy
density, cost, safety, charging infrastructure and time. The energy density
directly impacts the vehicle weight. For trucks delivering goods, this means
reducing the cargo mass capacity to transport and lower energy efficiency.
Even after accounting for the weight of the traditional engine and after-
treatment systems, increasing battery capacity increases the per-mile energy
requirement. It can lower payload capacity, as indicated in Figure 2-10. For
a more extended range, the mass of the batteries reduces the possible cargo
capacity, increasing load-specific fuel consumption. For trucks between 600
kWh to 900 kWh, the battery weight is the third most significant component
of overall vehicle weight. For these three cases, the vehicle lost 4.5 to 6.5 tons
compared with the Diesel non-hybrid, 11 to 16% of the cargo mass. For a
vehicle that is designed for the transportation of goods, this means a
significant disadvantage. This can be minimized in the future with the
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development of high-energy-density lithium-ion cells and faster-charging
methods.

Light duty vehicles are historically limited to a peak C-rate of around
1.5, which enables fast charging to 80% of a nominal full charge in 40 min.
For larger battery packs as the case of Heavy-Duty, C-rates and charging
times can be the same, but the power needed scales linearly with the size of
the battery pack. This means that in order for BEV trucks to mimic charging
patterns from personal vehicles, the limiting factors are the high-power levels
and development and deployment of such chargers and not Li-ion battery
technology per se. Conceptually, a straightforward method to achieve high-
power charging for heavy trucks (i.e., a peak of one MW or more per truck)
could be to use multiple parallel 150- or 350-kW chargers. It is, however,
important to note that these values could be optimistic as frequent fast
charging causes high degradation.
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Figure 2-10. Weight breakdown of main truck components for diesel and
battery-electric trucks with different battery sizes. Adapted from [64].

An alternative is the use of small batteries. However, this will directly
impact the vehicle range. Figure 2-11 shows the current vehicle range for
different types of BEVs. For Medium-Duty, the average is around 255 km,
and for Heavy-Duty, 418 km, while a Diesel non-hybrid can easily achieve
2,000 km. In addition, the charging time can overpass 5 hours, and the
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charging infrastructure is scarce for the number of vehicles and routes. This

makes BEV constraints far from acceptable for customers.
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Figure 2-11. The driving range of different BEVs is divided by type of vehicle

and world region. Source [63].

The cost of ownership is higher than for conventional powertrains. The

battery pack change due to the aging effect can be a limitation for customers

preventing them from picking BEV trucks. The main cost of the battery pack
is the cathode which is 51% of the total cost, followed by the manufacturing
24%, anode 12%, separator 7%, Electrolyte 4%, and battery case 3%. In 2021
the cost hit a minimum of 101 US$/kWh per cell and 132 US$/kWh the pack
(see Figure 1-8). However, the current market is not segmented. China has
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80% of the production, and the price of the materials is increasing due to the
higher demand without further extractions investments.

Due to the size of the battery required, a hybrid Medium- and Heavy-
Duty truck will have a substantially lower up-front cost than a battery-
electric similar model. Scania's plug-in hybrid Heavy-Duty distribution truck,
for example, has a 7.4kWh battery that costs around US$977 without the
battery management system. In contrast, a similarly sized battery-electric
DAF LF has a 222kWh battery that costs US$29,304. As a battery pack is a
cell arrangement, 30 battery packs for an HEV can be made with one BEV
battery pack. In addition, battery manufacturing has a high CO2., associated,
which will be 30 times higher than the HEV in the case of BEVs.

The assumption of 1,000 cycles is broadly representative of conservative
and slightly older assumptions used in the literature analyzing electric trucks
by using Li-ion batteries. 5,000 cycles are broadly representative of an
optimistic outlook that considers recent literature on Li-ion batteries. It is
important to note that the capital cost of the battery is not only determined
by the battery cost per kWh but also by the lifetime of batteries. The 200%
increase between 1,000 cycles and 3,000 cycles is very pronounced and results
in a very sharp cost reduction that is more important than the 300 to 200
USD/kWh 50% price reduction.

Moreover, to define a BEV as a “green” technology, the electricity to
charge the batteries needs to come from renewable or low emission sources.
To put things in perspective, a FEuropean home's average yearly electricity
consumption is 3.5 MWh. A truck of 300 kWh of battery size means around
12 charging times or a travel distance of 2431 km (average electric
consumption of 1.44 kWh/km). The energy consumption per truck (1.44
kWh/km) can be coupled with the number of trucks in the EU (4.5 million)
and the average mileage (50,000 km/year) to get an order of magnitude of
the total electricity necessary to charge a European fleet of long-haul BETs.
This would amount to 324 TWh or a little over 10% of the EU's total
generation of 3000 TWh in 2019. Only 1000 TWh is from renewable
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electricity in the European Union (around 33% of total consumption). This
is one of the examples of why this type of vehicle is not zero-emissions.

2.4 Advanced combustion modes for emission

reduction

Traditionally, many pollutant formation control strategies have been
deployed with varying degrees of success for controlling the NOx and the soot
emissions in Diesel Compression Engines . Examples are optimized fuel
injection strategies and high fuel injection pressures [65], exhaust gas
recirculation (EGR) [66], increased in-cylinder turbulence (increased in-
cylinder motion and turbocharging) [67], and redesign of the combustion
chamber and piston geometry (piston waves) [68]. However, these methods
struggle primarily because of the intrinsic trade-off between the soot and the
NOx in diesel engines [69], where reducing one pollutant increases the other.

Primarily, NOx is formed through a thermal mechanism (although
other mechanisms also exist and can be prevalent during some combustion
modes) where nitrogen and oxygen in the in-cylinder mixture combine at
high combustion temperatures and enough residence time [69]. Because of
this, reducing the combustion temperatures and duration can reduce NOx
[70]. Nonetheless, this has a counter effect on soot, as the temperatures and
residence times are not high enough to burn off and reduce soot particles [71].
Advanced combustion strategies that overcome the soot-NOx trade-off have
been developed over time and can also integrate the use of more advanced
fuels with properties to mitigate these emissions. In particular, Low-
Temperature Combustion (LTC) strategies have been developed, which
improve the fuel-to-work conversion efficiency while providing low soot and
NOx emissions [72].

LTC modes cover several advanced combustion strategies, including
homogeneous charge compression ignition (HCCI) [73], partially premixed
charge compression ignition (PPCCI) [74], premixed charge compression
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ignition (PCCI) [75], and Reactivity Controlled Compression Ignition (RCCI)
[76]. In all LTC modes, relatively lower in-cylinder combustion temperatures
are typical, which is the main reason for extremely low NOx emissions. In
addition, the reduction of the equivalent ratio (¢) helps to avoid the zone of
soot formation [72].

The HCCI was one of the first LTC concepts to be developed [77].
Summarizing, at the end of the compression stroke, a homogenous (well
premixed) air-fuel mixture auto-ignites without the use of a spark. The
combustion in HCCI engines occurs in numerous areas due to the mixture's
auto-ignition when it reaches its chemical activation energy [78]. The
combustion is spontaneous, with no apparent diffusion flame or flame front
propagation. As pressure and temperature rise during the compression stroke,
hotspots are caused by synchronous auto-ignition across the whole cylinder.
This prevents NOx generation by removing the high-temperature flame front
and keeping local temperatures low. Soot development is also avoided by the
cylinder's overall homogenous lean mixture [79]. As a result, the global
composition of the air-fuel combination and the spatial in-cylinder
temperature regulate ignition in HCCI engines. The idea for it comes from
combining the finest qualities of both premixed mixture SI engines and

compression ignition diesel engines.

Controlling the HCCT’s auto-ignition over the engine's whole operating
load and speed conditions is quite challenging [80]. Mixture homogeneity,
inlet fuel and air temperatures, equivalence ratio, level of turbulence, fuel
composition, and fuel oxidation kinetics at lower temperatures affect the
quality of HCCI combustion and ignition delay [81]. Extending the
operational load range, managing auto-ignition, knocking tendency, and more
significant HC and CO emissions are the key obstacles for HCCI engines that
prevent them from being commercialized. Another significant problem with
the HCCI is the short combustion period, which results in a faster rate of
pressure rise [82]. Though a high PRR improves thermal efficiency, it is
detrimental to engine components and causes noise, vibration, and harshness

(NVH) issues.
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In order to manage the start of combustion and burn duration,
researchers developed a new form of low-temperature combustion technique
known as premixed charge compression ignition (PCCI) combustion, which
evolved from HCCI combustion. The charges are diluted with a higher rate
of EGR to lengthen the ignition delay and increase mixing time in this
technique [83]. As a result, fuel-rich pockets and high-temperature regions
inside the cylinder are avoided, and the premixed combustion phase is
achieved, resulting in lower NOx and soot emissions [84]. At low loads, the
higher auto-ignition properties of diesel fuel allow PCCI combustion without
severe issues [85]. However, its strong reactivity makes it difficult to manage
combustion phasing at larger loads and causes excessive pressure rise.

A new concept with the intent to solve the reactivity problems appears
in the dual-fuel combustion mode [86]. The idea is to have a combustion
chamber mixture with better auto-ignition characteristics. A high reactivity
fuel, such as Diesel, and low reactivity fuel, like gasoline, can give this
advantage [87]. This concept of controlling the in-cylinder fuel mixture and
temperature is called RCCI [88]. A representation of the injection strategies
of the different LTC concepts is shown in Figure 2.12.
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Figure 2.12. Comparison of different advanced combustion modes. Adapted
from [89].

Another path explored for more than 20 years is the use of oxygenated
fuels to reach practically soot-free emissions [90-92]. However, the increase
in the fuel’s oxygen content (as with some alcohols) can increase NOx
emissions and peak pressures if strategies that address those issues are not
utilized [93]. As their characteristic properties differ from commercially
available fossil fuels, dedicated calibrations and strategies also need to be
developed for other alternative fuels. However, research has shown that
combining both the LTC and alternative fuels in the same system can benefit
both emissions and engine efficiency. The following two sub-sections
summarize the work developed until now in the RCCI and synthetic fuels
and the challenges that need to be tackled.

2.4.1 RCCI: Reactivity Controlled Compression Ignition

A new concept appeared early in 2006, which uses a dual-fuel
combustion mode intending to control the combustion by controlling the in-
cylinder mixture reactivity. The reactivity of the fuel is understood as the
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auto-ignition characteristics. This combustion concept was named Reactivity
Controlled Compression Ignition.

The concept starts with the works of Inagaki et al. [94], and Bessonette
et al. [95] as modifications of PCCI and HCCI, respectively. Both works used
a low reactivity fuel (gasoline) injected at the port and a high reactivity fuel
injected early (diesel). By varying the gasoline and diesel fuel volumes over
a wide range of engine load and speed, in-cylinder fuel blending aids in
achieving the required fuel reactivity. As a result, it has been proven that
managing the fuel blend in terms of spatial stratification of fuel reactivity
allows for control of the combustion duration. This mixture stratification is
added to the temperature stratification as with the HCCI. Similarities
between RCCI and HCCI or PCCI are the low temperature in the chamber,
the lean combustion zones, and high EGR rates. This allows for achieving
ultra-low NOx and soot emissions (below Euro 6 for Light-Duty and EU VI
for Heavy-Duty).

In RCCI, using two separate fuels by two fuel injectors allows flexibility
to adopt different injection strategies depending on the operating conditions.
When diesel is injected into a gasoline-air environment, it evaporates, causing
non-uniform reactivity stratification in the cylinder, resulting in a shift in
combustion behavior. The main characteristics of RCCI combustion are: 1)
Low-temperature reactions and cool flames appear similar to conventional
diesel combustion promoted by diesel injection, 2) Auto-ignition from the
high reactivity zones leads to a higher heat release rate due to an increase in
the mass of burnt fuel in this premixed stage, and 3) Previous multiple site
combustions leads to multiple propagation flames.

Since its introduction, RCCI combustion has been extensively
investigated, as shown in Chapter 1. The different studies have established
the basics to realize the benefits of the RCCI mode, such as the dependence
on parameters like gasoline fraction, high reactivity fuel injection, and
dilution levels. These different parameters allow better control of the
combustion onset, where the HRF fuel injection timing can dictate the
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combustion start. Moreover, the investigations have demonstrated that the
RCCI concept can be successfully implemented on both Light-Duty [96] and
Heavy-Duty [47] engine platforms as a part load combustion concept by
modifications in the engine injection system as the addition of a port fuel
injector, low-pressure pump and a separated fuel tank for the low reactivity
fuel.

Splitter et al. [97] have experimentally demonstrated that the RCCI
concept can be extended to engine loads as high as 18 bar of IMEP, i.e., full
load operation. As opposed to the earlier LTC concepts, RCCI allowed
extending the benefits of LTC combustion to high load zones, which have a
significant weight on the final emissions for this type of application. In
addition, due to the flexibility of the concept, several fuels were tested in the
DI port and PFI port. There exists a variety of combinations of low and high
reactivity fuels, namely: diesel-ethanol [98], diesel-methanol [99], diesel-
butanol [100], and biodiesel-gasoline [101]. Low reactive gaseous fuels, such
as alcohol fuels, can also be used as alternative fuels to achieve RCCI
combustion. Gaseous fuels have higher octane numbers (above 110) than
other low reactive fuels (gasoline is 100), making them an excellent
alternative for RCCI combustion. Because of the considerable reactivity
difference between diesel and gaseous fuels (because of the higher octane
number) allows superior control over the maximum pressure rise rate and
peak cylinder temperature with a longer combustion duration [102]. The
various low reactivity gaseous fuels, such as natural gas [103], biogas [104],
and syngas [105], are used for RCCI combustion.

The Centro de Motores Térmicos (CMT) has extensive experience
working with RCCI combustion for Light-Duty and Heavy-Duty
applications. Three Ph.D. Thesis were published in this area. J. Monsalve
Serrano [106] worked on calibrating a Light-Duty single-cylinder engine
(SCE) with injection variation and piston bowl geometry to understand the
influence on the RCCI combustion. In addition, ethanol-gasoline blends were
tested as an initiative to introduce biofuels to the concept. Lastly, Monsalve
did an RCCI operation limit assessment to see the limitation of the concept.
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In terms of injection settings, the main diesel injection set at -50 CAD ATDC
offers NOx levels that are within EURO VI norms in various engine
circumstances (GF, EGR, and intake temperature).

Furthermore, the EURO VI NOx compliance was linked to the
combustion cycle's CA50 position. The combustion phasing values at +5
CAD ATDC, in particular, demonstrated a proper trade-off between engine
performance and NOx emissions. Two different strategies were tested to
modulate the in-cylinder reactivity while providing constant combustion
phasing at +5.5 CAD ATDC. First, the effect of EGR and gasoline fraction
(GF) on each other was investigated. Later, the simultaneous modulation of
the input charge temperature and GF was investigated. Both solutions
successfully managed RCCI combustion and showed tremendous promise in
reducing combustion losses and increasing thermal efficiency.

The bathtub piston provided greater gross indicated efficiency than the
standard geometry in all load ranges. However, according to the testing
results with varied piston geometries, its flatter bowl shape resulted in
unacceptable soot emissions when using single injection techniques at high
load. Ethanol-gasoline mixes (E10-95, E10-98, and E20-95), which could be
available shortly due to present rules, were evaluated. The results showed
that the three intermediate mixes could meet the Euro VI NOx standard
with ultra-low soot emissions and acceptable PRR from low to high load,
demonstrating RCCI's potential as a flexible-fuel concept. Instead of the
17.5:1 original CDC compression ratio, a rigorous experimental technique
considering the engine's emissions restrictions and mechanical constraints
was created and applied utilizing two different compression ratios, 14.4:1 and
11:1. For the high and low compression ratios, the maximum operable load
was around 50% and 70%, respectively. Some technological issues were found,
such as low exhaust temperatures and the high-performance demands placed
on the turbocharger and EGR systems. As a result, it was determined that
just operating in the RCCI regime could not cover the entire engine map.
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The second work was developed by V. Boronat [107], where a Dual-
Mode Dual-Fuel concept was presented to tackle the previous constrain. The
DMDF incorporates the benefits of RCCI combustion at low and medium
engine loads, while when the pressure gradients limit, it progressively
switches the operating parameters to obtain a mixed controlled dual-fuel
combustion at high engine loads. The work was developed in a Medium-Duty
SCE engine. Considering the previous conclusions from J. Monsalve [106],
modifications of the combustion process were suggested according to the
different restrictions found at each operating zone (low, medium, or high
load). Boronat [107] has evaluated the benefits that could be achieved in
modifying the transition zone locations by using different compression ratios.
The bowls templates were based on the CFD optimized pistons proposed by
[88] and depicted in Figure 2-13. As it can be seen, compression ratios of
15.3:1 and 12.75:1 were achieved by removing the material from the piston
bowl, moving from a reentrant bowl (original piston) to a non-reentrant
(15.3:1) and finally to a bathtub bowl (12.75:1). The details of each bowl
template are presented in Table 2-2.

Piston bowl profiles
30

— 20
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—— Profie CR1275:4
—  Profie CRIS31 [~
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Figure 2-13. Optimized piston bowl templates to reduce the compression

ratio while maximizing gross indicated efficiency. Adapted from [107].
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Table 2-2. Characteristics of the original piston bowl template as well as the
two optimized bowls for CR 15:8 and 12.75.

Production bowl Non re-entrant bowl Bathtub bowl (CR
(CR 17.5:1) (CR 15.3:1) 12.75:1)
Area/Volume:8.18 Area/Volume: 9.05 Area/Volume: 9.78
cm?/63.51 ¢cm?=0.128 cm?/77.8 ¢cm?=0.116 cm?/97.8 cm?=0.1
Depth: 20.8 mm Depth: 20.8 mm Depth: 24.35 mm
Min. distance to oil gallery: Min. distance to oil

Min. dist to oil
. distance ko ol 5.35 mm >3.9 mm (used in | gallery: 4.5 mm >3.9 mm

11
satiery bathtub design) (used in bathtub design)
In distance in center: In distance in center: 16.79 In distance in center:
19.3 mm mm 10.37 mm

Figure 2-13 depicts a conceptual description of the DMDF concept. As
it is shown, the concept is composed of two main combustion modes, a fully
premixed and dual-mode diffusive combustion. Between both, a highly
premixed zone is included, resulting from the progressive switch between both
combustion modes (premixed and diffusive). Different constraints in terms of
mechanical abuse and NOx and soot emissions were set prior to the
calibration. The information about each one of these constraints can be
visualized on the left-hand side of Figure 2-13.

As it is depicted, the mechanical stress was limited by setting the
maximum in-cylinder pressure and PRR to 190 bar and 15 bar/CAD,
respectively. Moreover, the emissions constraints were set as NOx<0.4
g/kWh and soot <0.01 g/kWh. These constraints could be realized from low
to medium load by implementing conventional RCCI combustion.
Nonetheless, as the load was increased, the pressure gradients started to be
a limitation in extending the RCCI mode. In this sense, modifications of the
injection settings were proposed, including decreasing the relevance of the
energy provided by the gasoline and shifting the diesel injections towards the
top dead center, as it is shown in Figure 2-13.
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Figure 2-14. Conceptual description of the Dual-Mode Dual-Fuel combustion
and the respective constraints that are generally used for each one of the
operating zones. Source [107].

Although this strategy effectively reduces the pressure gradients, the
increase of the diesel quantity with delayed SOIs enhances the formation of
rich zones, which increases the soot formation. In this sense, this highly
premixed zone requires a relaxation of the soot constraints to values up to
1.5 FSN. In the last part of the operating map, even highly premixed
strategies result in excessive mechanical requirements. Then, a dual fuel
diffusive combustion mode was proposed as an alternative to extend the heat
release rate and smooth the combustion process. This diffusive combustion is
enabled by an early gasoline injection (340 CAD bTDC) coupled with a single
diesel injection near the TDC. Therefore, once the diesel is injected, the high
temperature and pressure found in the combustion chamber allow a slight
ignition delay, which initiates the combustion of the gasoline that was fully
premixed in a highly EGR diluted environment.

The diesel injection remains once the combustion is established,
providing the energy using a well-controlled conventional diffusive
combustion. As the diffusive combustion is recalled, the drawbacks of its
usage are again introduced. Under these conditions, both NOx and soot
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emissions must be relaxed to 2 g/kWh and 3 FSN, respectively. These values
are still much lower than those verified at conventional diesel combustion
despite the relaxation. The gasoline provides part of the energy, and the fuel
premixing is maximized to avoid soot formation. In addition, the high levels
of EGR at low load, an order of magnitude higher than those from CDC,
allows inhibiting by a certain degree the formation of NOx emissions by the
Zeldovich mechanism.

V. Boronat [107] remarked that the width of the zones inside the
operating map is highly dependent on the engine compression ratio and the
fuel characteristics. As the RCCI combustion and most of the transition zone
are still kinetically controlled combustion, the variation of the in-cylinder
state parameters and the fuel reactivity would impact the development of the
combustion process. V. Boronat [107] has evaluated the benefits of modifying
the transition zone locations by using different compression ratios (15.3:1 and
12.75:1). The results of both compression ratios are presented as absolute
difference maps considering the percentage variation for each parameter as
CR15.3-CR12.75. This means that positive values indicate a higher value for
CR 15.3, while a negative value means the opposite. As demonstrated in
Figure 2-15, it was concluded that using a lower compression ratio has a
negative impact on the gross indicated efficiency. In general, CR15.3
delivered higher efficiencies (2-4%) for most of the engine map, except for
isolated conditions at high load operation at low engine speeds.
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Figure 2-15. Gross indicated efficiency percentage difference between
compression ratio of 15.3:1 and CR 12.75:1. Source [107].
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V. Boronat [107] has also assessed the impact of the compression ratio
modification on the different regulated emissions. It was concluded that a
higher compression ratio demands an early transition to the dual-fuel
diffusive combustion. Consequently, both NOx emissions are worsened at
high loads, exceeding values of 1g/kWh (NOx) and 1 FSN (soot) in a vast
part of the operating map. These results suggested that higher compression
ratios should require a dedicated after-treatment system since the use of these
higher engine loads could have a significant weight during normative
evaluations.

With all the knowledge of the previous work, R. Lago Sari [108] developed
his Ph.D. Thesis on a multi-cylinder 6L engine with the same characteristics
of the SCE of V. Boronat [107]. The concept of DMDF was applied by doing
a complete map calibration with Diesel-Gasoline and CR 12.75:1. Moreover,
the impact of the combustion concept on the after-treatment performance
was carried out to identify possible hurdles of the concept on the DOC and
DPF performance. Using only HP EGR to achieve the desired dilution levels
promoted a lack of energy in the turbine, requiring an excessively closed
VGT, which increased the pumping losses. In this sense, the EGR was split
in both LP and HP EGR routes.

Nonetheless, the use of LP EGR has increased the amount of mass flowing
through the compressor, increasing its temperatures up to limiting levels. In
this sense, the system could not deliver both the oxygen and EGR required
to achieve the desired combustion process. Consequently, issues with pressure
gradients and partial soot oxidation have appeared, requiring relaxing the
emission constraints. This situation worsened as the engine load approached
full load operation. Under these conditions, it was challenging to combine a
setting that could provide the same power output while minimizing fuel
consumption with emission levels below those from the EUVI mandates. The
final calibration maps are presented in Figure 2-15.
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Figure 2-16. Maps of the DMDEF concept in a Multi-Cylinder 8L engine in
terms of a) Emission constraints, b) Brake Thermal Efficiency, c¢) Brake
specific NOz, and d) Brake specific soot. Adapted from [108].

R. Lago [108] work also assessed the impact of DMDF on the stock
ATS. Steady-state evaluations were used to assess the impact of the boundary
conditions on the conversion efficiency of CO and HC in the DOC. From this
analysis, it was possible to identify that low load and low engine speed
conditions are the most challenging points in attaining light-off operation due
to the low exhaust temperature and significant concentration of unburned
products. As the engine load was increased towards medium load, the higher
exhaust temperatures enabled a proper conversion efficiency, allowing
tailpipe emissions for both HC and CO to be lower than the normative limits.
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Figure 2-17. Tailpipe emissions (after DOC) of a) Unburned hydrocarbons
and (b) Carbon monozide. Source [108].

Due to the high NOx and particle emissions at high load, the DPF was
also assessed by studying passive and active regeneration. The passive
regeneration was studied using monitoring the ratio of NO;/NOx before and
after the DPF. The main focus was to identify any consumption of this specie
by reacting with the soot in the particulate filter. The results demonstrated
that no passive regeneration takes place. By contrast, the active regeneration
evaluation has demonstrated that the DMDF can provide conditions at the
DPF inlet suitable for the active regeneration process. It was identified that
the conversion of the unburned products on the oxidation catalyst was a
fundamental process to realizing proper soot oxidation in DPF. In this sense,
it was possible to conclude that using the stock DOC and DPF is an
alternative to assure EUVI-compliant HC, CO, and soot emissions for the
proposed calibration.

Lastly, R. Lago [108] uses numerical simulation with a non-hybrid
powertrain to understand the compliment of EU VI in the WHVC. The
results show that with 50% cargo mass, it is possible to achieve EUVTI limits
in all pollutant emissions. This means that the DMDF concept can avoid
using an SCR, reducing the operational costs with urea while solving the
issues of HC, CO, and DPF with well-established after-treatment devices. It



2.4 Advanced combustion modes for emission reduction 63

was remarked by R. Lago [108] that the main drawback of the concept is the
impossibility of reducing the CO, footprint using conventional fuels and
powertrains.

2.4.2 Alternative fuels for compression ignition engines

Carbon neutrality, or the goal of achieving a net-zero state, is the
balance between lowering carbon dioxide emissions as much as feasible while
also eliminating any remaining carbon dioxide from the environment.
Synthetic fuels are circular hydrogen carriers that use hydrogen as a vector
form of energy that may be carried and stored more safely than hydrogen as
a single fuel source. Furthermore, rather than developing a wholly new
engine, some synthetic fuels require minor modifications to current engines
(such as replacing the fuel tank and injectors). Dimethyl ether (DME),
oxymethylene ether (OMEx), Fischer-Tropsch (FT) are some examples.

The liquefied gas DME has the molecular formula CH;0CHs. Due to
lower flame temperatures, using DME as a diesel alternative reduces NOx
emission significantly compared to conventional diesel engines. DME
combustion also creates far less particulate matter. The absence of C-C bonds
is the cause of ultra-low soot particle emission. Another advantage of DME
is the higher cetane number and lower boiling point than diesel. This allows
lower auto-ignition temperature and faster vaporization leading to a reduced
ignition delay and good cold-starting properties [109]. However, because of
DME's lower heating value (LHV) in contrast to diesel, the equivalent fuel
volume of DME to diesel is 1.8x that of diesel (m?/m?) [110]. Larger fuel tanks
are required, and these fuel tanks must be equipped to handle gaseous fuel
to meet the exact distance requirements.

OMEXx is an alternative to DME with a formulation of CH3;0-(CH,0)x-
CH; with x ranging from 1 to 8. The oligomer length of the OME influences
the physical qualities of the fuel. The fuel behaves similarly to LPG but has
physical, chemical, and fuel qualities similar to ordinary diesel [111] due to
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its extended length and higher boiling point when compared to DME. The
similarities allow using of conventional diesel supply structures [112].
Therefore, OMEx is considered a drop-in fuel. OMEx also has no C-C bonds
and presents oxygen in the molecule, so it has the same potential as DME to
reduce soot emissions. Because this fuel has a lower heating value than diesel,
it requires more volume to achieve the same brake power. This problem is
mitigated by the rise in density as the oligomer length increases. For fuel
equivalence, the fuel volume required is 1.7x that of diesel (m?/m?*). The main
properties of the different OME are presented in Table 2-2.

Table 2-3. Physical and chemical properties of OMFEx with n=1-6. Adapted

from [112].

Property OME; | OME, | OME; | OME, | OME; | OME;s
Chemical Formula CsHs0, | CiHi03 | CsHi04 | CsHus0s | C7HisOs | CsHisOr
Oxygen content [wt%)] | 42.1 45.2 47.0 48.1 48.9 49.5
LHV [MJ/kg] 233 | 210 | 196 | 190 | 185 | 177
Densityansc [kg/dm?] 08 | 098 | 103 | 107 | 111 | 114
Melting point [°C] -105 -70 -43 -10 18 38
Boiling point [°C] 42 105 156 202 242 273
Flash point [°C] -32 12 54 88 115 -
Cetane Number [-] 28 68 72 84 93 -

Various studies have demonstrated that combining OMEx with diesel
reduces particulate matter (PM) and particulate number (PN) emissions,
allowing for higher EGR rates to minimize nitrogen oxide (NOx) emissions.
In the European Transient Cycle (ETC), operating a series of Heavy-Duty
engines fueled with 20 volumetric percent of high boiling 1:1 mixtures of tri
and tetraoxy-methylene dimethyl ether (OME n=3,4) reduces PN emissions
by 40% and PM emissions by 50% [113]. When OME is added to diesel fuel,
particle size measurements show that the distribution shifts to smaller
particles. The indicated efficiency becomes comparable to or slightly better
than diesel operation [114].
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Lastly, Fischer—Tropsch (FT) diesel is made by condensing syngas
(CO/H,) and post-processing to produce a synthetic fuel with a long chain
hydrocarbon structure comparable to traditional diesel. The high cetane
number of fuels produced by the F-T method also can reduce the NOx/PM
trade-off experienced in traditional diesel engines.

The raw material can either be natural gas (the final liquid fuel being
Gas-to-Liquid), coal (Coal-to-liquid) or residual biomass (Biomass-to-liquid)
[115]. Gas-to-Liquid is already produced commercially and diesel fuels
blended FT are available in several European countries [116]. A number of
new large-scale Gas-to-Liquid production plants is currently being planned
or under construction, resulting in a potential total Gas-to-Liquid diesel fuel
production of significant volumes within the next decade. Franz Fischer and
Hans Tropsch developed the process that bears their names in the 1920’s
[117]. The production of diesel fuels using the FT process is a set of chemical
reactions in the presence of a catalyst [115]. Synthesis Gas (Syngas)
Formation (Equation 2.1) and FT Synthesis Process (Equation 2.2 and
Equation 2.3).

1
CH, + 0, —>§nH2 + CO 2.1)
nCo + (2n + 1)H, —» C,Hypnyp + nH,0 (Paraffins) (2.2)
nCo + 2nH, - C,H,, + nH,0 (Olefins) (2.3)

Synthesis gas can be formed from any carbonaceous material such as
natural gas, coal, or biomass. Several reactions are required to obtain the
gaseous reactants required for FT catalysis. Reactant gases entering an F'T
reactor must first be desulfurized to protect the catalysts that are readily
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poisoned [118]. The following major sets of reactions are employed to adjust
the H2/CO ratio with Water-Gas-Shift Reaction (Equation 2.4) and Steam
Reforming (Equation 2.5).

