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Abstract

The green-deal carbon neutrality target set for 2050 and CLOVE consortium
predictions of NOx reductions confirm the efforts of the European commission to
achieve a clean and sustainable transportation. In this sense, several solutions are
needed to fulfill with the short-term regulation requirements and provide a sustainable
transportation transition. This work assesses the potential and challenges of using a
Reactivity Controlled Compression Ignition, RCCI, engine in a series hybrid medium duty
truck fueled with both conventional and synthetic. The numerical results enabled to
design the hardware and control system of the concept. Experimental results show a
good agreement with numerical simulation estimation with CO; tailpipe below 3%.
Overall, using diesel and gasoline, it is possible to fulfill the current EUVI regulation
without after-treatment while promoting benefits of more than 10% in CO, Tank-to-
Wheel emissions. The use of Oxymethylene Dimethyl ethers, OMEX, instead of diesel
allows further reductions of both NOx and soot emissions due to its no carbon-to-carbon
bonds and higher oxygen content. The Well-to-Wheel CO; analysis shows that OMEx-
Gasoline operating as series hybrid achieves above 25% of CO; benefits against current
commercial truck.
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1. Introduction

Emissions restrictions suppose a huge challenge for the medium and heavy-duty
transportation sector. Additionally, mandates were recently introduced requiring to
reduce the Tank-to-Wheel (TTW) CO; emissions. In this scenario, pure electric vehicles
appear as immediate solution [1]. However, the improvement in terms of Well-to-Wheel
(WTW) and Life Cycle Analysis (LCA) CO2 emissions are not evident compared to Internal
Combustion Engines (ICE) or hybrids in the medium- and heavy-duty sector. In addition,
due to the large energy requirements, the battery packs are large and expensive [2]. The
current charging infrastructure is still limited to small regions and recharge times are still
long [3]. In this sense, mid-term solutions are needed to fulfill with the short-term
regulation requirements and provide a sustainable transportation transition. Hybrid
powertrains appears a potential solution to fill this gap [4]. However, notable
improvements in terms of maximum brake thermal efficiency, powertrain energy
management, components cost and pollutant emissions need to be done [5].

The use of advanced combustion modes is pointed as a promising alternative to
enable the pollutant reductions required [6]. Among the different advanced combustion
modes that have been proposed along the years, the Reactivity Controlled Compression
Ignition (RCCI) showed advantages in terms of combustion controllability and load range
extension [7][8]. In spite of that, the concept stills suffers from low combustion
efficiency at low engine loads and high-pressure gradients at high load, which limits its
applicability to only part of the engine map [9]. These issues have encouraged the
development of alternatives that enabled to keep the benefits of the RCCI combustion
while covering the full engine maps [10]. In this sense, the dual-mode dual-fuel (DMDF)
combustion concept has appeared as a promising solution, demonstrating to be capable
of reducing the engine-out NOx emissions under the EUVI limits while delivering fuel
consumption savings with respect to the conventional diesel combustion (CDC) and
ultra-low soot emissions [11].

In spite of the benefits of using the DMDF or the RCCI concept, the CO; reductions
that can be attained are still far from the limits proposed for the 2025 and 2030
scenarios [12]. Therefore, alternatives are required to enable further reductions of CO;
while benefiting from the clean combustion process obtained with the dual-fuel
combustion. Among the different strategies to reduce the CO,, both electrification [13]
and the use of synthetic fuels [14] are referred as promising technologies to be used.
The former comprises technologies addressing mild hybrid hybridization as Belt Starter
Assistance (BAS) [15] up to high hybridization degrees in parallel and series architectures
[16]. In addition, the electric machine boosting mode in hybrid vehicles allows to reduce
the internal combustion engine size or de-rating it. Garcia et al. [17] showed the
possibility to move from a DMDF to a full RCCI engine with the electrification of the
powertrain. In the above-mentioned work, the authors demonstrated the potential of
using both RCCI and parallel hybridization for heavy-duty trucks, allowing to achieve
reductions up to 15 % in CO; emissions in a TTW and fulfill the EUVI limits considering
tailpipe values of NOx and soot emissions [18]. However, the real application of the
concept may be hindered by the difficulties in achieving proper transient operating due
to the significant gradients in the air management and injection settings from point-to-
point. Therefore, the powertrain architectures that allow to operate the thermal engine
at steady-state points or with the minimum level of transient may benefit the utilization
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of the RCCl combustion. Such conditions can be attained by combining the RCCI
combustion concept with the series hybrid architecture.