H,0 + CO - H, + CO, (2.4)

H,0 + CH, - CO + 3H, (2.5)

The formation of synthesis gas from coal or biomass is called
gasification, wherein the feedstock is reacted with steam and oxygen (O).
The next step in the F'T production process is the conversion of synthesis gas
into HC. This begins with H, and CO molecules being formed into eCH2e
alkyl radicals and water in an exothermic reaction. The CH, radicals then
immediately combine in an iron or cobalt catalytic reaction to make synthetic
olefin and/or paraffin HC of various chain-lengths. The selectivity (the
amount of desired product obtained per unit consumed reactant) is influenced
by parameters such as temperature, H,/CO ratio in the feed gas, pressure
and the catalyst type. The FT product can be upgraded to high quality diesel
fuel through post-processing and any oxygenates formed during the FT
process are often removed during this step. Addition of H, and a catalyst
causes hydrocracking, rupturing long carbon chains into shorter, liquid parts
to produce cuts that correspond to a range of conventional refinery products
[119]. It is important to note that the distillation range of FT diesel can be
customized by FT synthesis conditions and by the distillation cut after
synthesis occurs. Therefore, this is not an inherent property of the FT diesel.
Ideally, a compression ignition (CI) fuel would be renewable, produce useable
power to current diesel standards, run in both existing and newly
manufactured engines and require no engine modifications. In addition, its
combustion should produce fewer emissions which would enhance the
efficiency of exhaust gas after-treatment systems primarily by increasing the
availability of active catalytic sites [120]. In a modern diesel engine synthetic

fuels can satisfy many of the above ideal fuel requirements.
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The exhaust emissions performance of Gas-to-Liquid diesel fuels has
been the subject of a growing number of technical publications in recent
years. Several researches have investigated the effects of F-T diesel on
combustion and emission characteristics in light of these factors. Huang et
al. [121] investigated the F-T diesel combustion characteristics in a direct
injection diesel engine. The results showed that F-T diesel had a shorter
ignition delay, a similar combustion length, and reduced combustion noise
than standard diesel fuel. Shi et al. [122] used a diesel engine with a high-
pressure common-rail system to explore the impact of F-T diesel on
combustion parameters. The results showed a decreased heat release rate
peak and a shorter ignition delay and combustion duration.

In the Thesis of R. Lago Sari [108], Diesel, OMEx, and Fischer—Tropsch
as HRF and Gasoline as LRF in the DMDF multi-cylinder engine were
compared performed. Similar brake thermal efficiency was achieved in the
DMDF concept, but the OMEx allows NOx and soot reduction at all engine
loads (see Figure 2-17). On a Well-to-Wheel (WTW) basis, and considering
wind power as the power source, both OMEx and e-FT can provide savings
in the CO, production and consequent decrease of the CO; footprint in the
fuel lifecycle. While OMEx can reach almost an average of 20% reduction, e-
FT can achieve an average reduction value of 35%.
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Figure 2-18. Dependence of (a) nitrogen oxides and (b) soot emissions
concerning the different engine loads evaluated considering diesel, OMFEz,
and e-FT as high reactivity fuels. Source [108].

A new engine calibration was performed considering the diesel
replacement by OMEx as high reactivity fuel [108]. The results are shown in
Figure 2-18 for brake thermal efficiency gain and brake-specific NOx
emissions. While the BTE was similar throughout all the maps, the NOx
emissions were reduced compared to the Diesel-Gasoline calibration reaching
EUVI on all the maps. In addition, soot emissions were negligible for all
operating conditions. OMEx, as a substitute for Diesel, allows removing the
SCR and DPF from the ATS. Only the DOC is necessary due to the high
HC and CO emissions at the engine out.
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Figure 2-19. Engine maps for (a) brake efficiency difference between OMFEzx-
gasoline and Diesel-Gasoline calibration and (b) Brake Specific NOz

emissions. Source [108].

2.5 Powertrain electrification for CO2 and battery

reduction

This section aims to identify the challenges to the widespread adoption
of commercial vehicle electrification technologies and prioritize the research
and development gaps that must be filled to accelerate considerable market
penetration.

The modern story of vehicle electrification started in 1997 with Toyota
launching the first generation of Toyota Prius. The first-generation Prius
(NHW10) was available only in Japan. With the second generation of Prius,
it began to be sold outside of Japan in the early 2000s. The BEVs arrived in
large amounts in the early 2010s with Light-Duty vehicles such as the Nissan
Leaf, Tesla Model S, and the BMW i3. China provided the second impulse
for vehicle electrification, with a wide range of Light- and Heavy-Duty
vehicles. In the HD sector, it went from no electric bus sales to a 30% market
share in 2016, making it the e-bus leader. The advantage of city buses is the
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reduced necessity for vehicle range and the benefits due to many start-stops
and regenerative braking.

There is now a third wave in the market: truck electrification.
Electrification is a viable technology path for Heavy-Duty because it can
improve freight efficiency, reduce emissions, and improve performance all at
the same time. Unlike passenger vehicles, where style and image are essential
in deciding between options, trucks and buses are generally driven by
business case considerations. The fundamental aspect is functionality.
Commercial vehicles must be able to meet employment requirements. After
functional requirements, payback, return on investment, and total cost of
ownership are frequently used as deciding factors in adopting new vehicle
technology. The total cost of ownership (TCO) comprises both the initial
investment and ongoing operating expenses.

A wide range of electrified commercial vehicles, from mild-hybrid 48V
vehicles to tractor-trailer full BEVs, have been developed and tested at the
prototype and commercial levels. Almost all truck manufacturers are testing
electric delivery vehicles commercially available in a few years. eCanter and
eActros from Daimler, Volvo FL and FE Electric from Volvo, MAN e-TGM
from MAN, Renault D Z.E. from Renault, and DAF CF Electric from DAF
are some examples. Scania has tested the electric catenary road infrastructure
to charge battery e-trucks over long distances, with trials in Germany,
Sweden, and Italy. In addition, Daimler and DAF test hydrogen fuel-cell
trucks. Therefore, there are various electrified powertrains, and the right
choice is not evident. Limited commercial sales of electrified HD trucks show
that technology barriers need to be overtaken. Figure 2-19 shows examples
of available commercial and prototype electrified trucks (xEV) in Europe.
Table 2-3 summarizes available models in the USA with the range for battery,
EM, and fuel converter (ICE or fuel cell) size. The average for BEVs truck
is 200 kWh while FCEV 192 kWh, PHEV 81 kWh, and HEV 28 kWh in the
USA. The cases taken for Europe have an average of 267 kWh for BEV and
31 KWh for HEV.
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Volvo EV

e GTW: 18-27 tons

e EM:185-225 kW

e Battery Pack: 100-300 kWh
* Range: 300 km

DAF EV

¢ GTW: 19 tons

e EM:195kw

*  Battery Pack: 222 kWh
¢ Range 220 km

Mercedes Benz e Actros

e GTW: 19-27 tons

e EM:330 kw

e Battery Pack: 336-448 kWh
* Range 300-400 km

Scania EV
e GTW: 29 tons
e EM:230 kW

*  Battery Pack: 165-300 kWh
e Range: 250 km

\

Volvo HEV FE

¢ GTW: 25 tons
¢ EM:70 kW

e ICE: 220 kW

e Battery Pack: 5 kWh

DAF HEV

* GTW:40tons
¢ EM:75kW

e ICE: 330 kW

e Battery Pack: 85 kWh

Mitsubishi HEV Fuso

¢ GTW:7.8 tons

*  EM:40 kW

e ICE: 110 kW

*  Battery Pack: 2 kWh

Scania PHEV

*  GTW:36tons
¢ EM:90 kW

e ICE: 210 kW

¢ Battery Pack: 30 kWh

J

Figure 2-20. Examples of electrified HD trucks powertrain available in

FEurope.
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Table 2-4. Main characteristics of Heavy-Duty Vehicles in the USA
available in 2020. Adapted from [123].
Battery EM max Fuel
Truck Available . Converter
Class Type Models Capacity Power Max Power
(kWh) (kW)
(kW)
BEV 7 48-99 70-160 -
5 PHEV 14 92 138
BEV 10 61-136 20-188 -
4 HEV 3 2-60 44-100 156-190
FCEV 28 120 30
BEV 12 62-135 91-200 -
5 PHEV 60 200-343 25-50
HEV 99 36-200 120-157
BEV 10 99-200 134-250 -
FCEV 2 28.4 200 30
0 PHEV 74 200 180
HEV 6 2-28 36-120 80-231
BEV 10 120-352 103-360 -
! HEV 4 2-28 44-265 150-227
BEV 45 88-1000 103-770 -
FCEV 7 12-700 85-746 30-100
s PHEV 80-175 168-300 29.8-239
HEV 8 2-28 44-265 150-227

2.5.1 Hybrid powertrain classification

The powertrain electrification by hybridization is a way to improve the

fuel economy of HD vehicles with relatively small electric components

compared to a fully electric vehicle. The ability to boost powertrain operating

efficiency and convert braking energy into onboard energy storage is the main

advantage of hybrid technology over conventional non-hybrid powertrains.
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The critical point in hybrid powertrains is the correct energy management
between ICE and EM. Between the different hybrid options, two types of
classifications can be identified: 1) By percentage of electrification (mainly
size of the battery, voltage of the system, and power of the EM) and 2) By
type of powertrain architecture (mainly the type of link between the ICE and
EM).

By the electrification percentage, the vehicles that can be identified are
the Mild-Hybrid (MHEV, also known as 48V hybrid), Full-Hybrid (FHEV),
and Plug-in Hybrid (PHEV). A small electric motor and energy storage are
paired with a transmission and an internal combustion engine in mild-hybrid
(MHEV) powertrains (ICE). The MHEV incorporates a motor-generator
attached to the engine for regenerative braking and torque enhancement.
This electric machine usually replaces the conventional engine starter motor
of the non-hybrid configurations. Therefore, this motor is usually called the
Belt Assistant Starter (BAS). The battery size, in general, ranges from 2
kWh to 10 kWh, with lithium-ion cells connected in series to achieve a
medium voltage range (~48V). The system electrifies power steering, cooling
fans, and the air compressor in some cases. Additionally, the 48V systems
(BAS and battery) can be wused to supplement turbocharging or
supercharging boosting systems. Micro-hybrids, which solely provide stop-
start operation, are also included in this powertrain group. The limited low-
speed all-electric operation, brief boost, limited auxiliary load during engine-
off activities, and limited brake regeneration are the main limitations [124].

An electric drive system capable of generating all or a significant
portion of traction power is included in full hybrid powertrains. They can
sustain all vehicle traction needs without any help from the ICE for at least
half of the vehicle acceleration-speed range. A substantial portion of braking
energy can be recuperated in the energy storage system due to the larger size
of the components compared to MHEV. The battery storage capacity ranges
between 10 kWh to 50 kWh, and the voltage is from 300V to 800V. The
attributes of a plug-in hybrid (PHEV) powertrain are similar to those of the
previously mentioned hybrid kinds, but they can also be recharged from an
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off-board source. Because of this capability, PHEVs typically have greater
energy storage systems for all-electric operation.

By powertrain architecture, it is possible to identify: 1) Parallel
Hybrid, 2) Series hybrid, 3) Series-Parallel Hybrid. Parallel hybrid allows
using the ICE and EM while delivering mechanical power to the shaft that
propels the vehicle. Depending on the position of the EM in the powertrain,
subtypes of parallel can be identified as PO, P1, P2, P3, and P4. The number
increase as the EM is farther from the ICE. The PO is generally associated
with the MHEV because it substitutes the conventional alternator of diesel
engines for the BAS.

The P1 locates the EM between the ICE and the transmission in the
crankshaft axle. This architecture does not allow disconnecting the EM from
the ICE but has higher power than P0. Therefore, more energy can be
recovered during braking. The P2 is a similar version of the P1 but with a
clutch in the middle to be able to operate in pure electric mode. This is the
most used version for HD vehicles due to the flexibility of operation. P2 is
also named parallel pre-transmission because the EM is located before the
vehicle's transmission.

The following case is the P3, also named pos-transmission. The EM
is located between the transmission and the differential. One advantage of
P2 is that it reduces one clutch as a non-hybrid or P1 while performing pure
electric drive as P2. However, several reports identify two main
disadvantages: 1) The transmission is not used during the purely electric
mode, so higher EM is needed, and 2) The vibration of the wheels is absorbed
by the EM instead of the transmission giving several problems of reliability.
Lastly, P4 is a parallel system where the ICE is traditionally connected two
one pair of wheels (as non-hybrid) and the EM to the opposite pair of wheels.
Figure 2-20 shows a schematic of the parallel P1, P2, and P3 architecture.
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Battery Pack

Fuel Tank

Figure 2-21. Schematic representation of the different Parallel hybrid electric
architectures: PO, P1, P2, and P3.

The Series hybrid only mechanically connects the EM (traction
motor) and the wheels. The ICE mechanical energy is transformed into
electric energy by another EM called a generator and passed to the TM or
the battery by cables. The wheels’ speeds do not change the operation of the
ICE because there is no mechanical connection. It avoids the transitory
operation that conventional or parallel hybrid powertrains suffer [125]. Allows
the ICE to be operated at high efficiency or low emissions levels. As a result,
it is appropriate for use with advanced combustion modes, where the number
of parameters to optimize and modify at various operating points varies
greatly [126].

This type of powertrain can also be used with fuel cells due to the
stationarity of the operation of the fuel converter (ICE or Fuel Cell). The
most significant disadvantage of this method is the amount of electricity lost
due to the ICE energy being transferred to the generator and traction motor.
Due to the massive amount of power delivered to the wheels and generated
in the engine, this aspect is critical in HD vehicles. Figure 2-21 shows a
schematic of the Series hybrid architecture. In some cases, such as HD trucks
or buses, a two-gear transmission can be added between the TM and the
Final Drive to have high torque at low vehicle speed and not over speed the
electric motor on highways.
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Battery Pack

Final Drive

< Hal -

ICE

Gen

B

Fuel Tank

Figure 2-22. Schematic representation of Series hybrid electric architectures.

There is a third widely disseminated architecture, known as power-split,
which Toyota presented as the "Toyota Hybrid System"' (THS) [127]. The
planetary transmissions used in this approach are unique. They allow the
ICE to be adjusted independently of the wheel dynamics and produce traction
power to meet the power demand. The THS has undergone various revisions
since its first release in 1999, and other car manufacturers have proposed
different applications for the planetary transmission in an automotive
powertrain.

The planetary transmission is employed as a speed coupling device in the
power-split HEV powertrain architecture. The ICE is attached to the carrier
gear in Figure 2-22, with one electric machine (Gen) connected to the sun
and the other (TM) to the ring. Finally, the torque-coupling device is the
differential /final drive connected to the ring gear. The planetary transmission
divides engine power into two paths: the electrical path, which sends part of
the ICE's power to Gen (generator mode) and stores it in the battery or
directly to the motor TM (traction mode) via a controlled power bus, and
the mechanical path, which sends the remaining power to the transmission
output.
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Figure 2-23. Schematic representation of Power-split e-CV'T hybrid vehicle.

2.5.2 Battery storage system

A rechargeable electric energy storage system (REESS) is a
fundamental component for xEVs to provide the electrical energy, which can
be suitably used to soften the power demand to the ICE, hence, improving
both fuel economy and tailpipe emissions. Moreover, it must be able to store
the kinetic energy recuperated during vehicle braking events to improve the
vehicle's overall efficiency. Nowadays, Lithium-Ion technology is majorly
used in electrified powertrains since it offers excellent reliability in energy
and power densities and can count on the expertise developed in the past
decades. Some isolated cases, such as the Mercedes Benz Citaro bus [128],
use Supercapacitors. However, the low energy storage capabilities make it
not the best option for applications where pure electric mode is required. As
shown in the Ragone plot of Figure 2.23, Li-ion batteries offer both a good
energy density and power density [129].
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Figure 2.24. Battery characteristics depend on the technology used. Li-ion
(Lithium-Ion), Na-S (Sodium Sulfur), Flow (Supercapacitors), Ni-Cd (Nickel
Cadmium), and Lead Acid. Source [129].

The main elementary component of a battery pack is the cell. Multiple
cells are connected in series and parallel to give the desired electrical
properties of the module. Then, modules are connected in series and parallel
to achieve the final electric power and energy storage capability per package,
as it is shown in Figure 2.24. Recently, BYD implemented a cell package to
reduce weight and volume [130]. However, this type of approach reduces the
flexibility of the mounting of different vehicle capacities, is more difficult to
be maintained, and issues in the REESS have been found. Therefore, a

package with a module is the most common approach.

Different types of casing are used for lithium-ion batteries. As shown
in Figure 2.24, the most common are cylindrical, pouch, and prismatic. Inside
the cell, the main components are the cathode (positive electrode — highest
potential) containing lithium and insertion materials that are transition metal
oxides (active material). The metal may be Cobalt (Co), Nickel (Ni),
Maganese (Mn), or Iron (Fe). The active material chemistry defines the cell
type. The anode (negative electrode — lowest potential) is made of carbon in
the form of graphite or hard carbon. The electrolyte is a non-aqueous,
carbonate-based organic solvent mixture and acts as a medium for lithium
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ions transfer between the cathode and anode. The electrolyte wets the
separator. Lastly, the separator is made of an ionically conducting and
electrically-insulating material. It is interposed between anode and cathode
to prevent internal short-circuit.

Cell Module Package

Cylindrical

Prismatic

Pouch

Figure 2.25. Comparison of different Li-ion cell shapes used in electric
vehicles.

During discharge, the Li-ions move (intercalate) from the anode to the
cathode, and vice versa during charge. A typical value for Li-ion cell voltage
is 3.6V. When choosing a cell, the main parameters to observe are: 1) Nominal
voltage, 2) Cut-off or minimum voltage, 3) Capacity (Ah), 4) Cycle life
(number of complete discharge-charge cycles the cell can withstand before
80% of the pristine capacity) 5) Cell cost ($/kWh), 6) Specific energy
(kWh/kg) and 7) Specific power (kW /kg).

The properties of the different Li-ion cell technologies available in the
market depend on their active material. The spider diagrams in Figure 2.25
give a quick overview of the cell's strengths and weaknesses. The specific
energy (also gravimetric energy density) is an important property, and
alongside the vehicle's energy consumption, it determines its driving range.
On the other hand, the power density can be associated with the capacity of
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the cell to deliver power, hence the acceleration of the vehicle
instantaneously. The LiFePO4 (also LFP) has superior electrochemical
performance with low internal resistance, and high C-rate, can sustain a wide
temperature operating range (-30°C to 60°C), and has a long cycle life [131].
Moreover, LFP is less prone to thermal runaway due to phosphate
stabilization [132]. However, this type of cell has a low energy density that
penalizes large battery packs such as BEVs and trucks.

During the operation, the state of the charge (SoC) is one of the
foremost parameters to observe and control. The SoC level must be kept
within the desired range. For instance, at low SoC, the discharge power
decreases, but also at high SoC, the charge power is reduced. For this reason,
car manufacturers tend to oversize the battery pack so that it can meet the
power and energy requirements. Also, the importance of the SoC range is
related to safety and aging concerns.

A battery management system (BMS) is the interface between the
battery and the vehicle. It monitors and communicates parameters describing
the status of the battery. It is appointed with many tasks such as sensing
and reporting cell voltages and temperatures, battery voltage, and current it
also controls cell balancing to prevent battery malfunction and failure [133].
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Figure 2.26. Li-ion cell technologies are based on active material chemistry.
Adapted from [134].

A Li-ion battery is subject to aging, which is the capacity and power
losses that occur from the moment of its first use (pristine condition). A
general criterion is adopted to establish the end-of-life of a Li-ion battery
pack: a Li-ion battery becomes useless for vehicle traction when a maximum
of 20-30% loss of the initial nominal capacity is reached. Of course, this aspect
is the primary concern for EV and HEV manufacturers since battery
degradation leads to a reduced driving range for the former and reduced fuel
economy. A typical automotive battery for Light-Duty has then to stay
functional for at least ten years (i.e., the average life of a vehicle), which
correspond to around 200,000 km. In the case of the Heavy-Duty sector, a
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midlife battery replacement is recommended after six years of heavy use
(~60,000 km per year), which means 360,000 km.

Battery degradation can be subdivided into two parts: cycling and
calendar aging. Cycling degradation derives from the actual use of the
battery, which includes charge and discharge phases. The latter is due to the
battery storage when the battery is not being used. Both aging mechanisms
depend on many factors, which can be classified into operational and
environmental factors: the main operational factors include the SoC level,
SoC range, and C-rate, while environmental factors are mainly temperature
and humidity [135,136]. All these parameters should be carefully monitored,
and battery use should be controlled accordingly to avoid a fast degradation
of the battery pack. The BMS performs this task.

Furthermore, battery aging has two effects: capacity loss which
reduces the vehicle's pure-electric driving range, and internal resistance
increase, producing lower battery power output. Several indicators are
adopted to estimate aging: 1) State of Health (SoH) [137,138], 2) End of Life
(EoL), and 3) State of Function (SoF). Concerning HEVs, it is then clear
how the energy management strategy that decides the power split between
the ICE and the electric machine/s has an essential influence on battery aging
since it affects how it is used.

2.5.3 Electric machine and power electronics

Electric machines are crucial components of hybrid and pure electric
vehicle drivetrains. Even when scientific papers are published on the issue,
the design specifics are not entirely divulged. Only a few EV manufacturers
have provided technical material on the design of the machinery utilized in
their products. Researchers in the field and third-party reverse engineering
sources provide most of what is known about the electric machinery in xEVs.
ORNL purchased vehicles from the US market (Toyota Prius v2004, 2010,
and 2017, Toyota Camry v2007 and 2013, Lexus v2008, Hyundai Sonata
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v2008, Nissan Leaf v2008, Honda Accord v2014, and BMW i3 v2016) and
performed detailed testing and teardown of their drivetrain components,
producing comprehensive reports on their findings. Two types of machines
have been discovered in current vehicles: induction machines and
synchronous machines. Permanent magnet machines and variable reluctance
machines are two types of the latter.

The electric current in the rotor required to produce torque is
obtained via electromagnetic induction from the stator's magnetic field,
winding in an induction motor (IM) or asynchronous motor. As a result, an
induction motor can be built without any electrical connections to the rotor.
The main qualities of induction machines are their simplicity, low cost, and
robustness. High peak torque, good dynamic response, and very minimal
maintenance requirements in all aspects of the operation are significant
characteristics of these machines. The Tesla Roadster, Model S, and Model
X with die-casting copper rotors are examples of this EM. Compared to
aluminum die-cast rotors, copper's superior electrical conductivity (almost
60% more than aluminum) results in significant reductions in overall motor
losses, estimated at 15-20%.

On the other hand, permanent magnet machines are currently
employed in the majority of automobiles. The transition was prompted by
rising demands for high efficiency, high specific power, and high-power
density. A permanent magnet (PM) motor, often known as a synchronous
motor, is an electric motor with permanent magnets and windings on its field.
Consider the transition from Tesla Model S (induction EM) to Tesla Model
3 permanent magnet-based technology.

Figure 2-26 shows a typical curve of power and torque measured in
the output shaft of electric machines. The three unique operational regimes
of EM, namely constant torque, constant power, and reduced power zones,
are defined by the design decisions in machine design and electronic power

control.
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Figure 2-27. Typical EM curve with the main characteristic regions for Power

and Torque against the rotational speed. Source [139].

The rotor design is the significant distinction between different
permanent magnet motors: 1) surface permanent magnet (SPM) and 2) inside
permanent magnet machines (IPM). The SPM machines have a relatively
simple design/structure, but because the magnet is positioned on the rotor's
surface, there is a bigger air gap, which affects the machine's performance.
Even though SPM machines can be developed with concentrated windings to
obtain a much-enhanced high constant power speed range, their use in the
automotive industry is currently limited. The IPM machine and its variants
appear to be preferred for automotive traction over the SPM machine.

Hwang et al. [140] studied the effect of the rotor design of IPM. Figure
2-27 shows the designs under investigation. Figure 2-28 shows the results in
terms of torque output and efficiency. The same regions as Figure 2-26 are
seen with 70% to 95% efficiency.
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(a) (b) (d)
Figure 2-28. Shapes of Interior Permanent Magnet (IPM) rotors: (a) V
shape, (b) double magnet shape, (c) delta shape with a bar magnet in a V
shape, (d) improved shapes using a delta shape, and (e) improved shapes
using a double V shape. Source [140).
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Figure 2-29. Torque (a) and efficiency (b) compare different IPM rotor
design shapes. Source [140].

It is possible to obtain a map of the motor's efficiency by extending
the measurements to several points of torque and speed. Figure 2.29 compares
the same maximum torque of an IM and an IPM. The IPM achieves higher
zones of efficiency (over 90%). However, the IM achieves higher torque for
intermediate rotational speeds.
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Figure 2.30. Comparison between (a) Induction Motor and (b) Permanent
Magnet Synchronous Motor. Adapted from [141].

In an HEV, the net electric power is completed by the power electronic
components, which distribute the energy flow and adjust the voltage and
current. T'wo aspects that must be assessed are the stepping-up or stepping-
down of the voltage level to allow the electric power flow between components
at different voltages and the transformation of DC to AC and vice-versa. A
scheme of the power electronics in an HEV is presented in Figure 2.30.

There are still auxiliaries that work with low voltage levels (i.e., 12V),
such as the headlights, the heater fan, and the radio, among others; for this
reason, a converter to step down the voltage level of the battery pack is
needed, and a DC/DC converter is appointed this task. A power converter
modifies the amplitude and/or the frequency of the voltage and current and
ensures the bi-directional flow between electric power nets at different
voltages. The power capability of inverters is related to DC input voltage.
This is why FHEVs have electric power nets that operate in the range of 200-
400 V. A DC/DC converter modifies the DC voltage: it can reduce it (buck
mode operation) or increase it (boost mode operation). When both buck and
boost modes are available, it is called buck-boost DC/DC converter.



2.5 Powertrain electrification for CO2 and battery reduction 87

The EMs of interest for the automotive application work with AC
electric voltages and currents. The AC excites the armature windings of the
EM, according to a design control sequence, to produce a rotating magnetic
field. An inverter is needed to convert the DC voltage or current of the
battery to AC and vice-versa and control the switching sequence and
frequency of the phases of the electric machine. There are two types of
inverter: voltage-source inverter (VSI), which are fed with constant voltage,
and current-source inverter (CSI), which are fed with a constant current. The
elemental working device of an inverter is the transistor. For each of the three
phases of the EM, a couple of transistors are switched on at alternate times.

The sizing of the inverter is done by considering the desired apparent
power. If the EM has a low power factor, the inverter could be oversized in
terms of useful power output. The power factor is the ratio between active
electric power applied to the EM measured in [W] and the modulus of the
apparent electric power flowing in the circuit, measured in [VA]). The
efficiency associated is around 98% for inverters and does not have significant
variations. They are generally modeled or considered in calculus as a constant
efficiency value. This is the approach in the present Thesis.
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Figure 2.31. Typical electric power net of HEVs. HVB: high voltage battery;
AUX: auxiliaries; HV DC: high voltage direct current; LV DC: low voltage
direct current.
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2.5.4 Control strategies

In addition to the powertrain architecture, the control strategy,
responsible for coordinating the split between ICE and EMs, has a critical
role in fuel consumption and emissions output [142]. The implementation of
an additional source of energy in the powertrain gives additional degrees of
freedom to operate it. The complexity of the powertrain and the possible
operating modes which enhance the exploitation of the potential reduction of
fuel consumption and tailpipe emissions depend on the chosen architecture.
How the ICE is coupled to the wheels and the characteristics of the electric
machine/s and battery (i.e., rated power) determines how well the power
demand at the wheels can be satisfied by favoring a more efficient use of the
ICE. For a given architecture, however, it is paramount to correctly
coordinate the power demand among the ICE and EMs since the available
electric energy stored in the battery depends on its size, but also on the type
of hybridization, and it is finite, so it must be spent in the best possible way.
A PHEV can be recharged with an external electric socket, while an FHEV
does not have any external access for energy replenishing. In the first case,
the electric charge can be extensively depleted until a specific limit of the
battery SoC is reached to have a pure-electric drive.

In the second case, the electric charge must be sustained when the
vehicle is driving to keep the battery SoC around the desired level. Electric
energy is restored to the battery through electric regenerative braking and
the ICE, which needs to output extra power to fulfill this task. This
characteristic suggests that if good fuel economy and emissions reduction are
to be achieved, how the ICE and the EM jointly operate must be finely
controlled while also considering the battery's state of charge. This job is
accomplished through an energy management control strategy implemented

in a supervisory control unit.

The term “supervisory” suggests that this kind of control is put at a
higher level than the single components’ control units, such as the engine
control unit (ECU), the motor control unit (MCU), and the battery
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management system (BMS), which have in turn the task of optimizing the
requested operation for the single component: for example an ECU, according
to the driver power demand, would set the suitable injected-fuel mass,
timings and pressure, the EGR ratio, the VGT, among others, to calibrated
maps stored in its memory. There is no need for an energy management
control strategy in a conventional ICE-powered vehicle since the ICE is the
only power source: the accelerator and brake pedal’s positions translate the
driver's power demand into signals for the low-level controller of the engine
(ECU) for instance. On the other hand, is a hybrid vehicle, the driver demand
cannot directly actuate the ICE and EM, but some coordination is needed
first. Finally, the wvehicle control system would have a more complex
structure: as suggested in Figure 2.31, a multilevel hierarchical structure can
be used, which is further complicated if sub-control routines are implemented
to deal with specific operating conditions of the vehicle (i.e., coordination
level).
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Figure 2.32. Structure of multilevel hierarchical control system for MHEYV,
FHEV, or PHEV. EMC: Energy management control, ECU: Engine control
unit, EMU: Electric machine unit, BMS: Battery management system, and
BCS: Brake control system.
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Several control methods are available and can be mainly classified into
rule-based and optimal control. In brief, a rule-based control (RBC) strategy
is an ensemble of rules created to operate the ICE and EMs according to
several specifications and states of powertrain components. On the other
hand, optimization-based control (OBC) strategies are based on formulating
an analytic problem that must be optimized, to which both ICE and EM are
subject. Moreover, a control strategy must be implemented in a vehicle
control unit and performed efficiently and in real-time: this final
consideration is important to discriminate specific OBC strategies. Modern
HEVs are equipped with powerful control units to solve complex functions
installed onboard concerning computing power. A variety of tasks, from
infotainment to security and autonomous-driving capabilities with advanced
driver-assistance systems (ADAS), usually adopt artificial intelligence and
advanced analytical algorithms [143].

A detailed classification of available state-of-the-art energy
management control strategies is reported in Figure 2.32, following the recent
review of Tran et al. [144]. Apart from RBC and OBC, the proposed
classification also introduces the class of learning-based control (LBC)
strategies, which compasses all those algorithms-based machine-learning
techniques. Given the potential capability of self-adapting the powertrain to
external disturbances (i.e., power demand, weather, traffic). The principal
characteristic of these strategies is the importance of data acquisition. A
detailed powertrain model, like the case for OBC algorithms, is not needed
anymore. However, a large dataset of historical and real-time information
needs to be analyzed to interpret the performance and predict the behavior
of the power components to efficiently achieve the desired targets (i.e., fuel

consumption minimization).

Rule-based control is the most common method to implement control
rules to operate an HEV. The task is to coordinate the ICE and EM/s so
that the ICE operates efficiently and the battery SoC is maintained within
the prescribed boundaries. It is not based on any optimization algorithms.
The formulation does not require analytically modeling the powertrain (as
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for predictive model controls) but relies on engineering expertise and
intuition. A set of rules can then be designed in the fashion of a state-machine
controller (i.e., some key operational states of the powertrain are linked by
transition conditions, which depend on the status of the drivetrain). As
indicated by the map in Figure 2.32, there are two main approaches:
deterministic and fuzzy logic. In the first case, the control logic works with a
set of if-else control rules tuned using many control parameters, such as
threshold values or power limitations, that must be calibrated to achieve the
desired performance. For example, the EM/s may be activated only below a
certain speed.
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Figure 2.33. Classification of supervisory energy management system
strategies at state of the art. Source [145].
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2.5.5 Life Cycle Analysis in Transportation

Life cycle assessment (LCA) is a methodology, standardized by ISO, to
analyse the environmental impacts of products or systems [146]. In
transportation, LCA is a method to calculate and the environmental impact
of the vehicles’ entire life cycle through the raw material procurement,
manufacturing, use, recycling, and disposal [147]. Often, main vehicle
components considered in LCA estimations for the production and recycling
stages are the battery -for BEVs and hybrid electric vehicles (HEVs)-, the
powertrain system, and vehicle body. It was demonstrated that the rest of
vehicle components are relatively powertrain-type agnostic [148].

Electrified vehicles offer low or no tailpipe emissions. However, as the
direct tailpipe emissions are only one aspect of the environmental impacts of
EVs. To ensure that the promotion of EVs to reduce greenhouse gas (GHG)
emissions from transport does not lead to other undesired consequences, it is
critical to conduct rigorous, scenario-based environmental assessments of
proposed technologies before their wide spread adoption. Life cycle
assessment is the tool of choice for comparing the environmental impacts of
transportation in this work because it explicitly quantifies resource use and
environmental releases along the entire life cycle of a product. Understanding
the system-wide environmental impacts of replacing ICEVs with an alternate
technology such as EVs involves a wide range of considerations. Moving
forward, it is important to codify what is known about the environmental
impacts of electrified vehicles and to identify the most important gaps in our
knowledge which should be filled to create effective policy for mitigating the
environmental impacts of personal transportation. In addition, considering e-
fuels (synthetic fuels) as alternative or complement to the powertrain
electrification will requires the LCA calculation too. In this case, the
estimation is to quantify the CO, associated with the production of the fuel.
In particular, e-fuels main benefits are the inclusion of clean electricity and
CO; capture during the fuel production. This calculation is called Well-to-
Tank. On the other hand, the tailpipe emission is called Tank-to-Wheel.
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Figure 3.34 shows a basic scheme of the process considered in an LCA
for a vehicle [149]. In Figure 3.34 (blue arrows) the Well-to-Tank (WTT) fuel
production is shown. For the fossil fuel production, this includes crude
oil/natural gas exploration as well as further processing and transport to the
vehicle tank. With e-fuels, it starts with the construction and erection of
renewable energy plants, including the necessary raw materials, and
continues with water and CO, capture from air to produce the fuels. The
next step is Tank-to-Wheel (TTW) shown in Figure 3.34 (red arrows), which
is largely determined by the fuel, respective energy consumption of the
vehicles. Furthermore, Figure 3.34 (green arrows) shows the vehicle life cycle
(LCA). It also begins with the extraction of raw materials, further processing
into intermediate products and vehicle manufacture. The end of life with
recycling and landfilling is considered, as common for life cycle assessments
of vehicles.
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Figure 2.34. Overview well-to-wheel and full life cycle. Adapted from [149].

LCA has been widely applied to ICEVs and BEVs in the scientific
literature [23,150-153]. However, existing studies found significantly different
results due to their divergence in assumptions. Usually, main GHG emission
from the BEVs are derived from their electricity consumption and the battery
production.
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In terms of the electricity CO, associated, BEVs LCA reports available
in the literature consider average values of GHG emissions of certain regions,
typically corresponding to the average of the total electricity mix such as in
[154,155]. However, this approach does not consider the impact of the actual
increase of the demand and charging times. As an example, in 2021, the
electricity production share in Spain was 24% wind energy, 22% nuclear, 15%
combined cycle, 10% cogeneration, and 9% solar photovoltaic [156,157]. The
average GHG emissions associated to this mix was 121 gCO,/kWh. In spite
of the acceptability of this value as a reference, its direct use in LCA
calculations from BEVs can lead to wrong conclusions. To estimate more
accurately the CO, emissions associated to charging a BEV in a certain time,
the instantaneous CO; emission rate must be considered.

Koch et al. [158] showed that, for Germany, the real CO, emissions of
the electricity system may be underestimated if the average CO, emissions
are considered. Particularly, real CO, emissions (considering instantaneous
values) would outmatch those estimated using the average CO, value by
factor of two, at least, depending on the status of the electricity system when
BEVs are plugged-in. Authors used the fundamental theorem of calculus to
calculate the marginal emissions.

Burton et al. [159] studied the marginal emission in USA in passenger
vehicles. The information from the 2019 electricity grid data was used in this
study to compute the geographically and temporally resolved marginal
emission rates that capture the actual carbon emissions related to the current
use of the USA grid for electric vehicle charging or any other electricity need.
It is discovered that there is currently no data to support the claim that
BEVs uniformly reduce car emission rates when compared to HEVs, and that
they frequently produce higher greenhouse gas emissions. This suggests that
a combination of powertrain technologies is the best way to reduce emissions
from the transportation sector until the USA grid can supply electricity for
the infrastructure of the all-electric fleet and the operations of the vehicles
with a carbon intensity that produces a net environmental benefit.
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In this work, the marginal CO, emission and the average are used to
compare both approaches. In particular, the calculation is focused in Spain
during the 2019 because is the available data in terms of instantaneous
electricity production source and quantity in the all year. Spain in terms of
average year CO2 emissions for electricity production compared with the rest
of Furope is close to the average value. Therefore, is a good reference to be
associated the final results to the average behaviour of Europe.

In terms of fuels production, the TTW CO2 associated can be found in
several works in the literature [160-163]. The green fuels or synthetic fuels
uses renewable electricity and CO, capture and utilization. It is an alternative
pathway for low-carbon hydrocarbon production. In the literature can be
found a large range of values for the same fuel depends on the percentage
and type of renewable electricity source and the use of carbon capture. Some
works also includes the heat recovery in the production plant that improves
the efficiency of the process. Table 2-5 shows a summary of the literature
review values for Gasoline, Diesel, Methanol and OMEXx.

The other important aspect of LCA in electrified vehicles is the battery
manufacturing impact. Electric vehicle battery manufacturing emissions have
been studied extensively. Table 2-5 lists several research studies analysing
the emissions related to electric vehicle battery production. These studies
vary in scope and methodology, and find a range of values for electric vehicle
greenhouse gas emissions attributable to battery production. As shown in
Table 2-6 the studies indicate that battery production is associated with 35
to 494 kilograms of carbon dioxide per kilowatt-hour of battery capacity (kg
CO,/kWh) for electric vehicles. The average value of all the works is 108
kgCO,/kWh with a standard deviation of 42 kgCO,/kWh. The table
simplifies the analytical findings, which in many cases have more scenarios
and results than are basically summarized here. However, it is a good picture
of the literature values used for quantify HEVs and BEVs LCA. The wide
range of values found in these studies indicates the degree of uncertainty in
assessing life-cycle emissions and the variety of methods and materials used
in manufacturing batteries.
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Table 2-5. CO, associated to the fuel production in the literature.
Battery
Production
Fuel Year o Work Additional note
emissions
(kgCO,/kWh)
Crude oil from typical EU supply,
Gasoline | 2020 | 13.0/16.9 | [160] ypieat 25 SUPPY
transport by sea, refining in EU
marginal production), typical EU
Diesel | 2020 | 13.6/18.9 | [160] (marginal production), typi
distribution and retail
Methanol considering H, from
Methanol | 2021 | -68.3/-52.3 [161] Wind and Solar sources, Nuclear
energy and renewable electricity.
Methanol production with
(maximum) and without
Methanol | 2022 | -93.1/264.0 [162] L
(minimum) heat recovery and CO»
capture.
Aramco Analysis of e-fuels with
Methanol | 2020 | -68.1/-49.9 [163] blue, green, nuclear and bio
methanol.
Aramco Analysis of e-fuels with
Methanol | 2020 | 30.96/32.86 [163]
grey methanol.
Piped natural gas to methanol,
Wood to methanol, waste wood,
farmed wood, and waste wood via
Methanol | 2020 1.85/124.4 [160] . . .
black liquor gasification/synthesis
plant and renewable electricity to
methanol (CO; from flue gases).
Aramco Analysis of e-fuels with
OMEx | 2020 | -74.9/-47.1 [163] blue, green, nuclear and bio
OMEXx.
Aramco Analysis of e-fuels with
OMEx 2020 | 107.0/109.5 [163]
grey OMEXx.
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Therefore, the methodology used for a life-cycle assessment can greatly
influence its conclusions about the carbon intensity of batteries. An LCA can
evaluate the environmental impacts of a system using either a bottom-up or
top-down approach [164]. A bottom-up approach incorporates the activity
data for each stage of each component of a battery and aggregates these
different components. In contrast, a top-down analysis first determines the
total emissions from a plant and attributes these emissions to different
processes. Top-down inventories tend to include more auxiliary energy uses,
but they may double-count certain processes and emissions. In this context,
top-down inventories typically find higher emissions, often by a factor of two

or more.

Table 2-6. CO, associated to the battery production in the literature.

Battery
Production "
Year L. Work Additional note
emissions
(kgCO2/kWh)
The carbon footprint model of the
NCMBS811 battery from cradle to cradle
2020 91/100 [165]

is constructed based on the Gabi
software version 10.6.

Evaluate NCA, NMC and LFP
2020 75/105 [166) cathode chemistry with worldwide

energy mix.

Primary data for the assessment were
collected onsite from the two Chinese
2020 125 [167) leading LIB suppliers, two leading
cathode material producers and two

battery recycling corporations.

The low value coming from an
assumption of the utilization of zero-
2019 61/106 [168] o o
emission  electricity  for  battery

production (0 kg CO;/MWh) and the
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upper value from a fossil-fuel
electricity source (1000 kg
CO,/MWh).

Use an  attributional life-cycle

analysis, and process-based cost
models, to examine the greenhouse gas
2019 42 [169] emissions associated with producing
and recycling lithium-ion cells with
lithium nickel manganese cobalt oxide
(NMC-622).

This work use GREET® model as the
2019 42/141 [170] basis for the US, China, Japan, South

Korea, and Europe.

The CO, emission factor was
2019 121/250 [171] estimated based on various works in
the literature for LFP and NMC.

Global  Warming  potential  of

manufacturing various Lithium
battery chemistries (LFP, LTO, LCO,
LMO, NMC, NCA).

Uses China and USA grid for battery
2017 35/108 [173] manufacturing. Batteries produced in
U.S. create 65% less GHGs.

Reviews literature, concluding

2017 55,185 [172)

manufacturing energy contributes at
2017 150,/200 [174] least 50% of battery life-cycle

emissions. Assumes battery

manufacturing in Asia.

These early estimates appear to have a high degree of uncertainty and
may not correctly reflect the numerous electric vehicle battery production
facilities already in operation worldwide, according to methodological and
data input considerations [175]. There is a need for more transparent, up-to-
date inventories because the majority of life-cycle assessments only use a
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small number of primary sources for emissions inventories. As several of these
studies demonstrate, the electricity consumed in manufacturing accounts for
most of the battery carbon emissions [176]. As a result, manufacturers that
use greener electricity can dramatically cut the emissions linked to battery
production. It also matters what kind of battery chemistry was examined
because certain chemistries contain larger quantities of energy-dense metals
than others. Since there is a lot of uncertainty on how recycled materials
might alter carbon footprints, these studies also often do not include battery
recycling in their estimates [166]. The lithium-ion battery market is also
evolving swiftly, and larger, more effective facilities often produce batteries
with lower emissions per kWh [170].

Despite the LCA is an extensively used methodology to account for
CO; emission in different powertrain platforms, the final results must be
taken according to the hypothesis done during the LCA and the database
taken. The CO, associated to the battery manufacturing and the electricity
mix are the main aspects in electrified vehicles.

2.5.6 Hybrids in the Heavy-Duty sector

Several works have been published exploring the electrification of the
Heavy-Duty sector. Mainly related to trucks, there is interesting research on
the influence of the electrification level impact [177,178], powertrain
architecture [179], and driving cycles influence [180].

When applied to a Medium-Duty truck and compared to the baseline
configuration, Warey et al. [181] assess the potential of electric propulsion
systems in significantly decreasing CO, emissions. Many electric driving
combinations were tested over the combined US FTP-72 (Federal Test
Procedure) cycle and the Highway Fuel Economy Test (HWFET). Compared
to the baseline vehicle, stop-start (S/S) functionality with a belt alternator
starter (BAS) system resulted in a 2.5 percent reduction in CO, emissions.
Various electrified drive systems reduced total CO, emissions by 8.5 percent
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with a 48V PO configuration to 25 percent with a high-voltage Series-Parallel
hybrid throughout the test cycle.
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Figure 2.35. Average engine efficiency over the test cycles for different hybrid
architectures and hybridization levels. Source [181].

Over a Heavy-Duty freeway truck driving cycle, Gao et al. [179]
reported simulated fuel economy for parallel, series, and dual-mode hybrid
electric long-haul trucks (Class 8, USA classification) and a conventional
powertrain configuration powered by a commercial 2010-compliant 15-L
diesel engine. According to the findings, both parallel and dual-mode hybrid
powertrains were capable of boosting fuel economy by 7% to 8%. However,
there was no significant fuel economy benefit for the Series hybrid vehicle
due to intrinsic inefficiencies in energy exchange. There was a synergistic fuel
economy benefit for appropriate hybrids when reduced aerodynamic drag and
tire rolling resistance were combined with hybridization, increasing the fuel
economy benefit to more than 15%.
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Figure 2.36. Energy losses distribution for conventional and hybrid trucks
operating over the FDHDT cycle. Source [179).

Using numerical powertrain simulations, Mojtaba et al. [182]
calculated well-to-wheel GHG emissions, total ownership costs, and
abatement costs for 16 distinct Heavy-Duty long-haul trucks (class 8, USA
classification) drivetrains, including those powered by natural gas, electricity,
and hydrogen. For the conventional diesel, plug-in parallel hybrid diesel, and
plug-in parallel hybrid diesel, a 13L. Mack CI diesel engine was used. For the
traditional CNG, plug-in parallel hybrid CNG, and plug-in parallel hybrid
CNG catenaries, an 11.9 L, Cummins Westport CNG engine was examined.
A Panasonic NCR, 18650 lithium-ion battery pack with a 243 Wh/kg power
density, was employed. Permanent magnet motors are employed, and their
efficiency ranges from 70% to 95%. GREET was also used to estimate various
on-road and up-stream GHGs in addition to simulated CO, emissions.



102 Chapter 2

The plug-in parallel-hybrid diesel has the lowest total ownership cost
(including infrastructure expenditures) for short and long-haul operations
across a variety of drive cycles. The ownership expenses are divided by GHG
reductions to compute abatement costs ($/tonne). Plug-in parallel hybrid
diesel offers the lowest abatement cost, with negative costs on most drive
cycles using either diesel or bio-diesel. When it comes to maximum freight
loads, the plug-in parallel hybrid fuel cell and traditional diesel drivetrains
have the most capacity on short and long-haul routes, respectively.
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Figure 2.37. Well to wheel GHG (COsq g/thkm) emissions of all alternative
drivetrains with low and high carbon energy fuel supply on short (a) and long
(b) haul cycles. Source [182].

According to Lajunen's [53] research, regenerated energy has a
substantial correlation with fuel consumption, implying that increased fuel
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consumption is partly due to the necessity to break. With increasing
combination weights, the braking energy naturally increases. There is a 45—
68% variance in regenerated braking energy between the different driving
cycles. With lower weights, the difference is more significant; with larger
weights, the difference is minor.
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Figure 2-38. Higher speed (80 km/h to 90 km/h), engine downsizing (466 kW
to 410 kW) and partial load (100% to 75% payload) impact on fuel
consumption decrease for a 60-ton long-haul truck. Source [53].

Depending on the condition tested, the average reduction in fuel
consumption is between 3.6 and 4.2 percent. The operating cycles differ
significantly, especially between the 40-ton and 60-ton. The operational
cycles, which feature less hill climbing, are one cause for this. The vehicle's
working characteristics are captured by Duty cycles, including weight, route
(speed, distance, and elevation), idle, and job-site power consumption. The
significant impact of payload and the route/speed driving cycle on energy
consumption for conventional vehicles is well established. Depending on the
drive cycle, the difference in fuel consumption between fully loaded and
lightly loaded vehicles might be as much as 50%. The difference in fuel usage
between mostly urban and highway payloads might be more than 50%. Even
small upward road gradients of 3% can triplicate the power necessary to keep
a fully loaded truck moving.
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2.6 Literature review conclusions

In spite of several works that have been published in the area of Heavy-
Duty vehicles, as shown in the previous sections, there are several challenges
to be tackled in order to extend the electrified powertrain and low-
temperature combustion modes on a large scale.

It can be concluded that the Dual-Mode Dual-Fuel concept is a
promising combustion concept to face the actual and the upcoming scenarios
in the transportation sector. Nonetheless, there are still significant points to
be addressed as the system packaging, issues with the high concentration of
unburned products, and the challenges in translating the concept to real
applications. Lastly, the short-term future will require a significant reduction
of the total CO, emitted by Heavy-Duty transportation. In spite of having
similar to higher efficiency than conventional diesel engines, the concept is
still not able to provide the required reductions of 15% and 30% on the
horizons 2025 and 2030, respectively, which requires additional investigations
on techniques or fuels that could help the concept to fulfill these
requirements.

In terms of electrification, the possible improvements for vehicles that
travel long distances and primarily drive at constant speeds are determined
by changes in road elevation and the amount of braking energy that can be
regenerated. Furthermore, if the truck payload is considerable, the diesel
engines are already operating in high-efficiency regions. Thus, the powertrain
efficiency is unlikely to improve significantly. As a result, electrification
makes more sense for urban/rural small and medium Heavy-Duty trucks.
Regardless, given how much energy Heavy-Duty vehicles consume overall,
even slight increases in fuel economy might be considered worthwhile.

Energy storage (battery) shortcomings continue to be a significant
barrier to electrification, with needs in the areas of cost reduction, increased
energy density, improved performance at extreme temperatures, achieving
battery lifetimes (cycles) commensurate with commercial vehicle TCO
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requirements, and developing cost-effective end-of-life solutions. In an
application where the battery is used frequently, like Heavy-Duty trucks, the
battery's durability might be a critical aspect of the design requirements. In
addition, the large emissions produced by the battery production and the not
zero electricity grid makes small batteries used in HEVs “greener” than large
battery package as BEVs.

To expand the market, solutions that optimize the powertrain system
and controls for certain Duty cycles that would benefit most from
electrification must be developed. Methods to improve powertrain flexibility
in order to achieve high efficiency over a wide variety of operations are also
required. In addition, a new regulation in tailpipe emission requires an
advanced combustion mode together with complex ATS to achieve the
desired values in hybrid powertrains. The inclusion of synthetic fuels to
reduce carbon emissions on a WTW basis is crucial. Some specific challenges
for trucks found are listed below:

e The life expectancy of a Heavy-Duty (HD) vehicle can exceed 1
million kilometers, and the average age of commercial trucks on
the road is about 14 years. Therefore, new powertrain concepts
need to achieve the durability of a Diesel engine with a non-
hybrid system.

e The power and energy flow in HD powertrains far exceed those
of their LD counterparts: roughly twice the peak power, four
times the peak torque, and more than five times greater per-km
fuel consumption. This will require large electric machines and
battery packages.

e The HD market comprises a vastly diverse set of vocational uses
compared to the passenger car market. Therefore, to be cost-
effective for large market penetration, the powertrain needs to
be flexible.

e With high annual vehicle kilometers traveled in the HD sector
and high fuel consumption per kilometer, fuel costs will
typically exceed the purchase price of the vehicle in a few years.
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This places a high priority on the overall vehicle efficiency and
the efficiency of electrical components.

2.7 The objective of the study and proposed
methodology

The general objective of this work is to study the powertrain
electrification effect in a dual-fuel combustion concept for a truck application.
In particular, CO, emissions on TTW, WTW, and LCA basis are going to be
evaluated and compared with the commercial CDC non-hybrid truck
(baseline). In addition, pollutant emissions such as NOx, soot, CO, and HC
are considered in the different powertrain architecture calculations and
compared against the European legislation (EU VI and EU VII).

Specific objectives were defined to accomplish the general objective

that was proposed:

e To understand the potential of mild-hybrid electrification by a 48V
battery system with different e-components.

e To evaluate full hybrid electrification to achieve 2025 CO. targets
using different battery sizes and powertrain layouts.

e To analyze the potential of synthetic fuels, plug-in hybrid, and after-
treatment systems to achieve 2030 CO, savings and EU VII.

Numerical tools are used in order to model a complete truck with
different: 1) Electrification levels, 2) Internal engine configuration, and 3)
fuels. The sub-models that are part of the vehicle model are fed and validated
with experimental tools. On-route measurements of a Diesel non-hybrid truck
are used to validate the baseline 0D vehicle model in GT-Suite. This model
is later modified to simulate the above-mentioned cases. Experimental results
of the internal combustion engine test bench are used to feed the ICE 1D
sub-model and map-based ICE sub-model. Different fuels such as Diesel,
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gasoline, OMEx, and Methanol are used. In addition, a dedicated transient
test of a hybrid powertrain is performed in order to validate the ICE sub-
model. More information about the methodology is presented in the next

subsection.
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3.1 Introduction

This work aims to evaluate the potential of RCCI in different hybrid
powertrain platforms. Experimental and numerical tools are used to achieve
a virtual environment that replicates a real vehicle application. Different fuels

are tested to analyze the potential of conventional (Diesel, Gasoline) and e-
fuels (OMEx, Methanol).

The experimental campaign includes previous and new tests in an 8L
multi-cylinder engine. The previous results include steady-state calibration
of the full map with Diesel-Gasoline and OMEx-Gasoline. New tests were
performed for dedicated calibration and transient engine cycles for hybrid
powertrains.

The numerical simulation includes 0D vehicle modeling of an 18-ton
maximum payload truck with different hybrid architectures and
hybridization levels. 1D sub-models for lithium-ion cells, engine components,
and after-treatment systems were developed and calibrated. Life cycle
analysis was implemented to characterize the CO, emissions at a global
technology level.

The combination of experiments and numerical tools allows extending
the capabilities regarding the evaluation of the RCCI implementation on real
applications while reducing developing cost and time. This chapter is divided
into explaining the experimental devices and data coming from previous
works. Next, the different 0-D and 1-D simulations will be explained in detail.
A summary of the methodology section is also presented.

3.2 Experimental facilities

The RCCI concept was applied in a multi-cylinder (six cylinders in
line) 8L, manufactured by VOLVO trucks® and used in several Medium-Duty
commercial applications (Volvo FL, Volvo FE, among others) in different
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power versions (250-350 hp) as shown in Figure 3-1. Originally calibrated to
operate under conventional diesel combustion and equipped with an ATS
that allows fulfilling the current EU VI normatively. A complex after-
treatment system for each one of the engine-out pollutants: DOC (HC and
CO), DPF (Soot), and SCR+ASC (NOx, NH;) is needed. In CMT-UPV,
modifications were done to apply RCCI in the full operation regime of the
engine. The new concept was named the dual-mode dual fuel (DMDF)
combustion concept. All tests were done in a CMT-UPV test bench that
equips an active dynamometer with all subsystems to correctly provide the
services (water cooling, fuel, lubrication, among others) and measurements
(pressure, temperature, emissions). The control is performed with the original
ECU with proper modification for the dual fuel system and control injection

and air management settings.
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Figure 3-1. Mazimum power (a) and torque (b) output curve for the same 8L

engine considering different calibration setups [183].

Significant geometrical modifications were made to the original engine
to enable the implementation of the DMDF combustion concept. First, the
compression ratio was reduced from 17.75 to 12.75 by decreasing the piston
height as shown in section 2.4.1 of this Thesis. Moreover, the piston geometry
was optimized by employing CFD to realize low emissions and improve fuel
consumption. Both modifications were based on the previous work from
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Boronat [107]. The main characteristics of the engine are presented in Table
3-1.

Table 3-1. Main characteristics of the modified engine D8k 350.

Engine Type 4 stroke, 4 valves, direct injection
Number of cylinders [-] 6

Displaced volume [cm?] 7700

Stroke [mm] 135

Bore [mm] 110

Piston bowl geometry [-] Bathtub

Compression ratio [-] 12.75:1

Rated power [kW] 235 @ 2100 RPM

Rated torque [Nm] 1200 @ 1050-1600 RPM

As presented in the literature review (Chapter 2), the DMDF
combustion concept relies on using two different fuels with contrasting
reactivities, generally diesel and gasoline. Therefore, a port fuel injection
system was added, composed of six PFI injectors plus a low-pressure pump
for the low reactivity fuel (LRF). The original high-pressure piezoelectric
injector injects the high reactivity fuel (HRF). The HRF injection system is
composed of a fuel lubricated high-pressure pump (which allows achieving
injection pressures up to 2000 bar), a pressure regulator, and a common rail.
The main characteristics of the injectors are presented in Table 3-2.
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Table 3-2. Fuel injection system characteristics for both direct injection

and port fuel injection subsystems.

Direct injector Port fuel injector
Actuation Type [-] |Solenoid Injector Style [-] Saturated
Steady flow rate @ 100 Steady flow rate @ 3 bar
0 1300 ., . 980
bar [cm®/min] [cm®/min]
Included spray angle [°] | 150 Included Spray Angle [°] 30
Number of holes [-] 7 Injection Strategy [-] single
Start of Injecti
Hole diameter [pm] 177 [acr A(I)) als[{g: Cl]on 340
Maximum injection Maximum injection
2500 5.5
pressure [bar] pressure [bar]

An important feature present in the commercial engine platform is its
air management system. This comprises a turbocharger with a variable
geometry turbine and a fixed geometry compressor. The operating map in
terms of pressure ratio and reduced mass flow is presented in Figure 3-2. As
it can be seen, the compressor map presents the optimum efficiency point at
pressure ratios of 2.5 bar and reduced mass flow of 0.22 kg/s. Moreover, the
variable geometry turbine efficiently operates a wide range of mass flows
according to its vane position. This provides an additional degree of flexibility
which is beneficial in the case of having huge mass flow variations and EGR
concentrations.

The limits suggested by the turbocharger manufacturer is 3.8 bar of
maximum pressure at the turbine inlet and compressor outlet temperature of
220 °C. The turbine inlet can achieve up to 800 °C without turbocharging
damage.
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Figure 3-2. Compressor (a) and turbine (b) map for the modeling of the
turbocharger.

Following previous work of J. Monsalve [106], V. Boronat [107], and R.
Lago [108], it was demonstrated that to be able to achieve ultra-low emission
and acceptable turbocharging demands, it is necessary a low-pressure EGR
line. The use of only HP EGR would result in a lack of energy in the turbine
inlet. Consequently, the turbocharger would not be able to provide the
required boost pressure. By contrast, only LP EGR would result in an
excessive mass flow flowing through the compressor. In this case, the stock
turbocharger would not be able to deal with this mass, exceeding the
temperature at the compressor.

Therefore, the first solution implemented was a dual EGR route. This
allows controlling the turbine and compressor's energy and mass flow
balances. Moreover, the dual-route approach also enables a way to control
the temperature at the intake manifold, becoming an additional path to tailor
the mixture reactivity. The LP EGR is composed of pipes, control valves,
intercooler, particulate filter, and water filter, as depicted in Figure 3-3.
These devices are responsible for cleaning and drying the EGR flow,
eliminating both particulates and water condensates prior to entering the
compressor to avoid damage of the compressor blades. The main drawback
of implementing the LP EGR route is a large number of engine changes and
more significant difficulties in controlling the air setting than in an only HP
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EGR route. Therefore, an electrified turbocharging and a positive
displacement pump for the high-pressure EGR line are proposed in this
Thesis. The two alternatives alone and combined are evaluated in Chapter 4
as a solution to the DMDF combustion concept.
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Figure 3-3. Ezhaust gas recirculation system illustrates the differences in
removing the moisture and particles from the exhaust gases.

In terms of ATS, the commercial engine version with CDC achieves
EUVI emissions limits using a complex after-treatment system (DOC, SCR,
ASC, DPF, and Urea tank). Based on the previous results presented by R.
Lago [108], the DMDF concept should be able to realize engine out EUVI
NOx and soot emissions at engine-out. Therefore, the SCR, ASC, and DPF
systems can be removed, and only the DOC was operative during the after-
treatment test. The characteristics of both DOC are presented in Table 3-3.

Table 3-3. Diesel oxidation catalyst characteristics of the stock after-

treatment system.

DOC Parameters Value
Diameter [m] 0.266
Length [m] 0.102
Cell density [cpsi] 400
Total volume [dm?] 5.7
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In terms of emission measurement equipment, Horiba Mexa 7100 D-
EGR was installed after the turbine output (engine-out) and the DOC
(tailpipe). It is possible to measure NOx, NO, NO,, CO, HC, O,, and CO,
components. Table 3-4 relates the specie in discussion with the respective
and uncertainty associated with the

measurement principle, range,

measurement.

Table 3-4. Horiba MEXA 7100 D-EGR components, measurement
principles range and associated uncertainty.

Component Model Principle Range Uncertainty
CO ATA-31 NDIR 0-12 vol% 4%
CO, AlA-32 NDIR 0-20 vol% 4%
THC FIA-01 FID 0-10000 ppmC 4%
O, MPA-01 MPD 0-25 vol% 4%
NO/NOx CLA-01 HCLD 0-10000 ppm 4%
NO, NOx, NO, | CLA-02HV | DH-CLD | 0-10000 ppm 4%

It should be noted that the emission measurement system is composed
of sensors that deliver their result on a different basis (wet or dry). Therefore,
a regulation was proposed to establish rules that should be followed during
emissions measurement. In Europe, regulation 49 from UNECE is widely
accepted as an emission measurement guide [184]. Therefore, it was employed
to address the emission values in this work adequately. Once the raw
emissions are obtained, they can be converted to mass by employing the

general equation presented in Equation 3.1.
Emission [g/s] = yi[—]* dexnaust[9/5] 3.1

where Gexnaust 1S the exhaust mass flow rate in g/s and y; stands for the mass
fraction of each component that can be obtained by Equation 3.2.