The series hybrid architecture is the simplest form of Hybrid Electric Vehicle (HEV)
architecture due to the decoupling of the ICE to the wheels. Both engine control and
maintenance are easy and straightforward when compared to other HEV architectures.
The thermal engine works solely as a power source for a generator, allowing it to be
entirely decoupled from the vehicle speed and therefore operate at its peak efficiency
point [19]. In addition, it avoids the transient operation found with conventional or
parallel hybrid powertrains. Therefore, it is suitable to be applied with advance
combustion modes, where the number of parameters to be optimized and modify in
different operating points change drastically [20]. The main drawback of this concept is
the amount of electric losses due to the passage of all the ICE energy to the generator
and traction motor. In buses and trucks, this point is crucial due to the large power that
is transferred to the wheels and generated in the engine. A significant constraint for the
control logic of a series hybrid can be the noise, vibration, and harshness (NVH).
Therefore, the optimization of the powertrain is a key task to the increase the global
powertrain efficiency and make like current conventional powertrains. Several
investigations evaluated the use of the series hybrid technology in trucks from the
heavy-duty transportation sector [21] and buses [22]. The studies show that are
particularly suitable for some specific applications such as urban buses, urban garbage
collector trucks, and door to door delivery vans, which all have frequent stops and can
benefit from decoupling the ICE from traction (operating in the highest brake thermal
efficiency) as well as from regenerative braking (due to the high mass of the vehicle and
the frequent stops in this urban conditions). However, all of them are based in
conventional diesel combustion and no one studies the use of advanced combustion
modes or synthetic fuels.

Alternative fuels, as synthetic fuels derived from green energy sources, have the
potential to reduce the Well-to-Wheel CO, emissions due to the low Well-to-Tank (WTT)
emissions associated to their production processes [23]. These fuels offer an additional
degree of CO; reduction since they combine the use of this emission as raw material,
together with renewable energy, to obtain a wide range of molecules that can be burn
in conventional internal combustion engines [24]. Depending on the production process,
fuels as methanol, synthetic gasoline and e-Fischer Tropsch [25] can be obtained. Other
fuels as Oxymethylene Dimethyl Ethers can be attained from further processing of
methanol [26]. Recently, OMEx was identified as a potential fuel to mitigate the soot
formation in both conventional diesel combustion and also RCCI combustion due to its
high oxygen concentration and the absence of carbon-to-carbon bonds [27]. This effect
provides an additional degree of freedom to optimize the engine efficiency and reduce
the NOx emissions at the same time. The combination of synthetic fuels such as OMEx
with advanced combustion modes in hybrid applications may offer the required solution
to the short- and mid-term transport decarbonization requirements, enabling to follow
the proposed path to a carbon neutrality in 2050 [28]. Despite of their potential, no
investigation addresses in detail the benefits and challenges that may be attained in
combining these technologies concerning energy conversion, efficiency, emissions and
real implementation [29].

Therefore, this work aims to demonstrate the benefits of using the RCCl combustion
mode in a series hybrid with conventional and synthetic fuels in order to find
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alternatives to push the energy transportation sustainability. Steady-state experimental
engine calibration was carried out to feed the vehicle models. Later, experimental
transient tests are performed to understand the accuracy of the emissions predictions.
Lastly, OMEx-gasoline steady-state calibration is used to optimize the series hybrid
powertrain and find the best setup. The results are compared to the diesel-gasoline
series hybrid case and the current commercial diesel non-hybrid truck. Thus, this is a
one-of-a-kind study, evaluating by the first time the extension of the Dual-Mode Dual-
Fuel combustion in experimental transient applications, representative of a series hybrid
truck. In addition, the work proposes a comparison with 0-D simulations as a validation
step but also a database to developed refined models to account the specificities of the
combustion concept for enhanced modelling. Finally, considering the outcomes of the
previous investigations, the potential of the series-hybrid platform in reducing criteria
pollutants and CO; emissions is assessed for both conventional and synthetic fuels.