MW,

e 3.2
M Wexhaust

Vi =X



3.2 Experimental facilities 117

Equation 3.4 can be particularized for each interest component and its
measurement basis. In addition, the values can be converted to power-specific
units diving by the power delivered in each operating condition (P). This last
parameter can be given on both a brake and indicated basis:

MWeo

_ Mco _ Xco MW o haust " Jexhaust * kw,r 93
SCO = =
p P
MWyo, . P
NO. = No. _ XNO, MW pyhraust Gexhaust * Kw,r " Knp 3./
X p 2
. oo MWy
SHC = Myc _ HC ™ MW g haust Qexhaust 95
P P kpp

Additional CO; measurement line enables the online measurement of
the EGR quantity by Equation 3.6.

CO,intakey,., — CO,ambient
EGR [%] — 2 dry 2

100
CO,exhaustg,, — CO,ambient i 3.0

Last but not least, an AVL 415S smoke meter was employed to quantify
the soot production for the different operating conditions assessed. A specific
volume of exhaust gases is forwarded to the smoke meter passing through a
clean paper filter. The blackening of the paper filter is measured using a
reflectometer and then correlated to FSN (Filter smoke Number), which can
range from 0 to 10. The AVL 415 S has a resolution of 0.001 FSN with a
minim detectable limit of 0.002 FSN. Since the normative values are generally
specified in g/kWh, the correlation presented in equation 3.7 proposed by
Christian et al. was employed to determine the volumetric soot mass
(mg/m?*). A constant exhaust gas density is used to convert it to mass basis
(mg/kg) and to allow the subsequent conversion to g/kWh [185].

1
. 4.95 - . ,(0.38:FSN) 3.7
Soot = 0405 495-FSN-e
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It should be stated that the smoke meter measurements cannot
quantify the totality of particulate matter mass presented in the exhaust
gases. Its optical measurement system is inaccurate in accounting for
condensable organics, underestimating the real particulate matter mass in
the exhaust. Moreover, the DMDEF particulate matter composition has
deviated from the CDC once the condensable organic hydrocarbons are
dominant PM mode on RCCI, affecting the accuracy of the soot estimation
for this combustion concept [186].

Figure 3-4 depicts the standard test cell configuration used during this
investigation. The test bench control was realized by employing the AVL
PUMA interface, allowing for a selection of different operating modes and
the acquisition of the most critical parameters during the evaluations. An
optical encoder AVL 364 was installed on the engine's crankshaft, which has
an interpolated resolution of 0.2 CAD.

Instantaneous pressure transducers are also employed at the intake and
exhaust manifold to capture pressure wave interactions and flow pulsation
caused by the engine operation, providing valuable information for modeling
applications. In addition, average pressure and temperature sensors are
included in different locations of interest to capture critical phenomena such
as pressure drop and flow expansion in specific devices and track the heat
transfer that occurs along the exhaust and intake lines. The test cell facility
is also fully instrumented with pressure and temperature sensors and

environmental monitoring systems.

The six cylinders contain instantaneous in-cylinder pressure transducer
(piezoelectric Kistler 6125C sensor), which are introduced to monitor the in-
cylinder dispersion from different sources as differences in empty-filling
process, air distribution, or even injection differences. Moreover, the
individual monitoring guarantees that none of the cylinders are operating
over the mechanical limitations imposed during the evaluations. Mass flow
measurement is performed through a positive displacement flow meter Elster
RVG G100 rotary meter, located at the intake runner.
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Figure 3-4. Test cell facility scheme presenting the different subsystems and
the measurement devices used to assess the DMDLFE concept on the multi-

cylinder engine.

3.3 Fuels properties and calibration maps

Throughout this work, different fuels for both low reactivity and high
reactivity applications were used to realize the fuel characteristics to deliver
the best results in both performance and emissions.

Considering LRF, most of the investigation relies on using commercial
gasoline. The properties are suitable to run in the DMDF concept with low
NOx and soot emissions. In addition, as can be found in any fuel station, the
first option to be considered if the objective is to apply the concept on a large
scale. Methanol is used to explore a synthetic fuel with the potential to reduce
CO; emissions at the WTW level. Table 3-5 presents the characteristics of
each LRF fuel.
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Considering HRF, commercial diesel was used extensively during the
investigations as a drop-in fuel for DMDF combustion. Despite this,
additional high reactivity fuels were also evaluated as alternatives to push
the combustion concept towards lower WTW CO, emissions. Specifically,
oxymethylene ethers (OMEx) were used because this fuel can significantly
reduce the CO, footprint during their production cost. OMEx allows for a
drastic reduction of soot formation compared to Diesel combustion.
Nonetheless, it has a low value of lower heating value (LHV), which increases
its volumetric fuel consumption. The low LHYV is a direct consequence of the
molecule's low carbon and hydrogen content, as almost half of it is composed
of oxygen [187]. Table 3-5 summarizes the chemical-physical properties of the

high reactivity fuels used.

Table 3-5. Physical-chemical properties of the high reactivity fuels evaluated
during the investigation.

Property Gasoline | Methanol EN 290 OMEx
diesel
Type of Fuel LRF LRF HRF HRF
Density [kg/m? (T= 15 °C) 720 792 842 1067
Viscosity [mm?/s] (T= 40 °C) 0.55 0.58 2.93 1.18
RON [-] 95.6 109 ] ]
MON [] 85.7 100 ] ]
Cetane number [-] - - 55.7 72.9
Carbon content [% m/m] 84.3 37.5 86.2 43.6
Hydrogen content [% m/m] 15.7 12.6 13.8 8.8
Oxygen content [% m/m] 0 49.9 0 47.6
Lower heating value [MJ/kg] 42.4 19.93 42.44 19.04

It should be remarked that both LRF and HRF fuels present a
significant dispersion on the lower heating values. In this sense, the brake-
specific fuel consumption can be seen as affected by these LHV differences.
Therefore, an equivalent brake specific fuel consumption (BSFC.,) was

included whenever the fuel was modified to account for these differences by
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normalizing the LHV of the given fuel with respect to its pair (gasoline for
LRF and diesel for HRF) as presented in Equation 3.8. In addition, in Dual
fuel concepts, the Premix Energy Ratio (PER) is an essential parameter for
understanding the energy amount of each of the fuels (HRF and LRF). This
parameter is calculated by equation 3.9.

Myre[g/h] - (%) + urelg/h]- (lﬁ%)
kWh] _ diesel gasoline 3.8
BSFng [g/ POWerbrake [kW]
m;rrLHV,
PER — LRF LRF 3.9

MyrrLHVyre + MyppLHV g

An extensive experimental campaign was performed in the work of R.
Lago [108] to obtain the calibration maps for the DMDF concept in a multi-
cylinder engine. The dual-mode dual-fuel combustion consists of RCCI mode
at low and medium load, and dual-fuel diffusion combustion is promoted at
high load (see Figure 3-5a). The transition zone is coupled with an
intermediate injection strategy between the modes mentioned above. The
injection strategy of the two fuels, diesel (DI, marked with green) and
gasoline (PFI, marked with blue), are illustrated in Figure 3-5a.

Figure 3-5b shows the effect of the different injection strategies in the
mixture formation on an equivalence ratio-temperature map, where the NOx
and soot formation peninsulas are highlighted. These data were extracted
from previous work utilizing CFD analysis [188]. It is important to note that
the DMDF achieved the same maximum power and torque values as the
original CDC calibration. The fuel consumption and emissions were measured
in 52 operating conditions between 950 and 2200 RPM and 15-350 hp (black
points in Figure 3-5a). The measurements of the same operational points were
repeated with the OEM configuration (CDC ICE) for a fair comparison.
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Figure 3-5. Calibration strategy with combustion types by power and
rotational engine speed (a) and example of 5 CAD ATDC local equivalent
ratio and local temperature distribution for the three phases (b).

The calibration maps obtained by R. Lago [108] for Diesel-Gasoline and
OMEx-Gasoline for the 8L six cylinders engine are shown in Figure 3-6. The
engine is calibrated up to 210 hp (60% of engine load) in full RCCI mode
and DMDF up to ~350 hp (100% of engine load) in 54 operational points.
Brake specific fuel mass consumption, brake specific fuel volume, brake
specific CO, Tank-to-Wheel, brake specific CO; Well-to-Wheel, Premix
Energy Ratio, brake specific NOx, and brake specific Soot are presented.

For Diesel-Gasoline calibration, the highest fuel economy (below 200
g/kWh) was achieved at medium load and speed due to the flexibility of this
map zone to increase the GF (>80%) and EGR rate. Figure 3-6 shows that
this zone achieved the lowest NOx value (0.2 g/kWh) with almost negligible
soot emissions. In the transition zone, see Figure 3-6, the soot emission
increases gradually with the load. However, the NOx emissions remain below
0.4 g/kWh, corresponding to the tailpipe EU VI limit for Heavy-Duty
applications. The fuel economy in this region is acceptable, with values
around 205 to 210 g/kWh. Moreover, the GF rate decreases due to the high-

pressure gradients down to values around 60%.
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Lastly, the dual-fuel diffusion zone completes the engine map up to 350
hp with lower GF rates (<50%) than the previous zone. In this zone, diesel
fuel gives the engine load instead of gasoline, as was in the RCCI and
transition zone. It is important to note that the gasoline fraction is equivalent
to the premix energy ratio due to the similar lower heating value of both
fuels. The calibration was performed in the highest load zone to achieve NOx
emissions below 2.0 g/kWh and the soot emissions below 100 mg/kWh. For
reference, the CDC calibration map achieves 9.0 g/kWh for NOx and 60
mg/kWh for soot. It is important to remark that the CR decrease strongly
affects the calibration results. For one side, it allows achieving an entire
calibration map with dual-fuel combustion and ultra-low NOx values in a
multi-cylinder engine. The in-cylinder conditions are not possible to control
as single-cylinder prototypes. On the other side, the fuel economy achieves
values close to the CDC ICE but cannot be further improved. As it is well
known, the CR directly impacts the brake thermal efficiency. In spite of this,
the differences are lower than 7 g/kWh (200 g/kWh for DMDF and 193
g/kWh for CDC). The LTC modes have large CO and HC emissions due to
low-temperature combustion inside the combustion chamber and the PFI

gasoline injection. The maps can be found in the previous work of the author
[189].

The main advantage of using OMEx-Gasoline is seen in the NOx and
soot emissions with complete fulfilling of EUVI on all maps. The BTE is
similar with some improvements in the case of OMEx-Gasoline thanks to the
higher freedom to change air management settings due to the high oxygen
content and no C-C bounds. The main drawback of OMEx substitution of
Diesel is the higher mass fuel consumption. The difference is reduced for fuel
volume consumption due to the higher density of OMEx compared to Diesel.
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Figure 3-6. Dual Fuel dual-mode brake specific consumption and emissions
for Diesel-Gasoline (left) and OMEx-Gasoline (right). Adapted from [108].

To better understand the emissions fulfillment and the power delivered,
Figure 3-7 summarizes the emission maps by highlighting the zones in which
the EU VI normative for stationary conditions is fulfilled for NOx and soot
(0.4 g/kWh and 0.01 g/kWh, respectively). The three zones defined with
dashed lines correspond to three engine calibration maps used in the different
truck platforms and the work. Heavy-Duty engine manufacturers widely use
the de-rating methodology to reduce the number of engine versions in the
different truck applications. In this work, the calibration zone in which it is
possible to achieve the EU VI NOx and soot levels simultaneously in the
whole region will be referred to as RCCI 210. The nomenclature identifies
the primary combustion mode and the maximum power output in
horsepower. One step further is the DMDF 280, being EU VI compliant only
in NOx for the complete map. Finally, the DMDEF 350 is the complete map
calibration presented above.
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Figure 3-7. Dual Fuel dual-mode EU VI normative comparison for NOz and
soot for Diesel-Gasoline (left) and OMEz-Gasoline (right).

3.4 Numerical tools

This section describes the numerical tools used for vehicle, engine, ATS,
and electric components simulations. Despite the simplifications found in 0-
D calculations, it is a powerful approach to investigating phenomena under
specific assumptions and well-controlled conditions. Moreover, it allows
obtaining a general overview of processes in a much fast time order than 1-
D and multi-dimensional approaches. This investigation uses a 0-D vehicle
model in GT-Suite (Gamma Technology®). This software allows applying
already set up sub-models for vehicle components and the flexibility to create
own user models.
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For the engine simulation, two approaches are used. A map-based
approach is used with the experimental data presented in the previous section
for vehicle simulation. GT-Power (Gamma Technology®) is used to
understand the effect of different e-components in the air management
system. This software package consists of a multi-domain approach
combining the 1-D discretization of the conservation equations by finite
volumes method with a 0-D phenomenological model [30]. These equations
are solved explicitly in the time, i.e., considering the solution field from the
last iteration during the integration and specifying a proper time step to
guarantee solver stability calling the Courant condition [31]. This software
package models the combustion chamber, cooling system, and all air inlet
and gas exhaust pipes. The ATS is also modeled with GT-Power by including
dedicated sub-models. Experimental data to adequately describe the
component operation is mandatory.

In addition, GT-AutoLion (Gamma Technology®) is used to simulate
the lithium-ion battery package and linked with the vehicle model in GT-
Suite. An electrochemical model is used to predict cell voltage, temperature,

and aging characteristics.

Lastly, an LCA database is created and directly implemented in
Matlab® to calculate each hybrid platform's modeled WTW and LCA CO,

emissions.

3.4.1 Vehicle model

The implementation of new technology in a real platform requires a
Technology Readiness Levels (TRL) 9. It is important to note that the
purpose of Technology Readiness Levels (TRL) is to measure the maturity
of technology components for a system. TRL 9 means that the subsystems,
controls, sensors, and trials are already done. Unfortunately, reaching this
level of readiness is time-consuming and expensive. Nonetheless, the concept's
potential can be proved to some extent by the technology simulation in a
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virtual platform. The vast number of tools and templates ready in GT-Suite
and the user-friendly interface allow to model complex systems in a reduced
time. Therefore, this software was employed to evaluate the developed
concept and assess the advantages and drawbacks of using the RCCI
combustion mode in several hybrid architectures and different levels of
hybridization.

This work focuses on a delivery truck representative of Medium-Duty
applications. A Volvo FL truck with a maximum payload of 18-ton was
chosen because it equips the same engine as the experimental campaign.
Table 3-6 summarizes the characteristics of the VOLVO FL truck (ICE of
280 hp). Additional details can also be evidenced in Table 3-6. The
commercial application is a non-hybrid powertrain with a manual gearbox of
six gears (Gear ratios of: iy, = 3.36,ig, = 1.91,i53 = 1.42,i54 = 1.00,i55 =
0.72and iz = 0.62). The conventional non-hybrid diesel truck model is
shown in Figure 3-8, and in this work, it will be referenced as a baseline case
for comparison. The main sub-models are the vehicle, transmission, engine,
ECU, and the driver.

Table 3-6. Aerodynamic and geometric characteristics of the VOLVO FL
280 truck. Source [190].

Truck characteristics Value

Engine / Max power [hp] MDS8 280K / 280a2200rPM
Vehicle weight [kg] 5240

Max. Cargo mass [kg] 12760

Max. Total mass [kg] 18000

Drag coefficient [-] 0.65

Vehicle frontal Area [m?] 5.52

Vehicle Wheelbase [m] 4.4

Rolling friction [-] 0.0155

Tires specification

295/80R /22.5”

Gear box models

ZF Eco Life Manual six gears

Differential drive ratio

5.29
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Overall Chassis Length (A) [mm] 9915
Wheel Base (WB) [mm] 5300
Center of Gravity (Max/Min) (Y) [mm] 1532/1283
Center of rear axle to front (D) [mm] 4709

2833

Cab 2282

A map-based approach is used to model the engine. This means
inserting the fuel consumption and emissions matrix (z-axis) with engine
speed (x-axis) and torque (y-axis) as dependency parameters. The powertrain
model will calculate the torque and speed requested, and the sub-model of
the engine will return a value of mass fuel consumption, PER, and emissions
(NOx, soot, CO, HC, and TTW CO,). Moreover, the ECU sub-model is in
charge of controlling the torque request to the engine depending on the
driver's accelerator pedal position. Also, it is in charge to control the engine
during the idle phase. The engine was controlled to 700 RPM for the cases
without a start/stop function in this work.

The driver model is in charge of calculating the forces required to
achieve the desired speed target. The forward approach is used to generate
the signals of throttle and brake pedal positions. These two signals result
from the PID control, which tries to match the target speed imposed by an
input driving cycle based on the actual vehicle speed. This approach allows
considering the component's limitations, which may hinder the capability of
the vehicle concept under test to accomplish the driving cycle. In theory, this
approach also allows simulating different driver behaviors (i.e., driving
aggressiveness) by tuning the factors of the PID controller. In the current
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study, the forward approach is used since it maintains the physical causality
of the real system. The accelerator and brake signals generated by the driver
PID controller are converted to a power/torque request, which is used to
actuate the ICE and/or EMs, according to the power ratio strategy operated
by the supervisory energy management controller.

Cd Ll
ECU DRMWER
@1' o | l‘
Y N
-1:?:.?%
TRANSMISSION
ENGINE

“VEHICLE

Figure 3-8. Numerical model of the non-hybrid truck in GT-Suite.

For each condition, an energy balance equation is solved as presented
in equation 3.10 by solving the interaction of the forces for longitudinal

analysis shown in Figure 3-9.

ma = Ftraction - Faerodynamic - Fgravity - Froll friction 3.10a
Ttrace 1
ma =—==— Echairva,,ehz — Myepgsina — c,Myepgcosa  3.10b
w

with a is the longitudinal vehicle acceleration, Ty.qq+ the traction torque
applied at the motored wheels, 1, the wheel radius, cp the aerodynamic drag
coefficient, pg;r the air density, Sy the frontal vehicle surface, vyep is the
vehicle speed, M, is the vehicle curb mass that encompasses the unloaded
mass and the passenger and cargo masses, g is the acceleration of gravity, c,
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is the rolling friction coefficient, a is the road grade. The m = M., + Ll-r]—2 is
the equivalent mass that also considers the rotating inertias. For the hybrid
cases, the extra mass related to the battery pack and EM /s will also be added
after the design phase to Myep.

Figure 3-9. Forces involved in the numerical simulation of the vehicle.

The driveshaft rotational speed wgpqr; depends on the engaged gear
transmission ratio iy for a given vehicle's speed vep. The vehicle speed is
also multiplied by the differential ratio ig;rs following Equation 3.11.

_ Uyehn . .
Wshaft = > lylaiff 3.11
w

The efficiency for all gears is assumed to be 0.97. The gearshift schedule
is set in the driver sub-model. For the non-hybrid case, the original OEM
schedule is set in which the gear upshift is at 2000 RPM. Optimization of the
strategy was implemented by assuming an automatic transmission for the
cases of the hybrid powertrain with transmission (PO and P2). The same gear
relationship that the non-hybrid case is adopted. The speed range from zero
to the maximum vehicle speed is divided into six intervals. The values for
up-shift speeds can be then regulated by means of a gear-shift coefficient ¢:
the maximum ICE speed njcgmayx is known to be 2200 RPM therefore the
ICE speed at the moment of the gear shift n;cg yp—snire can be tuned. At this
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point, as the transmission ratio for each gear and the differential ratio are
known, the vehicle speed for each gear shift vyp_gpirrr With k the gear
position (from 1 to 6) can be calculated with equation 3.12b. The down-shift
speed is set to 4 km/h slower than the up-shift speed to avoid frequent shifts

equation 3.12c.

NicEup-shift = ¢ * NicEmax 3.12a

. 27TnICE,up—shift
Vup-shiftk = %WT‘W 3.12b
Vdaown-shiftk = Vup-shiftk — 4 km/h 3.12¢

The 0D-vehicle model with all the powertrain components was
compared against on-route measurements to ensure that the model replicates
the behavior of the real vehicle. Volvo Group provides the data of a
commercial FL 18-ton non-hybrid diesel truck platform with torque
measurements in the ICE and output of the transmission, gear position, fuel
consumption, engine data (rotation speed, driver acceleration demand), and
GPS data (speed, acceleration, altitude) against the time. Figure 3-10 shows
the truck platform with the different measurement sensor positions. The
torque measurement in the ICE and transmission output axle allows for
calibrating the transmission and clutch losses and the transient behavior of
the components. The fuel consumption was compared against the simulation

results.

The model calibration checks the vehicle information collected and
shown in Table 3-6 to adjust the power losses. The measured map of fuel
consumption with the 54 operative points for CDC in the CMT-UPV test
bench was used for the ICE modeling. On one side, this allows validating the
map-based approach, and on the other side enables us to understand if the
test bench replicates the Volvo On-road measurements. This same test bench
was used for the RCCI maps presented in the previous section. Figure 3-11
shows the instantaneous and accumulated fuel consumption mass of diesel
with the experimental and simulation results for a custom driving cycle called
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the Local cycle. The model allows a reasonable agreement regarding total fuel
consumption with a deviation below 2%.

Moreover, Figure 3-11 shows a good agreement in the transient
behavior with similar peaks. The rest of the cycles show similar agreements
and are not included for the brevity of the manuscript. It is important to
note that the emissions measurement was not available. Therefore, this was
not possible to compare this truck platform. A previous work [130] compared
a Light-Duty Euro 6 diesel engine with a similar modeling approach in
transient conditions. In particular, the WLTC cycle was studied with a
difference between numerical and simulation results below 4% for NOx

engine-out emissions.

Torque Torque
Measurement ICE Measurement Axle

GPS data Gear Position Fuel Consumption Measurement

Figure 3-10. FL 18-ton CDC mno-hybrid powertrain layout and sensor

position for on-route fuel consumption measurements
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Figure 3-11. Total and rate of fuel consumption against time for the Local
Hilly driving cycle measured with the FL 18-ton CDC no-hybrid truck with
50% of payload.

After the good agreement between the experimental results and the
conventional vehicle simulation model in terms of vehicle forces and fuel
consumption, the hybrid powertrains were built on the same model basis but
with all the electric components and new controllers. In addition, the ICE
maps were substituted by the RCCI ones. These models are presented in
detail in the results chapters.

Transient experimental campaign was performed with the RCCI engine
configuration to compare the 0D engine numerical model and the
experimental results. In particular, a Series hybrid powertrain was simulated
to compare the emissions of the engine-based map approach for RCCI with
experimental data. This type of powertrain allows operating in soft transient
steps in the engine instead of fast transient changes as a non-hybrid or
parallel hybrid. Therefore, the homologation cycle for HD (WHVC) was
tested in the experimental test bench with the FL 18-ton truck with a Series
hybrid architecture. Three power steps for the ICE were set depending on
the battery's state of charge and the vehicle speed. A detailed explanation of
this architecture and the control strategy is explained in detail in chapter 5.
However, the ICE emissions results are used to validate the map base
approach used in this section. A summary of the approach is depicted in
Figure 3-12.
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The instantaneous emissions values are presented in Figure 3-13 for the
WHVC with a 50% payload. CO, tailpipe emissions (Figure 3-13a) are
calculated by the Diesel-Gasoline carbon emission and the fuel consumption
values. Therefore, the agreement is almost perfect due to the imposed
injection settings for both fuels. Figure 3-13b shows that the model
overpredicts the emissions values in almost all conditions for NOx emission.
This is mainly to a lower combustion chamber temperature due to the
start /stop. After 120 s, the emission achieves the stationary value in which
the model sets the step value. The HC and CO show inverse behavior. The
model underpredicts the emissions values. This is a consequence of the
different mechanisms responsible for each emission formation. In the RCCI
combustion, CO emissions are mainly produced in rich zones, where there is
insufficient oxygen to oxidize the CO to COs. Lower temperatures may reduce
the reaction rates of the oxidation paths, but this mechanism does not seem
to be affected in this case since the CO emission is like those of the simulation

cases.
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Figure 3-12. Testing methodology scheme (a), operational conditions marked
in red over the calibration map for tank-to-wheel (tailpipe) CO; with RCCI
diesel-gasoline (b), and Series hybrid optimum ICE load requirements at 0%,
50%, and 100% payload in the WHVC under diesel-gasoline RCCI Series
hybrid.

On the other hand, HC emissions are significantly increased compared
to the simulated cases. This effect can be attributed to the HC formation
mechanism in RCCI combustion. Since a high quantity of fuel is injected
employing port fuel injection, it tends to be directed towards the piston
crevices during the compression stroke, where it cannot be burnt due to the
high heat losses near the cylinder wall. The low cylinder block temperatures
enhance the heat loss process, hindering fuel oxidation. This effect reduces as
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the cycle approaches the final phase, where the engine is close to warm
conditions. At this period, the instantaneous HC production is like that
obtained with the steady-state calibration.
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Figure 3-13. Experimental ICE test bed versus simulated ICE 0D wvehicle
model results in instantaneous emissions. WHVC with 50% payload Series
hybrid RCCI.

The instantaneous results from fuel consumption and emissions were
integrated concerning time to deliver the evolution of the cumulative profiles,
allowing us to quantify the differences at the end of the transient cycle (see
Figure 3-14). Fuel consumption results have demonstrated high similarity
between the experimental and simulated values, attributed to the similar
consumption of low and high-reactivity fuels. By contrast, emissions have
demonstrated higher deviation due to the wall temperature and the
combustion process in their formation compared with the steady-state
conditions. NOx emissions presented a total deviation of 24% at the end of
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the cycle, which is attributed to the delayed combustion process and low
combustion chamber temperature. The differences are steeply increased
during the cycle, as can be observed in Figure 3-14c and Figure 3-14d. The
CO emissions present the major differences at the end of the cycle because of
the difference in the operating condition with 50% of engine load.
Nonetheless, the differences were around 7%, considering the final cumulative
results. HC emissions have the opposite trend than NOx, with an
underestimation of the numerical calculation totalizing more than 23% of the

difference.
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Figure 3-14. Experimental ICE test bed versus simulated ICE 0D wvehicle
model results in cumulative emissions. WHVC with 50% payload Series
hybrid RCCI.

The same simulation methodology was applied for two other payloads
(0% and 100%), enabling a comparison of the differences between the
simulation and the real driving conditions for a broad set of operating
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conditions. The results are presented in Table 3-7. It is possible to see that
the increase in payload reduces the fuel consumption and emissions
differences. The closest results are the fuel consumption (equivalent to the
tailpipe CO, emissions) with a maximum difference of 3.6% at an empty
truck. The simulation always underpredicts the experimental measurement.
This behavior is attributed to the lower engine temperatures, increasing the
required fuel to achieve a similar brake torque. In terms of pollutant
emissions, the NOx and CO are over-predicted.

Meanwhile, the HC levels are under-predicted. The lower engine
temperatures change the combustion parameters and combustion chamber
temperatures. The NOx strongly decreases the prediction differences between
30% and 3% due to higher engine use requirements, increasing the overall
cycle operation temperature. The HC emissions present similar behavior but
only achieve a minimum of 10% at full payload. The CO shows the most
stable measurement with average differences of around 5.5% for all payloads.
An in-depth evaluation by the author was performed in [191].

Table 3-7. Comparison of experimental ICE test bed versus simulated

ICFE 0D vehicle model results in cumulative fuel consumption and emissions

in grams and percentage differences. Case WHVC with 0%, 50%, and 100%
payload Series hybrid RCCI.

NOx [g] HC [g] CO [g]
Payload : : : : : :
Exp | Sim Diff Exp | Sim | Diff | Exp | Sim | Diff
0% 1.74 | 2.50 | +30% | 59.5 | 41.0 | -31% | 123 | 132 | +7%
50% 2.97 | 3.88 | +24% | 80.5 | 62.1 | -23% | 190 | 203 | +7%
100% 511 | 529 | +3% | 92.7 | 83.1 | -10% | 244 | 254 | +4%

3.4.2 Internal combustion engine model

In general, numerical vehicle models use map-based due to the low
computational cost and the accurate global results. In this type of approach,
the main assumption is that the transient behaves as the stationary
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condition. However, if the objective is to test new elements in the engine, for
example, an electrified turbo, this approach is not the right approach for the
evaluation. In this Thesis, three electrified components (e-components) were
tested to improve the air admission (electrified turbocharging), the HP EGR
line (electrified positive displacement pump), and the DOC heating time
(electrified heater catalyst). To be able to model and test the RCCI
combustion concept, it was necessary to calibrate a 1D engine model. This
was performed in GT-Power, and the starting point was Volvo's conventional
diesel combustion (CDC) MD8 GT-Power model version.

The experimental test is used to build a multi-cylinder engine model to
predict engine performance, fuel consumption, and air management behavior.
The emissions are not considered in this model and directly used the
experimental measurements as output. All air management systems,
combustion chambers, and engine crank trains, among others, are modeled.
36 of the 56 calibration points are taken for this evaluation to reduce the
computational time. Figure 3-15 shows the selected operating conditions in
engine speed and brake power output.

B i pakzso =TT 1

--- pek2s0 T . .

3004

N
15
(=}
.,
A
.
1
1
3
.

Power [hp]
N
5]
\

=
w
<

100 =

504 . . .
. .

1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]

Figure 3-15. Engine calibration map with the 36 operative points and test
matriz for e-components calibration.
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Figure 3-16 shows the GT-Power numerical model for the DMDF Volvo
engine. As can be seen, this model contains the HP EGR loop with the heat
exchanger, valves, and pipes. In addition, the LP EGR loop is also modeled
and connected after the turbine to the intake. All the pipes section and
longitude are experimentally measured. The turbocharger was experimentally
characterized by the OEM and previously used in the CDC model. This work
adapted DMDF combustion by adding the LP EGR loop and the new
experimentally measured heat release rate for this specific LTC combustion
mode. Also, the instantaneous pressure and temperature measurements are
used to calibrate the model.

The LP EGR loop comprises the DPF, heat exchanger, and pipes that
model the experimental test bench loop. The combustion process is controlled
by imposing the average six-cylinder combustion rate (1/CAD) for each
operative condition. This parameter is calculated by obtaining the heat
release rate (J/CAD) and normalized by the total fuel heat release energy (J).
Figure 3-17 shows an example of the fuel-burning rate for different engine
operative conditions. This data is inserted in the combustion element of the
GT-Power combustion chamber sub-model.

It is important to note that to speed up the simulation process, the
heat exchangers are modeled as a heat transfer coefficient with a PID to
enhance the cooling ratio to meet the experimental mean flow temperatures.
A PID is included to control the VGT position in terms of air path
calibration. A signal of intake air pressure at the entry of the cylinder
collector is put as the control variable and the experimental pressure as a
target. The VGT is varied between 0-1 to find the best calibration. In
addition, a supplementary PID is set to control the exhaust back pressure
just after the LP EGR loop in an exhaust valve equal to the experimental
engine set up. Lastly, another two valves are controlled with a PID to
regulate the intake's HP EGR and LP EGR exhaust mass. Each valve is
inserted in the respective line. These four PIDs are optimized to calibrate the
engine model to match the experimental data.
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Figure 8-16. 0D-engine model for the DMDF ICFE configuration with LP and
HP EGR lines.
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Figure 3-17. Combustion rate profiles were obtained experimentally with
Diesel-Gasoline multi-cylinder engine for the GT-Power 1D model. Example
for 25% load (a) and 50% load (b) for 950, 1500 and 2000 RPM.

The air management loop is adjusted to fit the experimental in-cylinder
pressure, as is shown in Figure 3-18 to Figure 3-20. The same is repeated for
the 36 operative conditions. Figure 3-21 shows that the IMEP and BMEP
prediction agree with experimental data (R2 > 0.9). The same agreement is

also seen for turbine parameter as inlet pressure and temperature, as shown
in Figure 3-22.

From this model, the work to be performed in Chapter 4 will be to
modify the system to adapt an electric motor to the turbo compounding shaft
(e-turbo), remove the LP EGR, and include a positive displacement pump
(e-EGR pump) in the HP EGR line.
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Figure 3-18. Pressure-volume diagram including the experimental and

simulation traces for 950 RPM of engine load for the DMDF LP+HP EGR
configuration.
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Figure 3-19. Pressure-volume diagram including the experimental and

simulation traces for 950 RPM of engine load for the DMDF LP+HP EGR
configuration.
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Figure 3-20. Pressure-volume diagram including the experimental and

simulation traces for 950 RPM of engine load for the DMDF LP+HP EGR
configuration.
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Figure 3-21. Experimental versus simulation results of the 0D-engine model
for DMDF LP+HP EGR configuration in terms of IMEP (a) and BMEP (b).
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Figure 3-22. Experimental versus simulation results of the 0D-engine model
for DMDF LP+HP EGR configuration in terms of turbine inlet (a) and

outlet temperature (b), and turbine inlet pressure (c).
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3.4.3 Aftertreatment system model

Only the DOC was left in the ATS system due to the ultra-low NOx
and soot emissions. A 1D numerical model in GT-power was used by coupling
the engine-out pipe to a catalyst sub-model to model the DOC. The oxidation
catalyst reactions were solved using the Sampara et al. [192] mechanism. This
model consists of two different parts. First, the geometric characteristics such
as wash coat width, length, and channel density, presented in Table 3-3, are
defined in the OC object. At the same time, the chemical reactions from the
chemical kinetic mechanism are specified in the reaction mechanism object.
The concentration specification at the oxidation catalyst inlet was
determined considering the approach proposed in [193], considering the most
11 representative species.

The global chemical kinetic mechanism requires a previous calibration
using six operative conditions (7able 3-8) to obtain the Arrhenius
parameters, such as the activation energy and pre-exponential factor. The
optimization process was performed using a genetic algorithm searching
approach. More information about the calibration process can be seen in [86].

The calibration and validation process results are presented in Figure
3-23. It is possible to see a good agreement between the predicted and
experimental conversion efficiency results for both HC and CO species. The
higher deviations in CO conversion efficiency compared with HC are justified
by the sensibility of this specie to the temperature.

Additionally, the HC conversion efficiency is a consequence of both low
reactivity and high reactivity hydrocarbon, enhancing the mechanism's
performance in harsh conditions. The highest deviations are shown in
temperatures lower than the light-off conditions. These conditions are
generally representative of low load conditions, where the cyclic variability
of the engine may produce a significant variation in the exhaust gas
composition. Despite the low deviation, the HC and CO emissions are slightly



150 Chapter 3

overestimated in the validation process for low temperatures. Therefore, this
allows the model to report the results on the safe side.

Table 3-8. Operating points for the OC model calibration and validation.

Op. | Engine | BMEP | Exhaust | Temp | HC CO | HC | CO

Point | Speed gas engine- conv | conv
mass out eff eff
- | [RPM] | [bar] | [g/s] °C] | [ppm] | [ppm] | [%] | [%]
Cal 1| 1200 2.15 43.5 176 432 | 2436 | 42.8 | 12.0

Cal 2 | 1200 5.66 57.5 256 3912 | 1420 | 96.5 | 99.9
Cal 3| 1500 5.74 76.9 273 3432 | 1737 | 96.8 | 99.6
Cal 4 | 1800 2.10 75.7 208 742 | 1433 | 89.9 | 99.7
Cal 5| 2000 1.91 81.0 214 720 | 1501 | 91.6 | 99.7
Cal 6 | 2200 1.78 85.3 227 329 | 2335 | 92.2 | 99.8

Val 1| 1500 2.1 04.7 191 1599 | 2467 | 43.0 | 19.5
Val 2 | 2000 2.0 80.6 217 268 | 1781 | 87.3 | 99.8
Val 3| 1200 5.6 99.1 282 3890 | 1118 | 98.0 | 99.8

Val 4| 1800 5.4 91.4 287 3613 | 2108 | 97.1 | 99.7
Val 5| 1500 7.8 76.2 287 977 | 1536 | 97.9 | 100.0
Val 6 | 2200 4.6 118.9 296 4054 | 2953 | 96.5 | 99.4
Val 7| 2000 4.7 98.5 302 4482 | 2856 | 97.0 | 99.4
Val 8| 2200 8.8 169.0 327 1606 | 1389 | 96.6 | 100
Val 9| 2000 9.7 151.8 342 1404 | 952 | 97.7 | 100
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Figure 3-23. Experimental versus simulated conversion efficiencies for (a)
unburned hydrocarbon and (b) carbon monozide, considering the calibration
and validation operating points.

In addition to the steady-state calibration, further verification was
performed considering transient conditions. In this sense, the experimental
results from previous experiments were used as boundary conditions to assess
the capability of the model to reproduce the conversion efficiency of the
experimental oxidation catalyst. The results of this evaluation for both HC
and CO emissions are depicted in Figure 3-24. As it is shown, it is possible
to obtain an accurate description of the conversion efficiency at transient
operation at most of the time evaluated. The highest differences are evidenced
at 400 s. This zone represents the time in which the engine speed is modified
in the experiments, modifying the exhaust mass flow and the exhaust
temperatures. Since the thermocouples are not designed to capture this
thermal fast thermal transient, they may lead to a delay in the temperature
reading, which is the main reason for the difference observed. The delayed
reading of the thermocouples can be observed in Figure 3-25, where the
simulated and experimental results of temperature are depicted. As can be
seen, the thermal model of the oxidation catalyst can describe the
temperature variation at most of the transient steps.
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The described DOC model is used to evaluate the HC and CO conversion
efficiency in a hybrid architecture. Due to using a battery pack, a DOC
electrified solution is tested to improve the warm-up phase. This element is
a heater that heats the exhaust gases before the DOC and is known as an
electric heater catalyst (EHC). This element will be virtual tested in Chapter
4 and Chapter 5 for PO and P2 hybrid architectures.
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Figure 3-24. Engine speed and torque evaluate experimental and simulated
conversion efficiency (a). Comparison between experimental and simulated

conversion efficiency for unburned hydrocarbons (black) and carbon
monozide (blue) (b).
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Figure 3-25. Inlet temperature and comparison between experimental and
stmulated temperature results at the DOC outlet.

3.4.4 Electric motor model

A detailed analysis of different electric machines was done in Chapter
2. As mentioned, an electric machine (EM) is a device that converts electrical
power into mechanical one, and vice-versa. The EM acts as a motor and
outputs positive power in the first case. In the second one, it acts as a
generator and produces negative power. In addition, the EM can operate with
both negative and positive angular velocities. Therefore, the speed-torque
operating point can be described on a four-quadrants map. Three zones and
four characteristic points can be distinguished (see Figure 3-26), analyzing
one of the quadrants.

The typical performance of an EM is characterized by constant torque
from zero speed until the “base speed” (speed value after which the torque
output of the EM decreases). Next, the torque decreases at higher speeds,
but the power is constant till the maximum EM speed. At higher speeds than
the maximum/critical speed, the power decreases due to too high a back-
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electromotive force. Flux weakening is the control method used in alternating
current EMs to keep the voltage below the rated voltage.

The torque characteristic curve is attractive for HEVs and EVs since
high constant torque is required at low speeds to start the vehicle, win the
static friction, and uphill driving, while constant power is desired at high

speeds.

o Rated Speed
e Max Speed
e Max Const Torque

o Max Int Torque

Intermittent Zone

EM Brake Torque [Nm]

Constant Torque Constant Power

1
EM Speed [RPM]

Figure 8-26. Map characteristic zones and points for a PMSM in brake torque

output and rotational speed.

Additionally, the performance of an EM has two operation limits.
Usually described as 1) Continuous rating: rated power operating region and
2) Intermittent overload operation: the power output is greater than the
continuous rated one, but the EM can operate in this regime for a reduced

time.

One of the most critical parameters is the conversion efficiency from
electric to mechanical power and vice versa. The efficiency in EM is defined
by equation 3.13a. Additionally, also the power electronic efficiency (i.e., the
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inverter 1) could be included and integrated into the previous equation by
3.13b.

Pout
n=—-——— 3.13a
Pout + Plosses

fiem = NEmNinw 3.13b

where P,,; is the mechanical power at the EM rotor and Pj,gc.s accounts for
the electromagnetic efficiency of the machine due to iron losses, copper losses,
and permanent magnet losses that depend on the flux density amplitude and
the current frequency; the mechanical efficiency is due to friction losses.

Efficiency maps are commonly used to illustrate the performance of
electric machines. They are contour plots of the maximum efficiency on axes
of torque versus speed. Efficiency maps show the capability envelope of the
machine and the maximum efficiency at all possible operating points. In
addition, efficiency maps are usually used for vehicle modeling due to the low
computational cost and high precision of the global vehicle powertrain
efficiency results [194,195]. This approach is suitable when aspects like the
electronic control of the EM and the thermal management are not
investigated.

In this Thesis, the efficiency map and the torque limits are inserted in
a map-based model similar to the ICE model. The EM sub-model is in charge
of calculating the conversion efficiency depending on the speed and torque
requested. In addition, the limits of the delivered power depend on the limit

torque curve.

When the operating torque-speed points for the EM are mainly
distributed in the low-medium speed range, then the permanent magnet
synchronous motor (PMSM) is the ideal choice. This is the case for the most
widespread HEV architectures. Moreover, packaging could be an issue in
HEV due to the additional components (ICE, transmission). The higher
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power density of PMSM is definitively a plus. In addition, as was shown in
Chapter 2, the most employed motor in transportation is the PMSM.
Therefore, this type of motor for the HEV analysis is chosen.

Table 3-9. Electric motor main characteristics. Source [196] and [197].

Parameter Unit HTM-3500 |  Lexus LS 600
Type of Motor [-] PMSM

Maximum Power kW] 400 100
Continuous Power kW] 210 60
Maximum Torque [Nm] 3500 400
Continuous Torque [Nm] 1500 230

Maximum Speed [RPM] 3500 10000
Diameter [mm] 540 200
Width [mm] 251 135
Weight [kg] 195 47
Weight Density [kW /kg] 1.07 1.27

The map of Figure 3.27 is used when traction power at low rotational
speed but high torque output has required. On the other hand, Figure 3.28
shows an efficiency map for a PMSM of 50 kW of continuous power. This
map will be used for cases where high-rotational speed (>6000 RPM) and
low torque are required. The first map is representative of the Heavy-Duty
application for BEVs trucks. The second map is used in power-split
architecture such as Lexus or Toyota models.



3.4 Numerical tools 157

HTM-3500 Eff [-]
3000 0.96
E 2000 A 0.86
2
1000 -
5 0.76
s
] 0 1
o 0.66
o
—1000 A
-}
o 0.56
—
2 2000
0.46
—3000 A
0.36

0 500 1000 1500 2000 2500 3000 3500
Rotational Speed [RPM]

Figure 3.27. Efficiency map of a PMSM electric machine for Heavy-Duty
vehicles HTM-3500. Only the first and fourth quadrants are shown. Adapted
from [198].
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Figure 3.28. Efficiency map of a PMSM electric machine for high-speed

requirements. Only the first and fourth quadrants are shown. Adapted from
[197]
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The EM can be sized according to the design torque output or
maximum power. Several works applied a re-scale of the efficiency map by
multiplying the output torque of a base experimentally measured EM by a
scaling coefficient. One of the problems of this methodology is the loss of real
behavior. Typically, up-scaling means better efficiency than down-scaling, as
shown in Figure 3.29. However, due to the lack of several EM efficiency maps
depending on the motor size required, the re-scaling approach is used with a
representative EM map.
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Figure 3.29. Effect of length-scaling on electric machine maximum torque
characteristic. The plot shows three lengths, referred to as the baseline dashed
blue line. Source [199].

The power scaling of the EM is done by multiplying the maximum
torque output at each speed by a multiplier coefficient, which becomes a
design parameter used in the powertrain components' optimal sizing phase.
This is also consistent with the procedure described in [199]: it is explained
that manufacturers do electric machine power scaling by changing the length
of the machine, that is, scaling the length of the iron core, which is due to
economic reasons. Thus, the cross-section of the EM remains unaltered, with
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the voltage rating and maximum current density, but the maximum torque
output is proportionally linear to the length scaling factor. In addition, the
mass of the EM is calculated assuming the gravimetric power density of Table
3-9.

3.4.5 Lithium-Ion battery model

Different modeling approaches for battery cells can be found in the
literature. Simple resistance circuits are used to attain a global description of
the electrical properties of the system. Nonetheless, they are not able to
capture the hysteresis of the system. A further step towards accurate models
comprises the addition of a Thevenin resistance-capacitance branch, which
benefits the model to follow dynamic conditions, mainly at load pulses [200].
Finally, electrochemical descriptions account for a conservative description
obtained through differential equations [201]. Figure 3.30 shows a schematic
of the different modeling approaches used for battery operation description.

Simple resistance circuit Resistance-capacitance circuit Electrochemical

R R,
R, R, Eleclro\yle\
okl Eharée
a G b

w (008
olll Ty
il Dichatge | | {
Cathode Separator Anode

(a) (b) (c)

Posilive Collector

i

Figure 3.30. Scheme representing a conceptual description of the different
approaches used for battery modeling: resistance (a), resistance-capacitance
(RC branches model) (b), and electrochemical (c).

The electrical circuit was built starting from the cell model and then
expanded with several cells in parallel and series arrangements. In order to
understand more about the different approaches, details about RC branches
and electrochemical models are addressed.
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The equivalent internal series resistance model (Figure 3.30a) correctly
models the polarization effect, that is, the departure of the cell’s terminal
voltage V (equation 3.15) from the open-circuit voltage (OCV), hence it is
good for modeling the instantaneous response of the cell to a change in input
current. The resistance (Ri,¢) as well as the OCV depends on the state of
charge (SOC) status and the temperature.

V() = 0CV(SoC(t),0(t)) — Rint(SoC(t),6(8))I(t) (3.14)

However, when a cell is subject to a current, it exhibits a non-
instantaneous/dynamic response. When a current load is applied to the cell,
its voltage V decreases below the open-circuit voltage OCV, but when it is
unloaded, it does not instantaneously return to OCV. This behavior is due to
slow diffusion processes in the cell. Thévenin circuit model, which adds a
resistance-capacitor (RC) branch, is suitable to also consider this

characteristic (equation 3.16) by the V.
V() = 0CV(SoC(t),0(t)) — V1 (SoC (1), 8(t)) — Rine(SoC (1), 6(t)) 1(t)(3.15)

Given the characteristic relation between the capacitor and the current
balance at the RC branch:

Ic1 () = Ci Ve (D) (3.16)
Ve1(t) = Rylg. (D) (3.17)
Iy (®) + CVeq (8) = 1(D) (3.18)

The following set of equations describes the Thévenin model with 1 RC

branch:
( dsoC(t)  I(®)
T = —Tc T
U dn® 10 = In® (3.19)
I dt ~ RiC
W () = 0CV(£) = Rylgs (£) = Rinel (£)



3.4 Numerical tools 161

Often, an additional RC branch is added in series to one of the original
Thevenin models [202], to simulate the so-called Warburg impedance, further
improving the voltage response approximation [203,204], as shown in Figure
3.30b. This model also allows adding a thermal cell model to calculate the
cell surface temperature depending on the heat exchanged with air or the
thermal management system (cooling or heating device). However, in this
Thesis, the cell temperature will maintain constant and similar to the
ambient temperature. As thermal management is not the focus of this work,
this simplification emulates a suitable heat exchanger. In general, the RC
branches model is calibrated (OCV, R, Ven) by constant current discharge
and charge as well as dynamic current profiles. Hybrid Power Pulse
Characterization (HPPC) testing is a common approach because incorporates
both discharge and charge pulses that take place at various SOC, and which
can be performed under various temperature stressors and current loads.

The electrochemical model is based on the conservative nature of
electric charge that allows devising transport equations for this property in
each of the elements that compose the battery, such as the solid and
electrolyte phases (Figure 3.30c). Newman's work [141] provides a complete
description of the equations. Herein, only a summary of the most relevant
equations for the species and charge conservation are presented. The set of
equations presented in Table 3-10 allows to precise the behavior of an
electrochemical cell concerning its assembling characteristics and materials.
It is possible to use a dedicated battery sub-model in GT-Suite by adding the
GT-AutoLion license. It incorporates different materials to model several
cathodes, anode, and electrolyte chemistries, as well as all the equations and
the solver. The main task is to calibrate a large number of parameters in
order to have an accurate model at different current, temperature, and SOC

conditions.
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Table 3-10. Electrochemical lithium-Ion cell equations in GT-Autolion.

Description Governing equations
Solid-phase: conservation dcs  Dg 0 ¢, 0c (3.20)
of Li* 9, r2a,\" or
Electrolyte phase: a 0 ( orpllcyy 1—1t9 (3.21)
conservation of Li* ER [ec] = 0. (D 0x ) * F J*
Solid-phase: charge
conservation i(o_eff B(bs) _ili_g Ca((l’s —Pe) _ 0 (3:22)
a\% Qy)~J) TG ar
Electrolyte phase: charge 9 (keff %) + 9 (k;ff %) 4 jLi (3.23)
conservation 0x 0x 0x ‘z(’; " b '
C S e — 0
+ [*¥1] x
aF Rser
7 = aciofexp [725 (1= 227

Electrochemical Kinetics a SF R (3.24)

—e [ (1= 2]

R,T as
Overpotential n=¢s— ¢, —U (3.25)
R

Voltage V= ¢(x = Leoy) — ps(x =0) — 701 (3.26)

—&a\¢
Reaction surface area as = ag [1 — (80 S) ] (3.27)

: )
. da(c,T
Energy conservation % = —hQAceu(T — Tamp) + Qgen (3.28)
. du

Heat generation Qgen = U -V) - ITE (3.29)

with gy solid-phase conductivity, €, specific heat, h heat transfer coefficient,

T temperature, F Faraday's constant, eff defined as an effective parameter,

¢, solid-phase potential, ¢, liquid phase potential, jLi

reaction current of

lithium, ag4; specific interfacial area, C specific capacitance, x the distance in

the thru-plane direction,

j!¢charge transfer, a; volume-specific reaction

surface area, i, exchange current density, @ charge transfer coefficient, R,

universal gas constant, Rgg; resistive film layer, n over potential, U open-
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circuit potential of the solid, and € porosity. This model can also model aging
by activating the degradation of the materials. As it is not the focus of this
work, the aging parameters are disabled, and the model represents the
condition of pristine cells.

Both models need to be calibrated by tuning several parameters in
order to be able to predict the cell behavior (terminal voltage, SOC, etc.).
The main advantage of the RC branches model is that it reduces the
computational effort to solve the equations and fewer parameters to be
calibrated. On the contrary, the main drawback is the no prediction of aging
and material conditions. The electrochemical model has the opposite
characteristics. In this work, the RC branches are preferred as the focus is to
model the vehicle model efficiencies accurately, powertrain capabilities in
terms of power, and hybrid operational modes. However, as the best available
data was found to be more accurate in calibrating an electrochemical model,
the following methodology was proposed:

1) Create and calibrate an electrochemical model for the cell.

2) Obtain an RC branches model by the use of the previous calibrated
electrochemical model.

3) Create a battery pack model by using the RC branches model in series
and parallel connections.

A summary of the three steps is depicted in Figure 3.51.

Step 1 Step 2 Step 3

RO}
. z
Electrochemical
Madel = o
| oo

Electrochemical = RC Branch
Cell OCV, R, C characterization Model Model

;

Figure 3.31. Steps in order to obtain the RC branches parameters from the
electrochemical model.
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Before calibrating the model, selecting the most suitable cell for the
xHEV application is necessary and finding the necessary experimental
information. For MHEV and FHEV | it is necessary to have a cell with a high
specific power capacity (kW /kg). Because in the general small battery pack
(low amount of cells) is used. Therefore, the maximum current to charge and
discharge is crucial. For PHEV or BEV, where the battery pack is large in
the number of cells, this parameter is less crucial and more important on the
cell-specific energy (kWh/kg). Reducing the battery total weight is important
not to impact the cargo mass capacity of the truck. As was shown in Chapter
2, the Lithium Iron Phosphate (LiFePO,or LFP) cathode chemistry shows
high specific power, and the life span and safety are also strong points.
Moreover, Lithium Nickel Manganese Cobalt oxides (NMC) cathode
chemistry shows an excellent specific energy ratio while the power and life
span are the main drawbacks. Therefore, these two cathode chemistries are
selected for this work with LFP for MHEV and FHEV and NMC for PHEV
and BEV models.

The type of packaging is also a difficult task. This is evidenced by the
different options of the OMEs under the same vehicle sector. For a truck
application, the volumetric density of the pack is not as crucial as a passenger
car. On the other hand, the gravimetry density is more critical than not,
impacting cargo capabilities. Following the trend presented in Chapter 2,
cylindrical cells are the best option to minimize the battery pack's volume.
Following the work of Lobberding et al. [205], a high-performance cylindrical
cell in 2020 can achieve 250 Wh/kg and 600 Wh/It.

After searching for experimental data in order to be able to calibrate
the GT-AutoLion model and meet the previously mentioned requirements, it
was selected two cells. The main characteristics are shown in Table 3-11. A
cylindrical cell of LiFePO, produced by Lithium Werks (formerly A123
Systems) was chosen due to its high-power capabilities. The main drawback
is the low specific energy ratio. For PHEV and BEV, powertrains will be
modeled with an NMC 811 produced by LG with an excellent specific energy.
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The main limitation is the low discharge and charge currents that make it
unsuitable for MHEV and FHEV.

Table 3-11. Li-Ion battery cell main specifications. Source [206] and [207].

Parameter Unit ANR26650m1B LG HG2 18650
Cathode Chemistry [-] LFP NMC 811
Diameter x Length [mm] 25.96 x 65.4 18.3 x 65.0
Weight B 76.0 47.0
Nominal Voltage [V] 3.3 3.6
Max. current to Discharge [A] 120a10s & 50acontinuons 60a10s & 20acontinuous
Max. current to Charge [A] 26@10s & 10acontinuous 6a10s & 4acontinuous
Max. Voltage [V] 3.6 4.2
Min. Voltage [V] 2.0 2.0
Capacity [AbL] 2.6 3.0
Energy [Wh] 8.58 10.8
Energy Mass Density [Wh/kg] 112 230
Energy Mass Density [Wh/1t] 248 632

The electrochemical model was calibrated with experimental data
obtained from CMT test cell. Experimental tests with controlled ambient
temperature can be carried out with different battery power demands. For
achieving these goals, a bidirectional current source was coupled with an
accelerating rate calorimeter. The bidirectional current source is an LBT 10V
100A manufactured by Arbin Instruments, with a control accuracy of 0.02%,
step current input time of 5ms, and data logging rate of 2000 points per
second. This equipment aims to supply current to charge the batteries while
measuring the cell voltage and surface temperature. The controlled ambient
temperature was performed by an accelerating rate calorimeter, model ARC
THT EV+, manufactured by Thermal Hazards Technologies. The ambient
temperature can be controlled with an uncertainty of +£0.2%. Both types of
equipment are part of the CMT laboratory battery test. For this Thesis,
constant current and transient current profiles are requested for the cells.

A genetic algorithm was used to fit 14 constructive properties of the
cell materials in the GT-Autolion optimizer. Constructive elements, like the
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thickness of each material layer that composes the cell, which may show a
significant deviation from cell to cell due to the manufacturing process. The
total charge capacity of the cell is considered through a series of parameters
that define the lithium inventory available and the capacity of each electrode
to allocate the lithium. Finally, thermal effects have been modeled through
the convective heat transfer and heat capacity, as well as other variables
intimately related to heat generation, like contact resistance. All the previous
variables interact in a complex manner to define the overall cell behavior.

Parameters such as cell size, the voltage at full charge and discharge,
and some properties of the materials as binder and electrolyte density, are
maintained fixed. The pre-defined GT-Autlion values are used. Moreover, the
mentioned software already has the cell electrode materials as NMC 811,
LFPO, Graphite, electrolyte as LiPF6 EC EMC, and foils as aluminum,
cooper among others. In addition, the main non-manipulable inputs for the
computational simulation are the current, temperature, and voltage profiles
from the experimental tests. Two different types of tests have been used for
the calibration process, constant C-rate discharge profiles and dynamic
profiles. The latter is representative of real operation in a vehicle due to the
different current magnitudes and signs applied. The rationale for using the
constant C-rate curves for calibrating is that this data is usually provided by
the manufacturers, so it is frequently available for the end-users.

The objective function of the optimization procedure is the
minimization of the voltage and temperature error between the simulated
curves and the real response when a certain current profile is applied to the
cell. The temperature profile is introduced in the optimization process but
with a lower weight in the objective function. The relative discrepancies in
the temperature profile have lower importance than in the voltage response.
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The optimum values after 4000 design experiments for each cell are presented

in Table 3-12.

Table 3-12. Li-Ion battery cell electrochemical model optimum parameters.

Parameter Unit ANR26650m1B LG HG2 18650
Cathode thicknesses [nm] 60 56
Anode thicknesses [pm] 35 68
Separator thicknesses [pm] 20 17
First charge capacity Cathode [mAh/g] 171.76 197.68
First charge capacity Anode [mAh/g] 379.36 365.86
gjf‘flo‘ﬁzcmrge capacity [mAh/g] 166.10 180.83
First discharge capacity Anode [mAh/g] 334.09 357.62
Particle size Cathode [nm] 0.07 0.05
Particle size Anode [nm] 10.5 15.6
Specific heat capacity of the cell [J/kg.K] 1255 1132
Comfe.ctlve heat transfer (W /mK] 2.1 90.0
coefficient
Contact Resistance [mOhm.m? 0.999 0.396
Cathode capacity [AbL] 2.04 3.16
Anode capacity [ADL] 2.06 3.05

The final validation is performed by simulation of the cell profiles

under 3 C-rate and a dynamic cycle representative of the homologation

driving cycle for Light-Duty vehicles. The results are presented in Figure
3.82. The error was below 2% throughout the entire cycle. For brevity of the
manuscript, the temperature profiles showed good agreement with errors

below 5%.
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Figure 3.32. Cell validation for NMC (left) and LFP (right) for constant
current discharge (top) and conduction cycle (bottom).

After obtaining the calibrated and validated electrochemical model,
step 2 of Figure 3.31 was performed. The results are plotted (see Figure 3.33)
in 3D maps with Open Circuit Voltage (OCV), Resistance out of RC branch
(Ro), Resistance inside RC branch (R1), and Capacitance inside RC branch
(C1) against the battery state of charge (SOC) and surface temperature. As
can be seen, the OCV depends on the battery SOC, while on the contrary,
the RO depends mainly on the temperature of the cell. Moreover, the internal
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resistance of the NMC is higher as well as the OCV at high SOC. These maps
are inserted in the equivalent circuit model, and the number of cells in series
and parallel are increased to obtain the desired battery-package voltage and

total energy.
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Figure 3.33. Equivalent circuit maps for OCV, Ro, R1, and C1 against
battery state of charge (SOC) and surface temperature for LFP (left) and
NMC (right).
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In order to control the battery pack, the battery management system
(BMS) is inserted. The BMS is in charge of monitoring the battery state of
charge and must ensure that the battery is used correctly. Therefore, it also
guarantees that the power request to the battery satisfies the limits of lower
and upper cutoff voltages and minimum and maximum current given by the
cell manufacturer (i.e., Table 3-11). The power output of the battery (when
a load is applied) is:

Pioaa = OCV * I — Ry I? (3.30)
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Setting the derivative of (3.24) to zero and solving for the maximum
power current Ippqy = OCV /2Ry, allows to obtain the first theoretical

constraint on maximum discharge power:

ocv?
Pgischmax = 4R (3.31)
int

In addition, the terminal power limitations that cause the battery to
reach the maximum charge and discharge current are calculated from:

— 2
Pcharge,lmax = OCV * Imax,charge - Rintlmax,charge (3-32)
— 2
Pdischarge,lmax = 0CV [max,discharge - Rintlmax,discharge (3-33)

Next, substituting the relation for terminal voltage (3.15) into (3.24)
gives the following terminal power limitations on the charge Pcpargevmax and
discharge Pyiscnymin When V is set to the maximum cutoff voltage and lower

cutoff voltages, respectively:

ocv — Vmax,cutoff) R (OCV - Vmax,cutoff
— o

2
(3.34)
Rint Rint )

Pcharge,Vmax = OCV(

ocv — Vmin,cutoff) R (OCV - Vmin,cutoff
— g

2
(3.35)
Rint Rint )

Pgischymin = OCV(
The maximum between (3.26) and (3.28) and the minimum between
(3.25), (3.27), and (3.29) are used as the terminal power limits for charge and
discharge, respectively. These equations are inserted in the BMS not to
overpass the limits of the battery. The maximum power to discharge and

charge is sent to the supervisory controller to limit the EM and control the
ICE.

The battery package size (energy content) directly impacts the pure
electric range, the vehicle's flexibility to operate along with the different
modes, and the power losses in xHEV. Increasing the battery's total energy
reduces the current through the cells, resulting in columbic losses. On the
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contrary, this has a disadvantage regarding the total battery weight and cost.
The battery capacity, and the number of parallel cells, will be defined using
the DP algorithm with an optimal parametric study for each vehicle
architecture. The battery pack nominal voltage is set to 600 V, giving many
series-connected cells equal to 182 for the LFP and 167 for NMC. The
selection of the battery pack voltage (600 V) was made to reduce electrical
losses in the truck electrical circuit (mainly wirings) and facilitate the electric
machine's control. As was demonstrated by [208], the battery nominal voltage
selection cannot be made from a battery perspective. This value is fixed for
all the cases studied in the present Thesis; the only design variable is the
number of parallel connections. The total battery internal resistance accounts

for all the series and parallel connections:

Rint,pack = N_SRint,cell (3-36)
p

+ O

;; Vpack
Reen N.