2. Methodology

The evaluation of a truck platform representative of medium-duty applications using
RCCI LTC combustion mode was performed in a 0-D numerical vehicle model. The new
concept proposed is a series hybrid powertrain with a de-rated 8L six-cylinder engine
adapted to operate in RCClI mode. Experimental engine calibration in stationary
conditions and transient cycles to validate and feed the numerical model were
performed. The results are compared against the non-hybrid commercial powertrain in
CDC and DMDF mode to understand the advantages and drawback against current
commercial technology and the proposed in the past by the research group [11]. The
methodology applied to design, test, validate and post-process the results is explained
in the next subsections.

2.1. Numerical vehicle model

The 0-D vehicle model was developed in the GT-Suite® commercial software (v2021,
Gamma Technologies) modifying the non-hybrid model by adding the new powertrain
components [30]. The numerical model used in this investigation is an evolution of
previous models presented by the author in different works [9]. It is worth to mention
that these models were fully validated regarding fuel consumption and emissions for
real driving conditions as presented in [31]. For each time step, the model calculates the
require torque and engine speed to fulfil with the required vehicle velocity from the
driving cycle. The values of engine speed and torque (BMEP) are used as inputs to the
experimental maps that are loaded in the model to determine the instantaneous
production of fuel consumption and emission by means of map interpolation. More
details and a complete description of the numerical methodology are presented in GT
drive manual [32]. The truck is a Volvo FL 18-ton maximum payload representative of
the European medium-duty sector for goods transportation in urban and extra-urban
conditions. This truck is originally equipped with an 8L six-cylinder diesel engine with a
maximum power of 280 hp. It uses an after-treatment system (ATS) system composed
of a SCR-urea (NOx reduction) [33], DOC (HC and CO reduction) [34] and DPF (soot
filtration) [35] for achieving the current EUVI normative [36]. In the current work, the
original engine was modified to enable the dual-mode dual-fuel operation. Results from
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previous investigations demonstrated that this concept can use a fully premixed RCCI
combustion with ultra-low NOx and soot up to 60 % of engine load (210 hp brake
output). Therefore, for the hybrid series powertrain, the engine is de-rated to 60% of
engine load, thus avoiding the upper part of the map in which the emissions levels
increase [24].

As the main constraint for the hybrid powertrain design is to achieve at least the
same performance than the commercial truck (maximum power and torque output), the
traction motor is designed with the same maximum power output than the CDC ICE (280
hp). A second electric machine is coupled to the ICE to operate as generator. Therefore,
the maximum power output of this electric machine (EM) is 210 hp. Both electric
machines are modeled with efficiency maps and the maximum torque output against
the rotational speed that is set. A scheme of the proposed powertrain is shown in Figure
1. The battery package is composed of several cylindrical lithium-ion modules (parallels
and series cells) to achieve 600 V. The battery size (energy content) is optimized in the
results sections by means of a design of experiments (DoE). The battery cells are
modeled with an equivalent Thevenin model calibrated with experimental results from
data of A123 cylindrical cells of 2.5 Ah, 3.3 V and 72 g (9.48 kg/kWh). It was selected a
wide range of battery capacity to understand the effect in fuel consumption and
emissions. The model is tested with a battery from 20 kWh to 80 kWh. The minimum is
selected to be able to feed the traction motor and the generator at maximum power.
The maximum is close to a light duty pure electric vehicle and half of size of a pure
electric heavy-duty vehicle. This means an addition of extra weight compared to the
conventional powertrain, 228 kg and 911 kg considering 20% extra for casing and
cabling, respectively. Lastly, this concept needs two fuel tanks. As demonstrated in
previous work [37] , this calibration work close to 50/50 Diesel and Gasoline and with
similar total mass fuel consumption. So, for the case of conventional fuels the original
tank can be divided in two parts and no extra weight it is necessary. For the case of
OMEx-Gasoline due to the low LHV of OMEx the mass consumption will increase.
Therefore, the HRF tank need to be increased. With the results obtained in this work it
is possible to size the new fuel tank. More information about the electrical components
models can be seenin [17].

The main advantage of this hybrid architecture is decoupling the ICE from the
wheels. Therefore, the ICE speed and load can be set independently on the road
conditions. This is especially advantageous for advanced combustion modes as RCCl due
to the simplification of the transient regime. The generator can send the energy
generated to the battery pack or directly to the traction motor when high power
requirements are needed. This last point decreases the electric losses in the battery
pack. The regenerative braking is one of the key aspects that needs to be considered
and studied when a hybrid electric vehicle is under evaluation. The series hybrid braking
system retains all the major components of the conventional mechanical brakes and
adds the electric machine braking torque on the rear axle. The rear brakes in a truck
cannot deliver the 100% of the power during a deceleration phase. The Economic
Commission of Europe (ECE) stablishes a brake regulation, which indicates the minimum
braking force on the rear wheels. In this work an optimum braking split between the
rear and front wheels which is known as I-Curve [38] that meets the legislation
requirements and improves the regenerative braking was used. This gives the maximum
braking force that makes the front and rear wheels lock simultaneously in each friction
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coefficient. When the braking force is distributed to the front and rear wheels on the I-
Curve, safe braking is assured. For this truck the I-Curve distribution is around 65% for
rear axles and 35% for the front axles. Additional limitation in the braking system is
added as battery maximum power and SOC limitation for the battery safe. In addition,
below 5 km/h the truck does not recover energy due to a safety limitation. This sub
model is included in GT-SUITE truck model and linked to the electric machine and
mechanical brakes.

s

Battery Pack

m o0
I I B
RCCI ICE Gen ™

k HRF Tank LRF Tank /

Figure 1 —Series Hybrid RCCI Truck concept. RCCI ICE (Reactivity Controlled Compression Ignition
Internal Combustion Engine), Gen (Electric Motor Generator), TM (Traction Motor), HRF (High Reactivity
Fuel) and LRF (Low Reactivity Fuel).

2.2. Experimental facility description

An active dynamometer is used for steady-state engine calibration and transient test
(Figure 2). As it can be observed, different sensors were included to monitor and acquire
variables of interest. The in-cylinder pressure was measured by means of Kistler 6125C
pressure sensors. These signals were processed in a real-time by means of a heat release
analysis routine built in LabVIEW, enabling the real-time visualization of the main
combustion metrics such as combustion duration, combustion phasing, among others.
The temporal signals were referenced to crank angle degree (CAD) by an AVL 364
encoder with a 0.2 CAD resolution. Injector energizing profiles were also acquired using
six injector clamps. A NI PXle 1071 acquisition board was used to acquire the high
frequency signals. The high reactivity and low reactivity fuel consumption was measured
in a mass basis by means of two AVL 733 S balances, while the air mass flow was
obtained by means of an Elster RVG G100 sensor. The average temperature and
pressure values were obtained in different locations of interest such as the intake and
exhaust manifolds and in the high pressure and low pressure EGR lines.

A five-gas Horiba MEXA-7100 DEGR analyzer was used to quantify the pollutants
concentration at the exhaust. The gas analyzer configuration allowed to assess the HC,
CO, 0,3, CO, and NOx concentrations. In addition, this gas analyzer is equipped with an
additional CO; probe to be used in the intake manifold, allowing the instantaneous
monitoring of the EGR concentration that was done during the tests. Finally, an AVL 415S
smoke meter was used to evaluate the soot emissions produced in each operating
condition. The values were reported in filter smoke number (FSN) and then converted
to specific soot emissions using the correlation proposed by Northrop et al. [39].