P . — I
N P
R -
(b)

Figure 3.34. Cells arrangements in a battery pack (a) and electric circuit
model with one cell (top-b) and all battery packs (bottom-b).

The number of parallel cells will be optimized in the results section of
each powertrain architecture. The parallel cells are analyzed to understand
how the presented power limitation can limit the EM power. Figure 3.35
shows the power limit for charging and discharging using previous equations
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and Table 3-11. The main limitation is the discharging limits where LFP
allows higher power charging rates. This improves the powertrain with small

batteries such as MHEV and FHEV. For example, 10 kWh of battery pack
allows charging ratios of 76 kW with an LFP while with NMC, only 21 kW.

The discharge rates are less limited than charging rates in lithium-ion cells

for both LFP and NMC.
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Figure 3.35. LFP and NMC selected cells to have power limitations in terms

of maximum charge and discharge power.
The main advantage of the NMC is in total battery pack weight.

Following the work of Lobberding et al. [205], a specific energy density of 75
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Wh/kg is taken for the LFP (cell ratio of 112 Wh/kg), and 150 Wh/kg is
taken for the NMC (cell ratio of 250 Wh/kg). These values are taken to
calculate the new weight of the truck for the transient simulations. To have
an idea of weight, a range of battery pack energy of 5 kWh to 100 kWh means
66-1333 kg for the LFP and 33-666 kg for NMC. Around 0.4-7.4% for LFP
and 0.2-3.7% for NMC increase the total truck payload.

3.4.6 Regenerative braking

Regenerative braking represents one of the most critical features that
characterize BEV and HEV powertrains. It enables vehicle kinetic energy
recuperation during braking phases that conventional mechanical friction
brakes would otherwise dissipate. A braking system must bring the vehicle
to rest in the shortest possible distance during emergency events and always
guarantee control over the vehicle's direction. These criteria can be met by
adequately designing the braking system so that it can provide the necessary
braking torques at the four wheels with an adequate distribution. Therefore,
braking power demand might be conveniently split between front and rear
axles.

In hybrid powertrains, the electrical braking system coexists with the
mechanical one for safety reasons. In addition, the desired braking torque
may be larger than the EM capability, especially at high vehicle speeds. A
typical HEV vehicle would have one EM mechanically coupled to the driven
wheels. Hence, as braking stability must always be ensured by distributing
the braking forces on all four heels, it is implied that only part of the vehicle's
kinetic energy can be recuperated during a braking event.

Furthermore, additional limits may reduce the amount of regenerative
braking recuperated energy, which are the power limitations of the battery
in charging mode, the state of charge of the battery, and vehicle speed. The
limitations in the battery are controlled by the BMS that may involve the
admissible current intakes of the battery and the maximum SoC level. A
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good energy management strategy must ensure that it is always possible to
recuperate the maximum available braking energy without breaching the
BMS limitations.

Moreover, due to mechanical inefficiencies and electric inefficiencies
(electric machine and inverter), only part of the available kinetic energy
during braking events can be recuperated. Considering the inefficiency of the
mechanical-to-electric energy conversion process, energy recuperation
through regenerative braking is not always beneficial, especially at low
speeds. It is argued in [209] that the energy spent to actuate the inverter and
EM controls would not be compensated by the energy recuperated when the
vehicle is running at low speeds. Generally, a reference value of minimum
speed above which regenerative braking can be activated is 5-8 km/h. All
these issues should be considered when modeling a given hybrid powertrain
in order not to overestimate energy recovery, which would lead to too
optimistic results in terms of fuel economy for a given driving cycle.

The ideal braking is the best braking force distribution of the vehicle
when the driver presses the brake pedal. This ideal distribution gives the
maximum braking force that makes the front and rear wheels lock
simultaneously for each friction coefficient. Safe braking is assured when the
braking force is distributed to the front and rear wheels on the ideal braking

curve. This curve can be calculated by the equation 3.37.

1 Mg ) 4thB MgY
Frearzz(hg + Mg Ffront_(T-l_ZFfront)) 3.37

where Freqr and Frrone are the rear and front axle braking forces, M the mass
of the vehicle, g the gravity acceleration, hy height of the gravity center, WB

the wheelbase, and Y distance from the center of gravity to the rear axle.

The ideal braking distribution is presented in Figure &.36a. The
deceleration in g can be seen in iso-lines, and the 50%/50% split between rear
and front in the red dashed line. As can be seen, the braking force on the
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rear axle is more significant than that one on the front axle due to the weight
distribution in this type of vehicle. This remarks that regenerative braking is
more effective on the rear axle.

It is important to note that when considering the braking performance
of a vehicle, it is mandatory to always fulfill stability requirements according
to European braking legislation. The truck modeled in this work belongs to
the class N3 (vehicles for the carriage of goods and having a maximum mass
exceeding 12 tonnes); Therefore, it has to fulfill the Braking regulation No.
13 “Uniform provisions concerning the approval of vehicles of categories M,
N and O concerning braking” [210]. The normative established a parameter
called adhesion utilized by the axle (f;, i correspond to front or rear axle)
that is calculated by dividing force exerted by the brakes on axle i under
normal braking conditions on the road by the normal reaction of road surface
on axle i under braking. This parameter is calculated for different
decelerations of the vehicle. The deceleration is measured proportional to the
gravity acceleration by the parameter z (deceleration/g). By the normative,
the adhesion utilized by the rear axle must be above Equation 3.38. As seen
in Figure 3.35b, the ideal braking is always over the legislation value.
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Figure 3.36. The ideal braking curve (a) and the comparison between the
ideal curve and normative depend on the vehicle's deceleration (b).
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The split ratio is defined as Frear/ F. +F can be obtained for
rear front

each deceleration value of the vehicle. This curve is added in the braking-
controlled sub-model to maximize the regenerative braking and maintain the
vehicle stability. The front axle will use only the friction brakes due to no
connection of any EM, and the rear axle will split between EM and friction
brakes to maximize EM brake force while meeting all the system
requirements. In this Thesis, an RBS controller is modeled with a Boolean
logic approach, which encompasses the requirements discussed so far. The
diagram in Figure 3.37 represents the concept used for the RBS.
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Figure 3.37. The split ratio between axles in order to perform the regenerative

braking.
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Figure 3.38. The Regenerative Brake System controller scheme with the split
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3.4.7 Driving cycles

As was mentioned, the truck platform is studied in transient conditions
through the numerical 0D-vehicle model. Different driving cycles
representative of homologation conditions (WHVC) and real driving
conditions were selected to understand the behavior of the concept under
similar road conditions. The data to model the last-mentioned cycles was
taken in real routes through a GPS in a no-hybrid commercial diesel Truck
(baseline case). The cycles represent combined situations with an initial
urban area and later rural and highway phases. Only one of the cycles does
not contain the highway phase (Figure 3.39b). Therefore, it was called Urban.
It is important to note that altitude measurements were considered in the
real driving cycles. For the WHVC, the altitude is zero due to the
homologation specifications. It is important to note that the duration and
total distance of the real driving conditions are larger than the WHVC. More
information about the cycles can be found in Table 3-15.



3.4 Numerical tools 179

WHVC L 400 Urban - nmn- ]

- 300
- 200

Altitude [m]

- 100

= o
g 8

40

Vehicle Speed [km/h]
Noa @

o 83 & 3

£

-

—

Vehicle Speed [km/h]
3 2 3

T T T T
L] 400 800 1200 1600 2000 o 2000 4000 6000 8000 10000
me [s

Local B Flat —400_
- 200 |- 300 E.
B [ 100 <

T T T T T T
L] 2000 4000 6000 8000 10000 o 2000 4000 6000 8000 10000
i 3 ne

&
=]
2

E—
= B
g8 B
Altitude [m]
o
]
8
u

2

g
L
=

Vehicle Speed [km/h]
Vehicle Speed [km/h]

Figure 3.39. Homologation and real driving cycles with vehicle speed and
altitude against time.

Table 3-13. Driving cycle main characteristics.

Parameter WHVC Urban Local Flat
Time [min] 30 145 138 158
Distance [km] 20 85 119 176
M?sms /Ized 88 75 96 96
Ave Speed 40 35 48 66
[km /h]
Acc time [%] 46 29 29 20
Dec time [%] 32 21 24 16
Stop time [%] 26 12 13 4
Cruising [%] 28 38 34 61
RPA [m/s2] 0.09 0.12 0.10 0.06
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An additional parameter presented in Table 3-13 is the regenerative
braking potential energy to be recovered. A preliminary analysis was done
through the speed versus deceleration probability graphs. Figure 3.40 shows
the post-processing of the data acquired during the WHVC driving cycle.
Figure 3.40a depicts the operative points in the braking situation (only
negative acceleration) against the vehicle speed. Later, these points are
passed to a probability color map in Figure 3.40b. The lines included in the
graphs correspond to the braking power calculated with the vehicle forces for
the case of an FL 18-ton truck and 100% payload.

Figure 3.41 shows the other three driving cycles and the corresponding
maximum recovery energy as Figure 3.40c. The Urban and Local cycles
showed a high probability of braking occurrence for powers higher than 35
hp. The rest of the cycles concentrate the decelerations at low load and high
speed. It is important to note that the maximum regenerative braking is
limited by the maximum EM power (full line in Figure 3.41). The high
density of points of almost all the cycles in the low deceleration region (low
brake power) and the required split between the front and rear axles will
cause the increase in the P2 hybrid architecture in the sizing of the electric
machine will not bring high benefits.

An additional limitation in the braking system is added as maximum
battery power and SOC limitation for battery safety. In addition, below 5
km/h; the truck does not recover energy due to a safety limitation. All these
points directly impact fuel consumption and are considered in the result
analysis.
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3.4.8 Energy management and optimization strategy

Rule-based control is the most common method to implement in xHEV
due to its robustness and online operation. The main task is to coordinate
the split between the ICE and EM/s so that the ICE operates efficiently and
the battery SoC is maintained within the prescribed boundaries. It is not
based on any optimization algorithms, and its formulation does not require
analytically modeling the powertrain (as is the case for predictive model
controls) but relies on engineering calibration. A set of rules can then be
designed depending on the desired target (examples as consumption
minimization, emissions minimization, or battery SOH minimization). A
deterministic RBC is used. The control logic works with a set of if-else control
rules that are tuned by many control parameters, such as threshold values or
power limitations, that need to be calibrated to achieve the desired
performance. For example, the EM /s may be activated below a certain speed,
or the battery must be recharged below a certain SOC. More details about
the control strategy and parameters to be optimized will be addressed in each

powertrain configuration result section.

The important aspect to keep in mind is that optimization of certain
control and hardware parameters will be performed for each truck platform
configuration. In particular, three payload conditions (0%, 50%, and 100%
relative to the maximum payload) and four driving cycles are considered.
This methodology leads to 12 possible cases to study, as shown in Figure
3.42.

For the optimization with the genetic algorithm, only the WHVC was
considered due to two main reasons: 1) This homologation cycle was created
to represent average conditions around the world, and it is the unique cycle
used for European homologation, and 2) After a sensitivity analysis, it was
seen that the payload has a more significant impact on the component and
control selection than the driving cycle characteristics.
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Therefore, the optimization criteria considered is to select the

best case to achieve the lowest possible CO, emissions at homologation
conditions (WHVC, 50% payload), as shown in Figure 3.42.

WHVC 50% Payload Min CO,

Flat
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Figure 3.42. Optimization strategy with test matrix with 12 simulated cases.

A resume of the current methodology developed to optimize two

truck hybrid powertrains is presented in Figure 3.43.
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Figure 3.43. The flow chart scheme of the methodology was used to optimize

a Medium-Duty truck platform under reactivity-controlled compression

ignition combustion mode.
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3.4.9 Life cycle analysis

The review of the literature on CO, emissions and the unfair
comparison between engines when only tailpipe emissions are
considered leads to the need for a life cycle analysis. An LCA is
included considering Well-to-Tank (WTT), Tank-to-Wheel (TTW),
and vehicle fabrication, maintenance, and disposal CO. generation
(LCA) for each of the powertrain analysed. The main equations for the

calculation of each one of the parameters are:
WTT CO, = Energy CO, Production * Energy Consumption Cycle (3.39)

TTW CO, = Energy CO, factor * Energy Consumption Cycle (3.40)

WTW CO, = WTT CO, + TTW CO, (3.41)

Component CO, Emission

LCACO, = WTW CO
z 2t Vehicle Life

* Replace Number  (3.42)

A deep research bibliography was performed to determine the CO,
factor for the fuels and components of the vehicle. The values taken
for this study are depicted in Table 3-14. The reference source is added.
For the e-fuels, the work performed by Aramco [163] is used because
is part of the project that this thesis is related. In addition, the green
methanol and OMEx pathways is taken because to be considered a
potential alternative for conventional fuels must be low carbon fuel.
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Table 3-14. COs impact by fuel production, component production,

maintenance and disposal of the vehicle components.

Component

CO, Associated

Diesel WT'T [gco2/MJruel

16.2+2.6 [Table 2-5]

Gasoline WT'T [gooz/MJruel

14.94+2.0 [Table 2-5]

Methanol WT'T [gco2/MJruel

-61.7+6.0 [Table 2-5]

OMEx WTT [gco2/MJpu

-64.548.9 [Table 2-5]

Electricity Average WTT [gco2/kWheeetsicty]

172 [Figure 3.45]

Electricity Marginal WTT [gcos/kWheiectsicty]

382 [Figure 3.45]

Diesel TTW [gco2/EFuel 3.17
Gasoline TTW [gco2/gFue] 3.09
Methanol TTW [gcoz/gpud] 1.37
OMEx TTW [gco2/gFue] 1.60
Electricity TTW [goo2/MJrue] 0
Battery Manufacturing [kgcoz/kWhyagery] 108+42 [Table 2-6]
Conventional Powertrain [toncos/Vehicle] 9.9 [211]
Hybrid Powertrain [tonces/Vehicle] 16.7 [211]
Electric Powertrain [toncoes/Vehicle] 9.8 [211]
Body [toncos/Vehicle] 45.1 [211]
Chassis [toncos/Vehicle] 45.4 [211]
Conventional Powertrain End of Life [toncos/Vehicle] 12.2 [211]
Hybrid Powertrain End of Life [tonco»/Vehicle] 11.9 [211]
Electric Powertrain End of Life [toncos/Vehicle] 13.7 [211]
Tires [kgeoo/unit] 600 [212]
Water Cooling [geos/1t] 1600 [213]
0il Lubricant [geos/1t] 92714 [213]
Transmission Lubricant [gcoz/1t] 2140 [213]
Vehicle Life [km/years] 800,000/16
Battery expected life BEV/PHEV/HEV [years] 4/6/10
Tire replacements [-/year] 6 [214]
Water cooling replacements [lt/year] 10 [214]
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Oil replacements [It/year] 50 [214]
Transmission replacements [It/year] 13 [214]

Regarding fuel CO, emissions by the production, it is possible to
see the advantages of e-fuels such as OMEx and Methanol. The first
was obtained by deep analysing the production with different
renewable electricity sources such as Solar, Wind, and Nuclear by
Aramco (fuel provided for the tests). The latter was obtained from an
in-depth research bibliography review. The fuels are able to reduce
carbon emissions due to the large carbon capture and renewable energy
production. For OMEx, the WTW maps are presented and compared
with Diesel-Gasoline results in Figure 3.45. The sum of the TTW
obtains these results measured CO, emissions plus the CO, associated
with the fuel production depending on each fuel injection (OMEx,
Gasoline, or Diesel). Figure 3.45 shows that on a WTW basis, OMEx-
Gasoline dual-fuel combustion reverts the trend seen on a TTW basis.
The carbon neutrality of OMEx allows to achieve up to 750 g/kWh in
the BTE point, while for Diesel is 800 g/kWh. This means a 7% of
reduction in WTW CO, emissions. In addition, at low load, due to the
lower PER of the OMEx-Gasoline combustion (large injection amount
of OMEx), the reduction is even higher than in the BTE (70% of CO,
reduction).
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Figure 3.44. Brake specific Well-to-Wheel CO, emissions for Diesel-Gasoline
(a) and OMEx-Gasoline (b) for the MDS8 engine.

Generally, the CO, associated with the energy re-charging
(PHEV and BEVs) is calculated with the average electricity mix.
Despite being widely used, it has associated an error in terms of the
impact of the vehicles being charged in the grid demand. Therefore,
the CO, emission is associated with the electricity mix. The marginal
emission can give a more accurate value to overtake this issue. This
concept came from the marginal price that companies use for the
customers. The rules of a marginalist pricing system state that every
consumer pays the price per kWh of electricity driven by the cost
associated with the energy given by the last power plant used to face
the instantaneous demand. This means that when the demand at a
given moment increases in a non-significant way, the plant which
covers that additional demand is the marginal one, which has a price,
and that price is the one that every consumer will pay for the energy
used at that moment. The electric power is supplied at every moment
by the different power plants following a merit order that establishes

the use preference depending on the energy source of origin.

Based on the work of Garcia et al. [215] where the Spanish grid was
analysed for 2019 and estimated for 2030, the marginal and average
COs emissions were obtained. In this work, renewable sources are the
priority to supply the energy demand. When the demand overcomes
their maximum generation capacity, the additional power required is
supplied by non-renewable sources in the following order: 1) Waste-to-
energy (0.31 kgCO,/kWh), 2) Coal (0.95 kgCO2/kWh), 3) Combined-
cycle (0.37 kgCOs/kWh) and 4) Fuel-gas (0.77 kgCO,/kWh). Figure
3.46 shows the marginal emission for both scenarios. The average in
Spain of power demand is 30 GW. Therefore, the marginal emission on
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average is 382 g/kWh. The value taken is almost double the average
emission without considering the marginal approach of 165 g/kWh.
However, considering the average emission is an error because the new
hybrid or EV technologies need to be considered as additional power
demand sources to the exist ones. For 2030 with the introduce of new
renewable sources expected in Spain electricity matrix, the marginal
emissions will decay to 210 g/kWh. However, large introduction of

solar and wind power sources needs to be done.
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Figure 3.45. Marginal emissions rate versus electricity generation for 2019
and 2030 in Spain. Adapted from [215].

Battery manufacturing is crucial in this work for a fair comparison
between non-hybrid, xHEV, and BEV. The research bibliography of
[216] is taken as a reference due to the deep analysis of different
scenarios. It is important to note that it is supposed that the battery
will be produced in Europe. This latest evidence shows that the carbon
impact of the production of batteries ranges from 61 to 106
kgCO,e/kWh according to the 2019 updated study from IVL Sweden
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[168]. Their previous estimate - from 2017 - ranged from 150 to 200
kgCO,e/kWh and relied on scarce data from small-scale production,
with some dating back to 2010.

The vehicle life was estimated at 16 years, which is equivalent to
800,000 km. Vehicle maintenance is separated into the maintenance of
the vehicle and tire replacement. The truck production and disposal
are taken from [211] due to the analysis of the vehicle CO; impact for

similar conditions than are studied in the current work.

3.5 Conclusions

The different experimental and numerical tools used to develop this
investigation was detailed in this chapter. In the first instance, the
experimental setup was described evidencing the characteristics of the six-
cylinder 8L engine and the active ICE test bench facility. The fuel properties
used in this work are presented. Conventional fuels such as Diesel and
Gasoline are used. Moreover, OMEx and Methanol properties are presented
because they will be used as synthetic fuels to reduce CO, and pollutant
emissions. The calibration maps performed by the research group in previous
years are presented because they are used in the numerical model. In
particular, two calibrations with dual-mode dual fuel concepts using Diesel-
Gasoline and OMEx-Gasoline were shown.

Then, the numerical tools were introduced and divided into 0-D and 1-
D simulation codes. These tools are the central point of this Thesis because
they allow testing of different vehicle powertrains and engine component
variations without expensive experimental tests. In addition, the models are
essential to complement the empirical study in terms of fundamental
understanding and give an overview of the proposed technologies applied to
a commercial truck.
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0D vehicle models are used in GT-Suite, fed with experimental ICE
test bench data regarding fuel consumption and emissions for 54 operative
conditions. The model is validated against on-road measurements in a non-
hybrid diesel truck. The results show a deviation of 2% in terms of fuel
consumption. In addition, transient tests in the test bench were used to verify
the accuracy of the emission predictions. The results show that the NOx is
overpredicted by 24%, HC underpredicted by 23%, and CO overpredicted by
7% in homologation conditions. Different combustion chamber temperatures
explain the deviations due to the proposed step type.

The ICE 1D numerical simulation methodology is presented. The model
was calibrated and validated against experimental engine test bench data.
This model will be used in Chapter 4 to test electrified ICE components such
as electrified turbocharger and electrified EGR pump. In addition, the 1D
DOC model was presented in this chapter with the validation against
experimental measurements.

Lastly, the different powertrain components were presented, focusing
on the electric machine and the lithium-ion battery. In addition, the hybrid
powertrain control system and the optimization strategy were shown. The
chapter briefly summarizes the life cycle analysis used to assess the different
powertrain technologies.
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4.1 Introduction

Mild-Hybrid (MHEV) is the first level of electrification where a low
voltage system is added to the powertrain to feed components such as EM
and ICE subcomponents. The EM is known as Belt Assistant Starter (BAS)
due to the installation in the crankshaft belt of the ICE to assist during
starting, ICE boosting, and cruising. The described powertrain is also
classified as PO due to the position of the EM in the powertrain layout. The
electric system allows the addition of electric ICE subcomponents that in a
non-hybrid are propelled mechanically. Examples are electrified
turbocharging, ATS heaters, and electric pumps of cooling and lubricant
systems, among others.

Several components are numerically tested to understand the benefits
that can bring the powertrain electrification. Components such as electric
turbocharger, EGR assistance, and after-treatment system improver are
virtually tested. In addition, the advantage of a belt assistant alternator
motor is evaluated in different driving conditions by a 48V battery system.

As was shown in Chapter 3, calibration of 52 operative conditions for
a Medium-Duty six-cylinder engine with dual-mode dual-fuel combustion
with Diesel-Gasoline was experimentally performed. A system of low-pressure
EGR was added to the originally high-pressure EGR line to meet the large
EGR and air quantities needed for this low-temperature combustion mode.
However, this means a complicated system that is difficult to package and
adds problems to the control of the ICE. Therefore, three possible options
appear: 1) Electrify the turbocharging to achieve the desired air management
targets, 2) Add a pump in the HP EGR line to push more EGR mass, or 3)
A combination of the previous cases.

Three targets were set before starting the study to understand the

advantage and drawbacks of these components: 1) Improve engine total
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efficiency, 2) Remove the LP-EGR system to reduce engine modifications
with respect to the OEM design, and 3) Achieve EU VI emissions target.

Moreover, the steady-state maps show a large amount of HC and CO
at engine-out is produced in the DMDF combustion. In addition, the exhaust
temperature of this LTC is lower than the CDC. Therefore, there can be
problems for the original DOC to handle these conditions. A hybrid
powertrain as the MHEV will add start and stop events, making the DOC
temperature operation even lower than a non-hybrid. Therefore, taking
advantage of the 48V system, an electric heater in the DOC is numerically
studied under transient conditions to understand the capabilities to convert
the HC and CO.

All the new components are evaluated in driving conditions by
representative homologation and real driving cycles, as shown in Chapter 3.
The results are compared with the OEM case and the DMDF no-hybrid cases.
The section is organized by the virtual evaluation of an e-EGR pump and e-
Turbo. Later, the DOC with and without a heater is tested in controlled
conditions. A step forward is testing the BAS in a 48V MHEV powertrain
without ATS. Lastly, the ATS is tested in the complete vehicle with and
without the electric heater.

4.2 Engine model calibration with e-Components

The ICE 1D model shown in Chapter 3 is used to re-calibrate the engine
with the e-components. The combustion profiles, fuel mass as well as
temperatures, and pressure of the fuel and gases in the intake port are
maintained as the experimental measurements. The main goal of the model
is to model the new air management system with the different variations
proposed while maintaining the combustion behavior.

As a wvariable geometry turbine is installed in the engine, the
optimization of the system will be done by testing different VGT positions.
The most efficient position is taken for each of the 36-operative condition
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(950, 1200, 1500, 1800, 2000 and 2200 RPM and 10%, 25%, 50%, 65%, 80%
and 100% engine load). The tested cases are 1) Electrified EGR line (e-EGR
pump), 2) Electrified turbocharger (e-TC), and 3) A combination of the two
options (e-TC & e-EGR pump). The HP EGR line without LP EGR on any
e-components is first simulated to understand the limitations of the baseline
system.

As was mentioned, the optimization target is to maximize the brake
thermal efficiency. As a new component that consumes electricity appears,
the equivalent brake-specific fuel consumption is defined by equation 4.1.

mfuel _ mfuel 4.1
Powertot PowerICE brake + Powere—components

BSFC,q =

where My¢ is the fuel mass consumption, Power;cg prqke is the brake power
of the ICE and Power,_components 15 the net electrical power of the e-
components. Negative power means energy delivered from the shaft of each
component to the gas flow, and positive means energy recovered from the gas
flow.

The final results that will be presented in the following sub-section
are the behavior in stationary conditions. However, they are obtained after
several iteration cycles in which the control system adjusts valves, e-Turbo
power, or e-EGR pump speed to achieve the air management targets (EGR
rate, intake pressure, and in-cylinder temperatures). The simulation is
stopped after the settings are between 2% of the target.

4.2.1. Single path configuration for EGR

Before the evaluation of the e-components, the LP EGR loop is
removed, and the 36 operative conditions are numerically analyzed. A new
calibration of the VGT, exhaust back pressure EGR valve, and inlet throttle
position is performed. A Proportional Derivative Integral controller performs
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the optimization of the positions of the valves. The target for the back-
pressure valve is to achieve the LP&HP system (baseline) EGR rate, while
the VGT PID target is set the boost pressure of the baseline case. The inlet
throttle controls the total intake mass by a third PID system. The model
details are presented in Chapter 3. Figure 4-1 shows the results in terms of
EGR percentage, air mass flow rate, and intake pressure achieved with only
the HP EGR line after the optimization. As the target is the experimental
system tested in the testbed (HP and LP EGR lines), the error is defined as:

|(YNew System — YHP&LP EGR)|

Error [%] = * 100 4.1

YHP&LP EGR

With Ysystem x being the parameter under investigation. If the error of the air
management parameters is below 5%, it is supposed to be successful because
the combustion parameters will not change.

The full load cases showed the worst behavior in terms of total EGR
provided to the engine (Figure 4-1a). Despite being the load with the lowest
EGR requirements, the high mass flow rate and boost pressure make it
impossible for the HP loop to bypass the EGR required (#20%). In terms of
boost pressure (intake combustion chamber pressure), the targets were
achieved in almost all cases (Figure 4-1b). Low engine speed (950 and 1200
RPM) presented some points without enough energy to achieve the boosted
pressure, as well as low load and medium speed (25% and 1500-1800 RPM)
due to significant EGR rate and high boost pressure.
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Figure 4-1. EGR percentage (a) and boost pressure (b) for Only HP EGR
The new VGT rack position is presented in Figure 4-2 and compared

loop against the HP & LP EGR loop experimentally characterized.
with the dual loop case. For all cases, the PID tried to close the turbine to

boost pressure differences (Figure 4-1b) are the same cases in which the VGT

achieve the desired boost pressure.
lines, the VGT is half-closed. It is
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rack position is closed. This means that it is impossible to achieve with this
configuration the boost pressure desire in that case.
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Figure 4-2. VGT rack position for Only HP EGR loop against the HP & LP
EGR loop experimentally characterized.

The cases that successfully achieve the desired target -with an error
below 5%- are plotted in Figure 4-3 regarding brake-specific fuel
consumption. The cases that could not achieve the desired targets have been
deleted and are presented as black points. The successful cases are twenty-
seven of the thirty-six cases tested. The engine cannot operate at full load
and low engine speed with the DMDF combustion with only the HP EGR
line. In addition, almost all cases have higher fuel consumption than the
target. Only 1200 RPM/80% and 2000 RPM/65% have a slight benefit due
to the reduction of pumping losses.
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Figure 4-3. Brake-specific fuel consumption for successful cases with Only
HP EGR loop against the HP & LP EGR loop experimentally characterized.

The results presented in Figure /-3 show that the double loop EGR is
better than the OEM solution for the dual-fuel combustion concept. It is
important to note that the operative conditions with higher LP EGR rates
in the experimental calibration are the cases with the highest penalties.
Different from CDC, RCCI needs significant EGR rates. Therefore, sending
the gas through the HP EGR loop (before the turbine inlet) reduces the
turbine's available energy to propel the compressor. The boosting capabilities
decay. In addition, the exhaust valve (after the turbine) must be quite closed
to generate the required back pressure to achieve the desired EGR flow.

The question now is open to the e-components cases: Is it possible to
operate under RCCI conditions and have lower fuel consumption by
electrification of the air loop? The question will be answered in the following
sections.
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4.2.2. e-EGR pump

The first step in e-component testing is a positive displacement EGR
pump in the HP EGR line. The pump proposed is a novel component not
seen in commercial applications yet. Eaton showed recently as a prototype
and designed to improve CDC engines (Figure 4-4). In this work, the concept
of the EATON prototype pump is used and modeled as a positive
displacement pump in GT-Power for the DMDF combustion.

Outlet

(a) (b) (c)

Figure 4-4. EGR pump example of EATON design.

The pump can move the flow just slightly above the intake pressure,
and it is driven by a 48V electric motor that makes the rotational speed
utterly independent from the engine speed. The main equations that describe
the operation are the volumetric flow (Equation 4.2) and power consumed or
delivered (Equation 4.3).

Qrear = W-D. 1Ny Eq.4.2

AP. . i
W = Qreal Nelectric

Nisen tropic

,AP >0 Eq.43a

_ AP. Qreqr- Nisentropic

w ,AP <0 Eq.4.3b

Nelectric
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with Qreq the volumetric flow through the pump, w the rotational speed of
the pump, D = 400 cm? the displacement of the pump and 17,, = 0.90 the
volumetric efficiency measured in CMT. W is, the pump's power with two
conditions depending on the pressure difference between the inlet and outlet
(AP). The isentropic efficiency Nisentropic = 0.40 is also needed for the power
calculation and was estimated with the work of Dumont et al. [217]. The
electric efficiency in the pump (Mepeceric) is estimated as 96%. A scheme of
the new model is presented in Figure 4-5. The 36 points are analyzed to
understand the benefits and drawbacks of this setup, as in the case of only
HP EGR.