The main modifications in the originally CDC ICE consist of reducing the compression
ratio from 17.5:1 to 12.75:1 by means of the pistons machining. The new piston bowl
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geometry was optimized considering the previous results presented by Benajes et al.
[40] aiming at low specific fuel consumption ad minimized NOx and soot emissions.
Moreover, six port fuel injectors (PFl) where included in the stock manifold to inject the
low reactivity fuel (gasoline). Finally, a low pressure exhaust gas recirculation (EGR)
system was designed to deal with the requirements of charge dilution that were
identified in previous studies [41]. Table 1 summarizes the main characteristics of both

stock CDC and modified dual-fuel engine.

HP EGR Cooler

Air Cooler

L

EMY pyNOo

motores térmicos

Active

Measurement and
Control System

Dynamometer for
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Transient Test

- &=
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Filter
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¥93-40-3NO
vX3an
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Figure 2 — Experimental test bed facility scheme of the engine and measurement system.

Table 1 — VOLVO MD8K 350 main engine specifications in the commercial original set up and the

new RCCI set up.

Parameter Original Commercial ICE RCCI ICE
Type 4 stoke, 4 valves
Ne Cylinders [-] 6
Displaced Volume [cm3] 7700
Stroke [mm] 135
Bore [mm] 110
Injection type [-] DI diesel DI diesel -PFI gasoline
Compression ratio [-] 17.5 12.8
High pressure EGR [-] Yes Yes
Low pressure EGR [-] No Yes
Turbo Configuration [-] VGT
Rated Power [hp] 352@1800rpm 348@1800rpm
Rated Torque [Nm] 1453 1444

2.3. Fuel selection for current and future scenarios
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Recently, different discussions have been evidenced the role of energy selection on
reduction the carbon footprint of vehicles. Figure 3 shows a scheme of different energy
solutions that can be used to decarbonize the transportation sector. Despite the claim
of lower global efficiency from hydrogen and hydrogen-derived fuels (15%) compared
to electrification (75%), it is mandatory to state that the calculations that leads to these
values misses fundamental points [42]. Recent studies demonstrated that the use of
gaseous and liquid fuels can offer a pathway to transport energy from countries with
high potential to renewable power generation, e.g., NEMA region, which yields similar
efficiency levels of battery electric vehicles [43]. In this sense, the production paths and
utilization routes of hydrogen-based fuels must be understood and explored to enable
a global level solution regarding CO; reduction rather than local, low efficient and high-
cost answer. Figure 3 shows that the combination of highly efficient green electricity
production to generate hydrogen and the following reaction with CO, from carbon
capture techniques offers different fuels, covering a wide range of chemical properties,
enabling their use in land, maritime and air transportation. Figure 3 also highlights that
bio-fuels and green electricity can be used in combination with other low-carbon fuels
to support the decarbonization of the transportation sector. Focusing on the vehicles
using internal combustion engines, choosing a suitable fuel for a given combustion
concept can be a media to improve the efficiency and reduce the emissions [44]. The
use of synthetic (Methanol, e-Fischer-Tropsch, Oxymethylene Dimethyl Ether) and
renewable fuels (Bioethanol) provides an edge on carbon dioxide reduction [45][46]. In
this sense, different investigation has been made with the engine used in this
investigation to determine the most suitable fuels: drop-in fuels (for current scenario)
and synthetic fuels (representative of next generation of fuels).

— Methanol OMEx
Carbon Synthesis Conversion
Capture | |

Green Electricity il]

Synthetic fuels

o / =i
Bio-products EEE

(sugarcane, corn, Biofuels

rapeseed, etc.) gy
Cr B
t-:; 2

Green Electricity EIectriEity

[ Decarbonizing transportation ]

Figure 3 — Low Carbon Fuels production process for transport decarbonization.

For the first case (current scenario), low reactivity fuels with different octane
numbers were evaluated, from 80 to 100 [47][48]. The former was assessed as
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representative of high naphtha content gasoline, which has a much lower well-to-tank
CO; emissions [49]. The last, RON 100, was investigated as an attempt to improve the
combustion process by means of reducing the pressure gradients. As reported in
previous works, none of them were able to improve the values of commercial gasoline.
It is worth to state that their utilization might be improved if dedicated fuel injection
and combustion system were designed for these specific fuels.