HP EGR

= Engine out

e-EGR pump\‘?@ —

I Compressor VGT

T l

Airin Exhaust to ATS

Figure 4-5. 0D-engine model for the DMDF with e-EGR pump in the HP
EGR line.
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The EGR pump can provide the recirculation gas rate for all operative
conditions (Figure 4-6a). This shows the great advantage of including the
electrified component for precisely controlling the EGR. However, as it can
provide the desired EGR flow, the turbine suffers a low flow rate and
consequently low energy through the turbine blades. Moreover, the air mass
and boost pressure are similar to the only HP EGR loop with a lack of air
mainly at full load (Figure 4-6b). The VGT position (see Figure 4-7) needs
to be maintained closer than the dual EGR loop case to provide the required
boost pressure with lower exhaust flow mass.

Figure 4-8 shows the EGR pump speed and power for the 36 operative
conditions. The pump consumes power to deliver the required EGR mass in
almost all the points, with speed increasing with the engine speed. The
rotational speed was around 2000 RPM to 9000 RPM, and the power
consumed around 1.5 kW. The full load cases due to the lower EGR rate and
higher air mass allow recovery until 0.5 kW by braking the pump with the
gas energy.

Thirty-one of the thirty-six cases were successful (see Figure 4-9).
This is four operative conditions more than the only HP EGR loop. The main
improvements are at the full load, where it was impossible to achieve the
EGR levels before. With the EGR pump, this issue is solved with similar fuel
consumption to the HP&LP EGR case. However, almost all cases showed
higher fuel consumption at medium and high loads than the reference case.
An average of around 0.2% and a peak of 1.6% in terms of equivalent BSFC
were seen. The best case for the e-EGR pump is at a low load where the EGR
pump makes energy recovery possible.
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Figure 4-6. EGR percentage (a) and boost pressure (c) for EGR pump case

against the HP € LP EGR loop experimentally characterized.
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Figure 4-9. Brake-specific fuel consumption for successful cases with EGR
pump case against the HP ¢ LP EGR loop, experimentally characterized.

4.2.3. e-Turbo

The next step is to evaluate the benefits and drawbacks of an electric
motor in the turbo-compounding axle. Well-known as e-TC or e-turbo, it
allows more flexibility in terms of the energy management systems and to
achieve air inlet targets that are not possible with conventional turbine
arrangements. An example of an e-Turbo is shown in Figure 4-10, where a
compact electric motor is located between the turbine housing and
compressor housing. Other manufacturers prefer to locate the EM out of the
two housing to avoid elevated heat transfer from turbine gases. In that case,
the EM is connected to the compressor axle, reducing the EM working
temperature. In this work, a generic e-Turbo layout is taken. The focus is to
model the required mechanical power delivered to the turbocharger shaft to
achieve the desired air management targets. The VGT design is maintained
to maintain the flexibility of the component in different engine conditions.
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However, the coupling of the e-components in the engine implies that several
VGT positions can achieve the desired boost pressure target by varying the
e-Turbo power requested. In order to optimize the component operation, a
sweep of the VGT position is performed. After postprocessing, the best BSFC
equivalent is taken as optimum for each of the 36 points.

E-Turbocharging

Turbine Electric Motor

Compressor

Lithium-lon Battery 48V Control Unit &)

(a) (b)

Figure 4-10. FElectrified turbocharged example of Garret.

The e-TC is modeled as an electric machine coupled to the turbo
compounding shaft, as shown in Figure 4-11. This allows to deliver or recover
power depending on the engine inlet and outlet conditions and the calibration
targets. Due to the high rotational speed of the turbo compounding, a gear
reduction of three is included in the electric machine design.

For the control of this device, two parameters are considered. One
signal corresponds to the blade position and the other to the electrical power
delivery. The first signal will be calibrated in this work using a design of
experiments (DoE). The second signal is calculated by employing a PID with
the current intake manifold pressure and the target intake pressure for the
DMDF ICE configuration. The maximum/minimum brake power of the e-
TC electric machine is set at 15/-15 kW, and a maximum allowed speed of
60,000 RPM.
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Figure 4-11. 0D-engine model for the DMDF with e-TC.

For brevity of the manuscript, only three operation conditions VGT
variation are shown. Figure 4-12 shows a low speed/load condition where the
boost pressure, EGR rate, e-turbo operation, and BSFC are depicted. The
comparison with the HP&LP EGR loop case is added. The e-turbo allows
achieving the boost pressure for all VGT positions. However, the lack of back
pressure makes the EGR decay. Only up to 0.22 of the VGT position can
achieve the required target. The e-motor speed is around 6000 RPM, and the
power delivered increases with the opening of the VGT. The optimum case
is the 0.22 VGT position (the most open condition that meets the EGR rate)
with a benefit of 2.2% of BSFC. This benefit came from reducing the pumping
losses due to the opening of the VGT. The power delivered by the e-motor is
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70 W. Similar behavior is seen for the medium operation case (Figure 4-13)
and high operation case (Figure 4-14). However, no benefits are seen in these
cases due to the trade-off between pumping losses and energy added by the
e-Turbo.
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Figure 4-12. Air management parameters (a), e-motor of the turbocharging
operation condition (b), and equivalent brake specific fuel consumption (c)
for 950 RPM and 10% engine load.
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Figure 4-13. Air management parameters (a), e-motor of the turbocharging
operation condition (b), and equivalent brake-specific fuel consumption (c)
for 1500 RPM and 50% engine load.
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Figure 4-14. Air management parameters (a), e-motor of the turbocharging
operation condition (b), and equivalent brake-specific fuel consumption (c)
for 2000 RPM and 80% engine load.

A final summary of the BSFC benefits can be seen in Figure 4-15. The
low load cases allow recovering a large amount of energy by pumping losses
minimization with the opening of the VGT. The medium load range cannot
achieve considerable benefits but allows the operation with similar
consumption and without the LP EGR loop. High load again allows some
benefits by the e-Turbo energy recovery. The question is: Is it possible to
improve energy consumption by adding e-Turbo and e-EGR pumps? Is it
beneficial to open the VGT and maintain the EGR rate by the e-EGR pump
while meeting boost pressure with the e-Turbo? These questions will be

answered in the following subsection.
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Figure 4-15. Brake-specific fuel consumption for successful cases with e-
Turbo pump case against the HP & LP EGR loop experimentally

characterized.

4.2.4. e-EGR pump and e-Turbo

Both elements are virtually installed in the engine model and tested in
the 36 operative conditions. The e-Turbo aims to achieve the boost pressure
while the e-EGR pumps the EGR rate. Two independent PIDs control these
two parameters. To not have interaction problems, a delay is added in the e-
Turbo. The VGT varies in a DoE, and the most efficient position is selected
postprocessing. The model is presented in Figure 4-16.
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Figure 4-16. 0D-engine model for the DMDF with e-components (e-EGR
pump in the HP EGR line and the e-TC).

Figure 4-17 shows the effect of varying the turbine rack position over
the e-Turbo (Figure 4-17a) and e-EGR pump (Figure 4-17b) energy power
for six engine speeds and engine loads. Open the VGT means that the e-TC
must deliver more power because the turbine blades take less energy than
the closed position. This reduces the exhaust backpressure just before the
engine-out pipe, where the HP EGR line is located. Therefore, the e-EGR
pump needs also to deliver power to achieve the desired EGR target. Despite
this disadvantage, the pumping means effective pressure (PMEP) is also

reduced (Figure 4-17c), increasing the engine brake power. Interestingly,
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engine loads higher than 25% do not have results for all the VGT positions
because they exceeded the turbine limit (3.8 bar of turbine inlet pressure).
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Figure 4-17. Power delivered/recovered by the e-TC (a), the power
delivered/recovered by the e-EGR pump (b), and pumping mean effective
pressure difference concerning the DMDF LP+HP EGR calibration (c) for
different VGT rack positions at 1500 RPM.

Figure 4-18 shows the results for all the cases at 1500 RPM and 80%
of engine load. When the VGT rack position is below 0.1, the turbine inlet
pressure exceeds the mechanical safety limit imposed at 3.8 bar. Pasini et al.
[218] noted the importance of choosing a turbine characterized by a large
flow capacity to avoid high backpressure penalties, even if there is slight or
no effect on fuel consumption. However, the change of turbine geometry is
out of the scope of the current work. On the other hand, when the VGT rack
position is higher than 0.4, the turbine inlet pressure is below 2% of the
target. The main reason is that the e-TC power demand exceeds the
maximum value of 15 kW. Therefore, the e-TC cannot achieve the boost
pressure required at this operating condition. Despite the possibility of
increasing the electric machine's maximum power of the e-TC to achieve the
desired boost pressure, Figure 4-18c does not show improvements in terms of
PMERP in this zone. Therefore, this zone does not represent a potential benefit

to reducing fuel consumption.
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Figure 4-18. Power delivered by the e-TC (a), turbine inlet pressure (b), and
boost pressure (c) at 1500 RPM and 80% engine load for different VGT rack
positions.

Finally, the total power is calculated as the sum of the brake power
(mainly affected by the PMEP change) and the electrical power of the e-
components. Then, the new BSFC,, is calculated considering the same fuel
injection as the original DMDF ICE calibration. Figure 4-19 shows the results
for both abovementioned parameters with the optimum marked with a star.
From the BSFC,, trend, it is possible to identify the engine loads that have
limitations to achieve the targets and the increase of the engine efficiency
with the engine load increase. For all the cases, the optimum values for VGT
positions below 0.4 decrease with the engine load increase. The maximum
engine load (100%) has a larger operative range than the 80% load due to
the lower EGR rates required in the DMDF ICE calibration (see Figure
4-19a).
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Figure 4-19. Total power (a) and equivalent brake-specific fuel consumption
for different VGT rack positions at 1500 RPM and different engine loads.

The optimum operative conditions for the e-TC and e-EGR are
obtained and plotted as an interpolation map for different parameters in this
section. Figure 4-20 shows the e-TC and e-EGR pump power requirements
in all the operative conditions. The e-TC power ranges from 6 kW in motor
and -15 kW as a generator. Therefore, the sizing of the initially planned
motor (15 kW) is selected correctly. In addition, the e-EGR pump shows low
power requirements with 0.5 kW in traction and -1.0 kW in the generator
mode. The speed set up for each e-component is shown in Figure 4-21. This
is a crucial parameter for the design and can be useful in future component
developments.
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Figure 4-20. Power calibration maps for the e-TC (a) and e-EGR pump (b)
work together to achieve the same calibration targets as the DMDF LP+HP

EGR calibration.
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Figure 4-21. Rotational speed maps for the e-TC (a) and e-EGR pump (b)
work together to achieve the same calibration targets as the DMDF LP+HP

EGR calibration.

The VGT position final results and pumping work are shown in Figure

4-22. The VGT is generally near the minimum position (close to 0.1) at low
and high rotational speed, close to 0.33 (see Figure 4-22a). Therefore, this
increases the pumping work in middle engine load zones, as shown in Figure
4-22b. The significant benefits are found at low engine loads, where the VGT
was almost closed in the original calibration to achieve the desired boost

pressure.
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Figure 4-22. Calibration maps of the VGT rack position (a) and pumping
mean effective pressure difference wversus the DMDF LP+HP EGR
calibration (b).

In a first step, the equivalent brake-specific fuel consumption is plotted
to quantify the gains for the DMDF ICE (Figure 4-23a) and CDC calibration
(Figure 4-23b). Figure 21a shows close BSFC values at medium and high
loads (around +2 g/kWh), with the major benefits from using the e-
components found at low load and high engine speed, where up to 50 g/kWh
improvements are achieved. This zone allows for energy recovery with the e-
TC and reduces PMEP due to the turbine rack position. In this zone, the
DMDF calibration is limited due to hardware restrictions. Figure 4-23b shows
that the optimum zone, compared to the CDC calibration, is around 1500
RPM and 120 hp, similar to the results shown in Figure 4-23. At low loads,
the new calibration is close to the CDC values, totally different from the
trend found with the DMDF configuration. It is important to remark that
the new calibration achieves similar or better results in terms of BSFC but
also avoids using an LP-EGR system. The NOx, soot, HC, and CO emissions
remain the same as the double EGR route, which was proposed as one of the
main targets for this work.
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Figure 4-23. Brake-specific fuel consumption of the DMDF e-components
calibration against DMDF HP+LP EGR (a) and CDC (b) calibration maps.

4.3 e-DOC model calibration

It is important to find an efficient thermal management strategy to
heat the after-treatment device quickly without hindering the electrification
benefits. As the RCCI calibration is highly sensitive to the injection strategy,
delaying injections might not be the best strategy to increase the exhaust
temperature. In this sense, other alternatives should be pursued. A fast
catalyst heating effectively minimizes the catalyst light-off time and hence,
reduces the exhaust emissions from the start-stop events. On the other hand,
offering additional heat to the catalyst leads to more energy consumption,
which typically results in additional fuel consumption. Various control
strategies exist for catalyst heating as pre-heating and post-heating. As the
control system is not predictive in terms of engine use and vehicle future
speed (required for pre-heating strategies), only post-heating was used in this
work. This means starting heating after a condition is achieved as a catalyst
surface temperature.
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Figure 4-24. GT-Power model for the electrically heated oxidation catalyst

assessment.

An electric heater catalyst (EHC) consists of an electrical resistance
that provides energy to the flow at the cost of electrical consumption. The
efficiency of transferring the energy to the flow is proportional to the
residence time of the flow inside the EHC and the contact area. Both are
directly influenced by geometric parameters of the EHC, such as length and
porosity. In this study, these parameters were obtained by having as reference
the EHC model proposed by Della Torre [219] for Light-Duty vehicles and
scaling it considering the DOC diameter as reference. The final model of the
EHC coupled with the DOC is presented in Figure 4-24. The EHC is located
just in front of the DOC, with a length equal to 25% of the DOC length and
the same diameter and the same substrate geometry (cell density and wall
thickness). The heat is delivered to an iron mesh where the exhaust gas is
heated up by convection. A 94% of conversion efficiency is set for the passage
from electrical to thermal power, following the measurements found in [220].

The EHC is connected to the 48V battery system. Therefore, the energy
consumption is directly seen in the battery SOC and will impact the total
fuel consumption. The numerical model includes all the electrical losses and
the battery cell limits. It is important to note that the cases with EHC will

have a dual effect:

1) CO and HC tailpipe emissions levels will decrease due to the
high DOC temperature.
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2) CO and HC engine-out emissions levels will increase due to the
higher fuel consumption.

For the post-heating control strategy, the EHC operation was set to be
on when the ICE is also running and the DOC wall temperature is below
150°C, as shown in Figure 4-25. The temperature to start the heating was
chosen because it is the breaking point where the DOC efficiency is reduced
considerably. To avoid on/off troubleshooting of the EHC, the EHC is off
when the temperature increases to 200°C. The first study of stationary
conditions is performed to understand the EHC operation under controlled
conditions with less variables than in a driving cycle.
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Figure 4-25. EHC post-heating scheme with the EHC' signal in engine on-off
signal and OC wall temperature.

The first step was to study the heat addition influence in the DOC wall
temperature on the HC and CO conversion efficiency. Four cases ranging
from 0 kW to 10 kW were tested in an engine operating condition selected
as critical. The selected point is 1200 RPM, and 6 bar of BMEP, which is
widely used in hybrid operation (see previous work [189]), and both the
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amount of HC is large (4 g/kWh) and the engine-out temperature is low
(210°C) for a medium load point.

Figure 4-26a shows the increase in the DOC wall temperature during
the warm-up and the impact on the HC conversion (Figure 4-26b) with the
heat addition. The impact on the final tailpipe HC emissions is shown in
Figure 4-26¢, with a decrease of 40% between the extreme cases. The derivate
of the HC emissions after the DOC shows that 5 kW represents the optimum
scenario for this operative condition. Therefore, it will be adopted as a proper
heating rate in the subsequent EHC simulations. Even though other
operating conditions can show a different optimum heat addition, the
determination of each optimum is not the focus of the current manuscript.

As explained in the previous section, 36 ICE operating conditions (950
to 2200 RPM of engine speed and 2 to 18 bars of BMEP) in RCCI combustion
mode were studied with the DOC starting from the ambient temperature.
Figure 4-27 shows the light-off time (time required to achieve 50% of HC
conversion in the DOC) for three ICE engine-out temperatures. Figure 4-27a
shows the effect of steady-state temperature presented as an interpolated
map of all the operating conditions. The light-off time only takes more than
20 seconds for low engine speed and load. At medium engine speed and load,
where the RCCI low-temperature combustion uses the highest gasoline
fraction, the DOC takes around 10 seconds to achieve the light-off
temperature. For higher loads and engine speed, the time is highly reduced.
Figure 4-27b and Figure 4-27c show the effect of the temperature decrease
from the engine-out up to the OC inlet due to heat transfer. Since this
temperature decrease depends on several factors such as pipe length and
thermal insulation, among others, a parametric study was proposed using two
different temperature levels: 25°C and 50°C less temperature, respectively.
From the results, it is possible to observe that the light-off time highly
increases at low engine speeds. The case of 950 RPM and 4 bar BMEP cannot
achieve the light-off temperature. In the case of 50°C less than steady-state
temperature, the central region of the map doubles the time to achieve the
light-off temperature.
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Figure 4-27. Light-off time map for three engine-out temperatures: steady
state (a), steady-state minus 25°C, and (c) steady-state minus 50°C without
EHC.

Adding a heater before the OC can be a potential solution to reduce
the time mentioned above. Figure 4-28 shows the light-off time when 5 kW
of heat is applied in the EHC for the three engine-out temperature conditions.
The map is converted into blue using the same color scale as Figure 4-27.
This means that the light-off temperature is achieved in all conditions and
does not surpass the 10 seconds in any case.
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Figure 4-28. Light-off time map for three engine-out temperatures: steady
state (a), steady-state minus 25°C, and (c) steady-state minus 50°C with 5
kW in the EHC.

Despite the light-off being an important condition for reference to

compare with other works, due to the amount of HC and CO emitted in the
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RCCI combustion, high conversion efficiencies (above 90%) need to be
achieved. Figure 4-29 shows the DOC wall temperature and HC conversion
efficiency at 1200 RPM and 6 bar BMEP. The EHC has a strong effect on
the DOC temperature. The condition of cold engine-out gas temperature
(steady-state less than 50°C) is faster than the steady-state condition without
the heater. This is an essential point for the RCCI combustion during the
first seconds of the engine warm-up. This is a critical aspect of the low-
temperature combustion application since it combines low exhaust

temperatures with excessive unburned product concentration.
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Figure 4-29. OC wall temperature (a) and HC conversion efficiency (b) for
steady-state temperature and the steady-state temperature minus 50°C with
and without EHC at 1200 RPM and 6 bar BMEP.

Engine steps load is proposed to understand the effect of ICE engine
on/off in the DOC temperature to go further in the analysis. The steps are
created and shown in Figure 4-30 based on the operative condition of 1200
RPM and 6 bar BMEP. The total energy delivered in the 1800 s is equal to
the required brake output energy for a non-hybrid truck in homologation
conditions (WHVC and 50% payload). It is important to note that the total
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time of the engine in on mode is independent of the start and stops times

(ICEon_off times)- However, the split is crucial for the DOC temperature.
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Figure 4-30. Diagram of the ICE starts (example of 4 starts) in the same
steady-state point for the WHVC (1800 s).

The duration (ICE,y ¢ime) on the driving cycle can be obtained

following the equation:

Ecycie [KWh] 3600
ICE,p timels] = —
Power;cg [kW] ICEon_off times [_] Eq. 4.4
Total Timecyce|S]
ICEoff timelS] = — ICE,p timels] Eq. 4.5

ICEon off times[—]
with Powercg as the power delivered at the selected operative condition and
the Total Timecyqe is 1800 seconds for the WHVC. In this study, a
parametric analysis of the number of starts in the driving cycle
(ICEon_off times) is done. In addition, the use of the EHC was accomplished
with 5 kW delivered if the engine is on and the DOC wall temperature is
below 150°C. Figure 4-31a shows the effect of the engine starts on the HC
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emissions. For both cases exist an intermediate case where the EUVI limits

are not met.

In the case of CO (Figure 4-31b), the legislation limits are achieved
for all the cases due to the lower CO emissions and more flexible requirements
than HC. The behavior of this last pollutant can be explained by the DOC
wall temperature when the engine is on. In spite of that, the average
temperature of the DOC decreases with the number of starts (Figure 4-31c),
and the standard deviation increases and then decreases with the number of
starts as the HC emissions. This last parameter is crucial because the DOC
conversion does not improve by increasing the temperature only. The main

point is being above the light-of temperature (~150°C) most of the time.
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Figure 4-31. HC (a), CO (b) emissions after the OC and OC wall temperature
(c) against the number of ICE starts.
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Figure 4-32 shows a kernel density estimation approach to obtain
insights into the temperature distribution during the DOC operation. In
addition, the best fitting Gaussian curve was added to the graph, allowing to
stress the effect of the number of ICE starts on the DOC wall temperature.
It is interesting to see that increasing the ICE starts does not necessarily
increase the OC operation. As seen in Figure 4-31, 1 start means that once
the OC achieves the light-off operation, it remains at a very high temperature
during most of the operation, assuring a good conversion efficiency.
Nonetheless, for 8 ICE starts, the wall temperature consistently decreases as
the ICE turn-off. This means that the temperature distribution is wider and
also achieves lower values, impairing the conversion efficiency. In the case of
20 ICE starts, the average temperature is not too high, but it is concentrated

above 150°C, which is a good temperature range for the OC operation.

0167 1 start

0144 — 8 start
— 20 start

0 100 200 300 400
OC wall temperature [°C]

Figure 4-32. OC wall temperature distribution for the extreme ICE starts
cases and the worst case in terms of HC emissions.
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4.4 e-Component CO: tailpipe emissions

A 0D vehicle numerical model is used to simulate different driving
cycles to quantify the potential of using e-components in real truck operation
conditions. It is important to note that this approach considers the battery
losses due to charge and discharge events of the e-components. Therefore, a
close scenario to real operation can be studied. The BAS is also included to
simulate the start-stop and brake energy recovery along with the cycles. This
component is fundamental for the re-charge of the battery. The BAS was
sized at 30 hp (10% of the ICE power). The PO hybrid equipped the DMDF
engine set up with a maximum power of 280 hp. The non-hybrid CDC and
non-hybrid DMDF also have the ICE with a maximum power of 280 hp (80%
engine load of the full load map).

Three modes are proposed for the control of the PO MHEV. A boost
mode where the EM and ICE delivered power to the output shaft. A
rechargeable model where the ICE delivers power to the output shaft and the
EM to recharge the 48V battery. Furthermore, a starter mode where the EM
propels the truck to move at low vehicle speed and moves the engine to 700
RPM to turn it on. All these modes are controlled by an RBC strategy where
the primary inputs are driver power demand, vehicle speed, and SOC of the

battery.

A preliminary analysis is done by considering the forces applied in the
wheels depending on the gear ratio to understand the performance of the new
MHEV powertrain. The calculation is performed in Matlab® by adding the
ICE and EM maximum torque map and the transmission and final drive
ratios. Figure 4-33 shows that in boost mode, the PO has an advantage in
wheel power. For example, it is possible to climb >25% of road grade with

100% payload at gear one.
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The pure EV mode or starter mode allows propelling the vehicle to 30
km/h on a flat road. This is ideal for inside buildings or starts/stop events.
If EM is not used, the PO truck has the same power output as the non-hybrid.
This allows flexibility to downsize the battery package and to charge when

convenient.
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Figure 4-33. PO performance curves for boost and EV mode at different
transmission gear ratios. The Non-Hybrid is included for comparison.

After the force analysis, the driving cycles are studied with the GT-
Suite 0D vehicle model (Figure 4-34). The real BSFC engine map and the
maps for the e-components are used to simulate the battery's power
requirements to simulate the engine operation's behavior with the 48 V e-

components system.
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Figure 4-34. 0D wvehicle model for 48V mild hybrid PO truck with the belt
alternator starter (BAS), e-TC, and e-EGR pump.

A genetic algorithm was used to optimize the powertrain RBC rules
and hardware (battery size) for both cases: 1) PO MHEV without e-
components (HP & LP EGR) and 2) PO MHEV with e-components (HP EGR
line with e-turbo and e-EGR pump).

A Genetic Algorithm is used to optimize the control parameters and
hardware. The target for the genetic algorithm (Genetic Algorithm NSGA-
IIT [221]) is to minimize fuel consumption while reaching the same battery
SOC at the end of the driving cycle as the initial SOC. The space over which
the factors are varied is called the design space, shown in Table 4-1. The
NSGA-III five key inputs required are the population size (P;=40), crossover
rate (C,=1), crossover rate distribution index (C,q;=15), mutation rate
distribution index (M,;=20) and number of generations to run (N;=20). The
optimizer will stop after completing all designs according to the number of
generations. This optimizer is applied in a transient condition previously set.
A sensitivity analysis was also included to analyze the effect of the control
parameters on the final fuel consumption and battery state of charge. The
relative sensitivity values are calculated by dividing the absolute value of
each regression coefficient by the sum of the absolute value of all regression
coefficients. The linear regression equation would be Equation 3.1 and the
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sensitivity Equation 3.2. A summary of the RBC strategy is presented in
Figure 4-35.

y=ag+ax;+ax, +--+ayx, (3.1
|| . . L
;= STa] = Estimated Relative Sensitivity [—] (3.2)
L

with x; represent standardized factors, a; represent standardized regression
coefficients, y represents the standardized response and S; the sensitivity

values.

Table 4-1. GA optimization parameters for PO MHEYV.

Parameter Type of parameters Range Tested
SOC Torque Assist Control Battery pack 0.4-0.58
SOC Low Threshold Control Battery pack 0.4-0.58

Speed Load Split Control Electric machine 5-90 km/h
Coefficient shift Control Transmission 0.6-1
Battery Size Hardware 5 - 80 kWh

The optimization was performed under homologation conditions
(WHVC and 50% payload), and the target was to minimize CO, tailpipe
emissions. Figure 4-36 shows the CO, reduction with respect to CDC non-
hybrid for both cases. The optimizer was able to reduce from positive values
(higher CO; than CDC) for initial cases to around 8% of CO, reduction. The
sensitive analysis shows that the most influential parameters are the shift
coefficient and speed to split 50%/50% between ICE and EM (Figure 4-37).
The battery size graph in Figure 4-38 shows a low influence on the CO,
emissions with an optimum value of around 3 kWh. The e-component case
needs a larger battery size than the case without an e-EGR pump and e-
turbo due to the less battery use. The payload condition under study shows
better performance for the HP&LP EGR loop than the e-components case

due to the larger use of medium load zones of the DMDF map.
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Figure 4-35. PO Hybrid scheme of Rule-Based Controller strategy.
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Figure 4-36. Optimization of the PO MHEYV without e-components (a) and
with components (b) in terms of CO, reduction versus CDC non-hybrid.
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Figure 4-38. Battery size effect on the CO; reduction versus CDC non-hybrid
for PO MHEYV without e-components (a) and with components (b).

The optimum configuration instantaneous values are presented in
Figure 4-39. The two powertrains' engine speed-time and torque-time profiles
were analyzed (non-hybrid CDC and mild hybrid PO DMDF with e-
components). The non-hybrid DMDF and PO DMDF HP+LP EGR
powertrains are not included for similarities with the previous cases. As it
can be seen, the engine speed is higher for the non-hybrid CDC powertrain

due to the larger gear shift strategy.

To achieve the same total power at the wheels, the PO DMDF with
e-components powertrain must deliver higher engine torque (Figure 4-39).
Figure 4-40a shows the BAS operation, with positive values representing
power delivery to the engine and negative values meaning energy regeneration
(or battery charging) from the engine. The operation has pulsed behavior
with power peaks up to 30 hp (maximum BAS power) and -30 hp in braking
conditions. Figure 4-40b depicts the system voltage around 48v and the e-TC
and EGR-pump power consumption. Both e-components have energy
consumption from the battery (negative power values), with the e-TC having

greater consumption than the e-EGR (as anticipated in Figure 4-23). For
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both cases, the peak power consumption is lower than that of the BAS, so
the e-components do not significantly influence the battery size and electric

components selections.
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Figure 4-39. Engine speed (a) and engine torque (b) for the non-hybrid CDC
and the PO DMDF with e-components cases in homologation conditions. The
WHVC driving cycle speed profile is added in the background for reference.
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Figure 4-40. Belt assist starter power (a) and e-components voltage and
power (b) for the PO DMDF with the e-components case in homologation

conditions.

The cumulative fuel consumption and NOx emissions for all the
powertrains considered in this work are depicted in Figure 4-41. Figure 4-41a
shows that the DMDF PO with and without e-components achieves similar
final fuel consumption, with a considerable reduction of the fuel consumption
in the urban part of the WHVC as compared to the other two vehicles
architectures. In the rural and highway phases, no significant differences are
found in fuel consumption, but they allow to reduce the total fuel
consumption with savings of CO, emissions by around 5% concerning the
CDC non-hybrid case at the end of the cycle. The cumulative engine-out
NOx emissions (Figure 4-41b) are strongly reduced due to the DMDF
operation. The mild-hybrid and non-hybrid DMDF powertrains reduce NOx
emissions by more than 90% for the CDC. These results estimate that the
SCR-urea ATS would not be necessary in the DMDF cases.
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Figure 4-41. Cumulative fuel consumption (a) and cumulative NOx engine-
out emissions for the four cases studied in homologation conditions. The
WHVC driving cycle speed profile is added in the background for reference.

The global results for the two trucks in all the driving conditions are
presented in Figure 4-42. The results show that the e-components do not
improve the truck's fuel economy with respect to the DMDF HP+LP EGR
in a PO architecture, mainly when employed at the medium and high payload.
As the FL 18-ton truck uses the de-rated map, 100% engine load zone Figure
4-23, that has up to 4 g/kWh of fuel consumption improvement, it is not
used. Therefore, the medium zone (150 hp and 1600 RPM) is mostly used for
50% and 100% payload. In the case of the empty truck, the low load engine

map zone is used, in which the fuel consumption is improved up to 30 g/kWh.

Despite not improving the DMDF HP&LP EGR case, using e-
components allows improvements concerning the CDC by the PO
implementation. In homologation conditions (WHVC and 50% payload)

achieves 7.3% of fuel improvement versus CDC in the conventional
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powertrain. This means that similar CO, reductions can be achieved, allowing

the proposed technology to remove the LP EGR line, avoid the use of DPF

and potentially improve the packaging and transient behaviors.

CO; reduction vs CDC non-Hybrid [%]

Fat{ 212 6.8 53 03 -56 -4.8 02 -42 -4.2
S
Q local { 20 9.0 -78 07 -7.9 7.3 L2 -53 56
(O]
()]
Z Urban {16 0:2 212 66 -6.9
a @
WHVC i1 -87 -7.8 -03 -7.9 -7.3 -0.6 -53 -56
S S % 5 & % 3 &
2§ £ = « o o = -
a w S = (G} £ b=l -4 =
= o Q S w o 5 Y] £
T s} @ z a o 2 w 5]
o I P T puu} ) T o b
= a e ° 3 o : - @
w T = a e ° 3 -
[a] [=] E w T w = % a
s a s [a) o =) 3 w
a w = o s = 14 a
=) a a L a = a S
= =) [a) w a
s 2 g
o
Case

r—10

F—12

-14

Figure 4-42. Summary of the FL truck results in total fuel consumption
difference against the non-hybrid CDC along with the WHVC, Urban, Local

and Flat cycles at 0%, 50%, and 100% payloads.

4.5 Driving cycle assessment with DOC and e-DOC

After the detailed analysis with the ICE working in steady-state

conditions and the DOC warm-up behavior, the next step is studying real

vehicle operation. The PO hybrid truck operating in the homologation and

real driving cycles with different payloads is modeled. For brevity of the

manuscript, the HP&LP EGR engine case is studied with the optimum setup

(RBC rules and battery size) for a 50% payload. One case is set without
heating and the other with heating of 5kW to see the effect of the EHC.
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Figure 4-43a shows the engine on-off states when 50% of a payload is
applied in the case without EHC. This case represents the optimum
calibrated case to fulfill the EUVI NOx and soot emissions at engine-out
conditions with the lowest CO. emissions. This case is extracted from a
previous work of the research group [189]. The number of starts for the
optimum was 15 starts, between the range of the steady-state study (1 to 20
starts). The optimization does not consider the HC and CO emissions.
Therefore, the number of starts was optimized to achieve the minimum fuel
consumption/CO, emissions. It is interesting to remark that adding the
chemistry simulation in the catalyst has significantly increased the

computational time from 0.1 to 4 times the real-time.

Figure 4-43b shows the HC emissions before and after the OC. The
first 600 s are responsible for a large amount of HC emissions. This is a direct
consequence of the low DOC temperature, depicted in Figure 4-44. The
amount of ICE-off time due to the urban phase makes the case without the
heater to produce 70% of the total HC emissions. The HC emissions are
strongly reduced when the EHC is added with 5kW under the same
calibration of the case without EHC. It is possible to achieve the EUVI
legislation due to the fast increase in the OC wall temperature. In both cases,
the EUVI CO targets can be easily achieved. Therefore, it can be concluded
that one of the main limits to implementing the RCCI combustion with

hybrid architectures is the HC emissions.
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A summary of all cases is shown in Figure 4-45. The HC and CO
emissions are presented in absolute values and marked with a dashed ball
when achieving EUVI emissions (CO = 4 g/kWh and HC = 0.16 g/kWh). It
is possible to observe a great improvement concerning DMDF non-hybrid due
to the hybrid powertrain calibration. However, the use of the EHC has an
impact on the final fuel consumption/CO, emissions. Figure 4-45 shows that,
on average, the heater with 5 kW increases the CO, emissions by 2.7% for
the case without the EHC. The advantage of the EHC is that it allows
achieving the EUVT limits for all the emissions (NOx, soot, CO, and HC) for
the homologation case while still providing a CO, reduction of 4.8%. It is
important to note that the empty truck conditions (0% payload) are the
worst scenario due to the low energy requirement. A previous study [164]
showed that the non-hybrid version does not achieve the EUVI HC limits
under empty cargo due to the operation only at low BMEP conditions. The
hybridization enables improvements in this scenario concerning the non-
hybrid case since it allows to use of the ICE at high engine loads. However,
without the EHC, the EUVI limit cannot be achieved.

The 0% of the payload is a challenging condition for EUVI
achievement. The Flat case that increases the cycle time and has a large
phase of highway allows for achieving EUVI with the EHC. Using the heater
with 5 kW of power allows for meeting EUVI CO and HC in all conditions.
The CO; emissions for the current CDC non-hybrid commercial truck show
that the urban case is the best scenario for the hybrid powertrain. The low
payload also allows significant improvements in all cycles. The use of EHC
penalizes CO, emissions by an average of 2.7%. For the four cycles and three
payloads, the average gains for the hybrid operation were 7.8% without EHC
and 5.1% for the case of EHC. The worst-case scenario is the empty truck
and urban due to the elevated start/stop events. Therefore, the DOC is most
of the time below the light-off temperature. For reference, the non-hybrid
DMDF increases the CO, by 0.8% with respect to the diesel case.
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Figure 4-45. HC tailpipe emissions (a), CO tailpipe emissions (b), and CO;
tailpipe reduction compared with CDC non-hybrid for DMDF non-hybrid, PO
hybrid with/without EHC.

Studying the effect of the EHC on fuel consumption (CO; emissions)
is an important aspect of meeting EUVI HC and CO emissions but not losing
the benefit of improving powertrain efficiency. A sweep of EHC power was
done in homologation conditions. Figure 4-46 shows that with 0.5 kW is
already possible to achieve EUVI limits in both pollutants with only a loss
of 0.3 points in CO, with respect to the case without EHC. The increase of
EHC power allows for almost 70% of HC reduction and 95% of CO reduction,
but as seen in Figure 4-45, the loss in COs is 3% points. The CO, reduction
shows a flat trend between 2 and 4 kW, with a reduction of CO and HC

almost linear. Therefore, 4 kW is a better choice than 5 kW as in the previous
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study because it allows for greatly reduced CO and HC while with a CO,
reduction with respect to CDC of 5.8% (only 1.9% points below PO without
EHC). It is important to note that as an RBC is used, the flat trend in CO,
reduction can be explained as a balance of EHC starts, energy powertrain

management, and available energy in the battery.

The right selection of power is a matter of homologation rules and
manufacturer choice. This sub-section shows the effect of using an EHC in

an MHEV powertrain and the benefits of different power heating in the ATS.
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Figure 4-46. EHC power sweep results in terms of absolute values (a) and
relative values (b) for CO,, HC, and CO tailpipe emissions.

4.6 Conclusions

Numerical 1D engine simulations evaluated electric turbo compounding
and electric EGR pump. The 48 V electric components were used to achieve
the same air management targets as a high-pressure/low-pressure system in
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a low-temperature combustion mode. The only use of HP EGR was proposed
to reduce the engine packaging and improve the transient behavior. The
results show that a single path configuration does not allow to achieve all the
calibration points of the engine and increases the fuel consumption for the
successful cases. The introduction of the e-components allows working in an
extended range of VGT rack positions. The optimum case was with both e-
components working together. All the calibration map studied with both e-
components shows improvements in fuel consumption in extreme cases: low
engine rotational speed, low engine load, or maximum engine load. All the
cases where energy recovery can be made and the baseline case has difficulties
for the good operation.

The e-component results were used to feed a PO 48V MHEV truck and
test in twelve driving scenarios. The new e-component calibration (P0 DMDF
e- comp) was compared against the non-hybrid CDC, non-hybrid DMDF
HP&LP EGR, and PO DMDF HP&LP EGR. The results show that PO allows
advantages over the non-hybrid architecture between 4% (high payload and
large highway phases) and 14% (low payload and large urban phases). The
e-components show improvements with respect to the non-hybrid DMDF
HP&LP EGR in low payload conditions. Overall, the PO MHEV in both EGR
configurations allows 7.5% of COs tailpipe improvements. Despite that the
system is not enough to achieve the 2025 target (15% CO, reduction), it
allows large CO, savings by using a small electric machine (30 kW) and
battery size (2 kWh).

A deep study of the oxidation catalyst behavior in a hybrid RCCI
Medium-Duty truck was performed. The addition of an electrical heater at
the inlet of the DOC was included in the analysis. The experimental
validation demonstrates that the 1D DOC numerical model can accurately
predict the HC and CO conversion under stationary and transient conditions.
In addition, the stationary ICE analysis allows selecting the best EHC heat
addition (5 kW). In the driving cycle assessment of the PO MHEV hybrid
architecture, the calibration without a heater shows that only with high
payload and not urban cycles it is possible to achieve HC EUVI limits. When
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the EHC is added, all cases can achieve EU VI emission in terms of CO and
HC.
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5.1 Introduction

Full Hybrid Electric Vehicles (HEVs) were studied for more than 15
years in passenger car applications, and they are currently a mature
technology being commercially available on a large scale. This type of
powertrain electrification does not need a plug-in from an external source
because it bases the control strategy on battery charge sustaining. This means
that the initial battery state of charge (SOCi) is similar to the final state of
charge (SOC..). FHEV can be distinguished on different powertrain
architectures as series, parallel, and series-parallel (also called power split).
Despite the significant improvements in recent years in terms of efficiency
and durability, the information about their advantage and drawbacks on
truck platforms is minimal. Moreover, almost all the literature's works are
focused on fuel economy and CO; reduction without analyzing other pollutant

emissions.

This chapter uses a dual-mode dual-fuel (DMDF) combustion mode to
evaluate a full hybrid electric truck platform (18 tons of payload) with
parallel P2, series, and power-split hybrid architectures. Chapter 4 has
demonstrated the benefits of a mild hybridization in a P0. This chapter goes
a step forward in terms of electrification level by analyzing several
powertrains that have the advantage of pure electric mode and hybrid mode
without the requirements of external charging. Specifically, parallel P2 (pre-
transmission) is modeled. For brevity of the Thesis, the P3 and P4 are not

studied because they will allow similar results to the P2.

Moreover, the Series hybrid will be studied in this chapter because of
its particular operation that allows the engine's operation in steady-state
points due to the independence of the wheels with the engine operating
conditions. Lastly, the power split is also investigated due to the excellent
success of Toyota's Light-Duty concepts. This architecture combines the
benefits of both P2 and Series by a sophisticated control strategy with two
EM and a novel transmission system.
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In this sense, this chapter aims to evaluate the potential of combining
the two technologies, LTC and full hybridization, to achieve the 2025
European targets.

5.2 Parallel (P2) hybrid optimization

Figure 5-1 shows the proposed P2 dual-mode dual-fuel hybrid truck
concept scheme. One motor/generator (EM) is added between the ICE and
the OEM transmission. Two clutches, one before and after the EM, are added
to allow the pure electric mode (only the EM) and the boost mode
(EMgactive+ICE). The transmission is the OEM model (six-gear automatic
transmission) with the same gear ratios and the differential ratio.

As it is a full hybrid, the state of charge in the battery need to be
maintained. Therefore, a charge mode (EMaging+ICE) is added in the control
strategy where both clutches are closed. The battery module with 600V and
customized capacity (total energy storage) is included in Figure 5-1. The
battery is the third energy storage system in the truck. In this chapter, Diesel
and Gasoline are the other two HR and LR fuel tanks, respectively.

The operation of a parallel P2 hybrid allows driving in pure electric
mode when clutch one is disengaged and clutch two is engaged (see Figure
5-1). The P2 concept allows multiplying the EM speed in the transmission,
which is different from the P3 o P4 architecture (wheel speed is only
multiplied by the final gear ratio). Therefore, the P2 has the flexibility to
operate in low speed and high payload or the contrary, by a suitable
configuration of the gearing strategy. The concept can also work in several
hybrid configurations such as boost mode, charging mode, or only ICE mode.
In the last case, it operates similarly to a non-hybrid truck.

Unlike MHEV, the FHEV allows to downsize or de-rate the engine due
to the high electric power of the system. The battery voltage of 600V enables
the use of a large electric motor. From Chapter 3, it was possible to observe
that the MD8 Volvo engine calibrated in DMDF can operate in pure RCCI
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until 210 hp. This region (0-210 hp) achieves EUVI NOx and soot, which
allows removing the SCR-Urea system and DPF. This is one of the main
goals of the LTC concept. Therefore, to achieve similar performance to the
OEM CDC MDS8 powertrain, a 70 hp continuous power EM is included. The
ICE with 210 hp and EM with 70 hp connected in the same drive shaft
(separated by a clutch) will achieve the same maximum power output as the
baseline (CDC non-hybrid with 280 hp).

Battery Pack

Final Drive

RCCIICE i} EM Transmission
i |
1 'l
HRF Tank LRF Tank
(a)
RCCI ICE Clutch1  OEM Transmission Battery Module

[ ] /
[

OEM Final Drive

Oxid:tion \ \ \
Electric Machine OEM Clutch 2 OEM Diesel Tank Gasoline Tank

Catalyst
(b)

Figure 5-1. P2 Hybrid architecture layout with main components in an FL-
18-tons truck. The architecture (a) and component layout scheme in vehicle
chassis (b).
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5.2.1. Methodology

The maximum power of the components in the wheel is evaluated. An
in-house Matlab® code is developed to obtain the wheel forces by the
propulsion system to compare the performance of a hybrid powertrain with
the conventional non-hybrid. The curve of maximum torque versus rotational
speed of the components (ICE and EM) is multiplied by the transmission
devices. The static losses are added to the calculation. Therefore, this allows
understanding if the ICE4+EM selection has a similar performance on the
wheel in the OEM case (non-hybrid CDC). The HTM-3500 performance
curve and efficiency for the electric machine are taken and downsized from
200 kW to 52 kW by scaling with the approach shown in Chapter 3. This
electric machine is suitable for P2 due to the low-speed rotation regime (0-
3500 RPM) and high constant torque until 1500 RPM. It is important to
note that the EM and ICE have the same rotational speed (wgy = wicg) if
clutch one is closed. In other cases w;cg = 0. Therefore, the regular EM
operation will be below 2200 RPM (maximum of the ICE). The following
Equation 5.1 to equation 5.5 are used to calculate the wheel force

(Fwheets tract) depending on the transmission gear ratio (k; rransm)-

PWheels,tract = (PEM + PICE) *MNpif * N1rans (5-1)
_ (Tem + Tice) * Wem £
TWheels,tract - * 77Dif *NTrans ( . )
Wy heels
FWheels,tract = TWheels,tract * Twheel (5-3)
WEgy = Wwheels * ki,Transm * kdif (5.4)
Vyehicle
Wwheels = (5.5)
Twheel

With 7,peer being the wheel radius, vyepicie the vehicle speed, w, the
rotational speed, kg;r the final drive gear ratio, np;r and fyrqns the final
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drive and transmission efficiencies and P, and T, the power and torque,
respectively.

Figure 5-2 shows the P2 hybrid powertrain against the CDC non-hybrid in
two modes. In pure electric mode (only the 70 hp EM is delivering power)
the vehicle has constant force in the wheels up to a set speed, depending on
the gear in the transmission, and then a continuous decay in the power curve
is seen. This behavior is different from that of the conventional powertrain,
which shows an increase of the wheel force up to a set speed (corresponding
to the maximum ICE torque), and then decays down to the limit speed of
the ICE. This behavior is due to the different characteristics of the EM versus
the ICE. In addition, wheel force in pure EV mode is lower than that of the
conventional powertrain due to the selection of a 70 hp EM (to reach a total
of 280 hp when combined with the 210 hp ICE). However, the truck can be
driven in road grades higher than 7%, with vehicle speeds up to 10 km/h.
The maximum vehicle speed is 70 km/h on a flat route in pure EV mode. It
is important to note that these values are calculated for the most demanding
condition of 100% payload (18 tons).

The boost mode in a P2 architecture is the sum of the maximum power
of the ICE and the EM. Figure 5-2 shows that it is possible to achieve higher
wheel force at almost all vehicle speeds. The curves intersect at the limit
speed for each gear, which corresponds to 2200 RPM of the ICE, due to the
condition imposed for the P2 that forces the power of the ICE+EM to be
equal to the ICE power in the conventional vehicle. This depicts the best
performance of the P2 when it is working in the boost mode. As it is a full
hybrid, the energy needs to be recovered by charging the batteries with the
EM in generator mode. Therefore, the boost mode can be used for limited
periods. The following section shows the vehicle in real driving conditions to

analyze this point in detail.
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Figure 5-2. P2 Hybrid performance graph with the two modes and compared
against the non-hybrid configuration.

For the powertrain study in transient conditions, a control system
needs to be developed so that all sub-systems (ICE, EM, battery) work
together. The control system was developed following a rule-based control
(RBC) strategy due to the online application possibility and its robustness.
The different control parameters are calibrated to minimize CO, emissions.

Ad-hoc rules are adopted to operate the P2 FHEV powertrain for all
the possible operating modes. The control strategy characteristics are
schematized in Table 5-1. The operating modes are selected according to the
driver’s desired torque Ty iper and the value of battery SoC, while ensuring
that the mechanical power constraints of the ICE and EM (Ticg max> Temmax)
are satisfied. Three main vehicle states are designed: when the traction torque
demand is positive, pure electric (EV) and HEV driving modes are available,
while when it is negative, the regenerative brake system (RBS) allocates the
torque demand for energy recovery to the EM, which is complemented by
the friction brakes. The vehicle can be propelled only by the ICE only when
there is no request to charge the battery Tcpgrge. The EM is set to operate



252 Chapter 5

in generator mode to charge the battery, and its torque output value is
determined by a PID controller that acts on the signal (SoC — S0Ctarger)-
This allows to always keep the SoC level within the desired window. However,
the aggressiveness of the controller is a critical aspect to calibrate to avoid
frequent engine start-and-stops. Also, the control parameter v, gy (vehicle
speed limit for fully electric operation), needs to be calibrated. This rule
decides the speed up to which the vehicle can run in fully electric mode.
During the power assist mode, the power split between the ICE and EM is
set by the control parameter Split.,er, which must be tuned.

In Table 5-1, Brakey,sition = 0% when brake pedal is not actuated,
100% when fully pressed; Chargegiqre =[0 or 1], this control state variable is
equal to 1 when SoC < S0Ccpgrge , €qual to 0 when SoC = S0Ciqrget; Temmax
and Tgymin are the maximum and minimum EM torque output in motor and
generator modes, respectively; ncg is the rotational speed of ICE; Ticg mayx 1S
the maximum torque output of the ICE. A summary of the RBC strategy is
presented in Figure 5-3.
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Table 5-1. Conditions for each operative mode of the RBC supervisory
controller in P2 FHEV.

Vehicle
Sub-State Conditions ICE EM
State
Tdriver
>0
EV & Charge
EV . 0 =0 Gestate Tice=0 Tem = Tariver
traction -
< VUpen
< Viim,ev
T
ICE Start g < 1000 Ticg = 0 EM
I¢E I¢E = Tariver + TicE sta
T,
. Charge IcE
Charging -1 G8state = Tariver Tem = —Tcharge
+ Tcharge
HEV Td?a'ver Chargegiate Tycs
- > =
Tracti Power & Soff =1 7_}112 li
ractio . Plitcoer _ Split = Spliteper
Assist v T Pillcoer T
n veh * Lariver *T, . * Lariver
> vlim,EV < TEMmax driver
Power
Assist Max Tariver T Tem
> Ticemax & S0 ICE = Tariver
ICE (EM g = TicEmax
e > S0Cpin = TicEmax
008
SoC
Regenerati < SoC, &
. T m.ax Tice = 0 Tem = Tariver
ve Braking driver
Tariver > Temmin
HEV - <0 SoC
Brakin Parallel & < S0Chax & Tip = 0 Tont = Tonin
g Braking Vyeh Tariver
>0 < TEMmin
Mechanical S0C = S0Cpqy
FriCtiOn or vveh < TICE = 0 TEM = 0
Braking Skm/h

From the control strategy proposed, six parameters are chosen to be
calibrated. The first parameter is the maximum vehicle speed at which the
operation mode changes from pure electric (generally used at low vehicle
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speed) to hybrid mode. The EM propels the vehicle with the ICE switched
off by disengaging the clutch 1 (Figure 5-1). Therefore, pure electric travel
with zero tailpipe emissions can be performed. This operating mode is mainly
used in urban areas, helping local pollution reduction and avoiding excessive
ICE start and stop.

The second parameter is the boost mode split ratio, which divides the
required torque between the ICE and EM. Moreover, the battery needs to be
recharged to return the SOC to the initial value. From the charging mode,
two additional parameters arise. The first one corresponds to the SOC value
to start the battery charging. This determines the energy window (from
SOChuitial t0 SOClharge) the battery must operate. The second parameter is the
intensity at which the battery is charged. For this, a PID in which the
proportional gain was set as a function of the maximum EM power and the
SOC limit is used. When SOC,qua is equal to SOCiwi, the full EM power
machine is used to recharge the battery. A proportional value is used for
conditions in which the SOC,cua is greater than the SO Cini.

As a full hybrid, the battery state of the charge (SOC) needs to be the
same at the initial and the end of the driving cycle. Depending on the cycle,
it is possible not to achieve this target. Therefore, a tolerance of 5% SOC was
set to accept or discard the control configuration. The initial SOC is set at
60% for having up and down range to move during the cycle. The maximum
SOC is 95%, and the minimum acceptable SOC is 30% to avoid overcharging
or over-discharging the battery. For compensating the cases with lower or
higher battery energy in the end of the cycle than at the beginning, Equation
5.6 is proposed for a fair comparison.

BSCO _ CO; + BSCO,((SOCip; — SOCend)Battenergy)
2corrected ~ Energ}’Cycle

(5.6)

with CO; the total mass of carbon dioxide, Energycyci the tractive energy
is measured at the wheels. It is important to note that to be comparable in
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hybrids, the energy of the ICE cannot be taken as is normal in non-hybrid
powertrains. Equation 5.6 is also used in the other powertrain architectures.

Moreover, the target vehicle speed deviation was considered with a
maximum accumulative variation of 3% in the total distance. The last control
parameter is the gear shift strategy. This is a crucial point due to its notable
impact on the ICE and EM operation speeds. The gear shift was optimized
by a single parameter that establishes the rotational speed at the
transmission's input (ICE and EM rotational speed) at which the gear
changes. A six-gear automatic transmission is used. The parameter was swept
between the minimum and maximum allowed speed of the ICE.

The battery package size (energy content) is also optimized in terms of
hardware. This directly impacts the pure electric mode range, the vehicle's
flexibility to operate along with the different modes, and the power losses.
The increase of the battery's total energy reduces the current through the
cells and the columbic losses. On the contrary, this has a disadvantage in
terms of the entire battery weight and cost.

For optimizing the abovementioned parameters, a Genetic Algorithm
is used, as was the case of MHEV P0. The target for the genetic algorithm is
to minimize fuel consumption while reaching the same battery SOC at the
end of the driving cycle as the initial SOC. The space over which the factors
are varied is called the design space, and it is shown in Table 5-2. All cases
out of the constrained conditions are eliminated.
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Table 5-2. GA optimization parameters for P2 FHEV.

Parameter Type of parameters Range Tested
Battery Size Hardware 5 - 80 kWh
Gear shift Strategy Control Transmission 1300 - 2200 RPM
Max Pure Electric mode Control Electric machine 5-90 km/h
Boost mode split Control Electric machine 0-100 %
SOC start charge Control Battery pack 0.45 - 0.59
Charge aggressiveness Control Battery pack 0.45 — 0.59

5.2.2. Results

The proper selection of the battery size and the optimization of the
energy management control in hybrid powertrains are essential to obtain fuel
consumption and emissions benefits. This work aims to obtain the minimum
CO; emissions (minimum fuel consumption) while meeting EU VI engine-out
NOx and soot emissions under the WHVC at 50% payload (homologation
conditions). The genetic algorithm optimizes the design parameters for the
target mentioned above. Figure 5-4 shows the CO, emissions compared with
CDC at the same driving cycle and payload with the evolution of the genetic
algorithm generations for the P2 hybrid architecture. The difference is
calculated with equation 5.7. Therefore, negative values represent a gain for
the hybrid powertrain.

BSCO,,,

- BSCOZCDC non—hybrid .

BSCO34;, = 100 (5.7)

BSCO;, CDC non—hybrid

The final battery state of charge in the color bar is added. This
parameter is inserted in the optimization as a constrain, which needs to arrive
close to the SOCyuia (range accepted 0.55-0.65). The cross marks show the
cases in which this constraint is not achieved. After the first 500 cases, the
genetic algorithm concentrates the generated points in a narrow CO;
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emissions zone. It is possible to see that the 15% of CO, reduction 2025 target
is achieved.

P2 WHVC Payload 50% SOCend ['ézo

-20 lO.
§:~~. PRI
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-0.600

I‘0.595
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Figure 5-4. P2 Hybrid genetic algorithm cases evolution in terms of average
fuel consumption and final battery state of charge (SOCend).

An important aspect is the effect of the calibration parameters on the
CO; emissions and the final battery SOC. Figure 5-5 shows the sensitivity of
the parameters in the abovementioned outputs. For the P2, the most
sensitive parameter is the shift strategy. This parameter controls the engine
speed and torque delivered by the ICE. The battery is an important aspect
of the final SOC but does not significantly affect fuel consumption (CO,
emissions). This is a positive point because it reduces the battery size and
the powertrain cost. The constraints sensitivity is also shown with the final
SOC is dependent on the battery size; high energy in the battery makes it
hardest to control the battery SOC. The final vehicle distance equivalent to
the vehicle performance is linked with the shift strategy. The shorter the ICE
regime, the harder it is to achieve the desired power output.
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Figure 5-5. P2 Hybrid parameters sensitivity in terms of final average fuel
consumption and final battery state of charge (SOCend).

Considering the most influencing parameters and the importance of
the battery size in the final powertrain cost, Figure 5-6 shows the CO,
emissions difference with respect to the battery size and the shift strategy in
the color bar. For the P2, the battery size has an optimum at 10 kWh (value
in the low range tested). The battery is an LFP with high power for charge
and discharge but low energy density. The best case is a configuration that
allows high energy regeneration during breaking but without adding
significant weight to the vehicle. On the other hand, the shift strategy is
preferred close to 1500 RPM because is possible to shift the operative points
to high engine loads, as shown in Figure 5-7a. The ICE operative points are
close to maximum power, almost always avoiding the wrong efficient zone at
a low load. The dependence on the wheel's speed makes the ICE's operation
not concentrated on a single point—instead, it variates between 950 and 1500
RPM and 10 to 100% of RCCI load.

Figure 5-7b shows the operative points of the P2 EM in tractive mode
(positive torque values) and battery charging (negative torque values). As
the ICE, the regime used is until 1500 RPM due to the gear shift. In addition,
it is possible to see that almost all the EM torque range is used for the 50%
payload. The EM use allows an average efficiency higher than 95% almost all
the time.
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Figure 5-7. Internal combustion engine (a) and Electric Motor (b) operative

conditions over the fuel consumption and efficiency map, respectively.

The battery behavior is depicted in Figure 5-8 by the SOC, voltage,

current, and WHVC time. The size of the battery is selected at 10 kWh; this
means 181 series cells (600 V) and 6 parallel cells (15.6 Ah). Figure 5-8a
shows that the SOC is around 60% almost all the time with extra energy.
This is compensated later with equation 5.6. Figure 5-8b and Figure 5-8c
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show the battery package and cell parameters, respectively. The C-rate used
on the cell indicates that ten is the maximum to discharge and 6 to charge.
The limits following the specifications shown in Chapter 3 were 46/19 C-rate
in pulse/continuous mode for discharging and 10/3.8 in pulse/continuous
mode for charging. Therefore, the cell is more demanded in charge than
discharge due to the considerable regenerative braking power.
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Figure 5-8. Baittery and individual cell parameters during WHVC with 50%
payload for Parallel Hybrid.
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The optimum parameters of the GA optimization are presented in
Table 5-3. The next powertrain to be optimized is the Series hybrid. A
comparison of the P2 with the other powertrains will be made in Section 5.5.
More payload and driving cycles will also be shown, maintaining the optimum

RBC and hardware presented above.

Table 5-3. Optimum parameters of the GA for P2 FHEYV.

Parameter Type of parameters Final Opt Value
Battery Size Hardware 10 kWh
Gear shift Strategy Control Transmission 1462 RPM
Max Pure Electric mode Control Electric machine 40 km/h
Boost mode split Control Electric machine 100 %
SOC start charge Control Battery pack 0.476
Charge aggressiveness Control Battery pack 0.450

5.3 Series hybrid optimization

The Series hybrid is a concept that allows disconnecting the wheels
from the engine totally. An ICE-generator and an electric traction motor
connected to the wheels are used for battery recharging and propelling the
vehicle. A pure electric mode is available at low vehicle speed and a high
battery state of charge. When the battery achieves a low charge level, the
ICE is turned on.

One of the significant benefits of the series architecture for the LTC
RCCI concept is that a small amount of operative conditions is needed. In
addition, the transitions between operative states are smoother than in a P2
or a conventional powertrain. Therefore, the ICE control is more accessible
than the mentioned concepts. However, the battery needs to be greater than
in a P2 to allow high discharge and charge current rates due to the two EM.
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A layout of the series architecture in the Volvo FL truck is seen in
Figure 5-9. As can be seen, the ICE and generator are mechanically
connected, and on the other side is the TM to the wheels. Heavy-Duty
vehicles have the particularity of requiring high torque at low vehicle speeds
and large engine rotational speeds at high vehicle speeds. Despite the
maximum vehicle speed being lower than in a passenger car (120 km/h
instead of 200 km/h), the TM needs a large final drive to deliver high torque.
Therefore, a two-speed gearbox is required. A similar configuration can be
seen in the pure electric Volvo FL truck [222]. The main difference between
this HEV and BEV is the ICE as a range extender. With the advance in EM
design, a motor that delivers extra-high torque at low speed could be found
in the future and can be run until large rotation speed (>12000 RPM). For
now, using commercially available solutions, the gear box solves the problem.
Compared with P2, the Series hybrid reduces the gearbox complexity and
control operation. In addition, as was the case of the P2, the ATS is only the
Oxidation Catalyst. DPF and SCR-Urea systems are removed.
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Figure 5-9. Series Hybrid architecture layout with main components in an
FL-18-ton truck. The architecture (a) and component layout scheme in
vehicle chassis (b).

5.3.1. Methodology

The Series hybrid powertrain was designed using the RCCI engine map
calibration (210 hp) connected to a generator motor. Therefore, the generator
motor (Gen) needs to be able to deliver 210 hp at continuous power. The
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ICE map selection was similar to that in the P2, with total NOx and soot
compliance and the highest BTE region.

For the TM, there are at least two interesting options: 1) Design to
achieve the same continuous power output as the non-hybrid (280 hp), 2)
Design to achieve the same continuous power as the ICE-generator, so it can
be used in direct connection avoiding the battery in some particular phases.
Based on bibliography research and the nature of EM to achieve a peak power
near double the nominal continuous power, choice number two was taken.
The Volvo pure electric truck has a TM of 180 hp continuous power.
Moreover, the traction motor HM-3500 of 280 hp continuous power is
recommended for Truck Class 6 to 8 (long-haul trucks) due to the 470 hp
peak power. In addition to a BEV truck, the Series FHEV will equip a lower-
sized battery. Therefore, in the case of high-power requirements, all the power
will be provided by the ICE generator. For the TM and Gen, a scaled version
of the HTM-3500 is used with a coefficient of 0.739 (210/284 hp), following
the methodology shown in Chapter 3.

The two-speed gearbox and the final drive need to be designed together
to achieve high torque in all vehicle speed ranges. In order to decide the gear
ratios, the wheel force is c