Since no benefits were achieved by modifying the low reactivity fuel characteristics,
high reactivity fuels that could provide benefits in terms of soot and CO; reduction at
the same time were investigated. Among the different potential fuels that can be
identified in the literature, e-Fischer-Tropsch (e-FT) and Oxymethylene Dimethyl Ether
were selected to be assessed due to their similarities with respect to conventional diesel
[41]. While e-FT provided significant well-to-wheel CO, emissions reduction , their
benefits in terms of fuel consumption and emissions (soot and NOx) were limited. The
high dilution level, low in-cylinder temperatures and locally rich mixtures have
promoted a similar level of emissions than that from the conventional diesel
combustion. By contrast, the use of OMEx as HRF enabled the mitigation of soot
formation due to its high oxygen concentration in the molecule. At the same time, the
use of OMEx allowed to increase the dilution levels, promoting a full engine map with a
EUVI NOx compliant calibration at engine-out levels while providing benefits in CO;
emissions in a WTW basis. Due to the potential presented by this fuel, a complete engine
map calibration was performed using commercial gasoline as LRF (see Appendix A,
Figure Al). This calibration was selected to be used in this investigation, since it is
representative of the best scenario in terms of efficiency and emissions that can be
achieved with the DMDF combustion concept.

The TTW CO; (tailpipe) is calculated using the CO, formation factor (see Table 2).
This means a complete combustion after the ATS. The emission results presented in the
manuscript are without the ATS (engine-out) except for the CO,. It is important to note
that during experimental test to consider the backpressure of the ATS a valve is
calibrated to simulate this effect. For the WTW CO; calculation, an in-house life cycle
analysis (LCA) model was built. More information about the methodology can be found
in [50]. It is important to remark that in the case of OMEx the average between blue
(from natural gas with CO, capture) and green (from wind and solar power) OMEx
production was taken thinking in a future scenario where several production pathways
will be required for the large-scale application as shows Figure 3. Table 2 shows the main
properties of the fuels used along the work.
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Table 2 — Main fuel properties

Property Diesel OMEXx Gasoline
Fuel use [-] HRF HRF LRF
Density [kg/m3] 838 1067 720
Viscosity [mm?/s] 2.67 1.18 0.55
Cetane Number [-] 54.0 72.9 -
RON [-] - - 95.6
MON [-] - - 85.7
LHV [MJ/kg] 42.61 19.04 42.40
Carbon Content [%mass) 85.9 43.6 84.2
Hydrogen Content [%mass] 13.3 8.8 15.8
Oxygen Content [%mass] 0.8 47.1 0
Nitrogen Content [%mass) 0 0.5 0
CO, formation [gCO2/ MJgyel] 74.4 84.0 72.9
CO,; WTT [gCO2/MJgyel] 18.6 -66.4 17.2

2.4. Testing methodology

The methodology proposed for this work is a hardware-in-the-loop testing. First, the
engine is calibrated in steady-state conditions with conventional fuels (diesel and
gasoline). Then, the complete vehicle is studied by means of a 0-D vehicle model. The
powertrain is optimized to achieve EUVI engine-out NOx and soot emissions while
minimizing TTW CO; emissions. Later, the engine is tested in transient conditions
(homologation and real driving cycles showed in Appendix B) in the experimental test
bench. Lastly, the process is repeated with OMEx as synthetic fuel. A scheme of the
proposed methodology is shown in Figure 4.

[SQRSCEL)Y Pow ertrain Simu Exp Transient COMPARISON

Figure 4 — Testing methodology scheme with the use of conventional and synthetic fuels.

The stationary calibration is performed in order to achieve the best brake thermal
efficiency while achieving EUVI NOx and soot at engine-out conditions. The complete
calibration maps are those from [11] and are presented in Appendix A. It is important to
remark that for the diesel-gasoline calibration it was possible to achieve EUVI engine-
out NOx and soot up to 210 hp, 60% of engine load (210 hp). In the case of OMEx-
gasoline, the NOx and soot EUVI limits are achieved in the all engine map (up to 350 hp).
However, as the generator is designed with a maximum power of 210 hp, the ICE is also
used in the mentioned range.
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Later, the numerical 0-D vehicle model is run with the experimental data acquired
before to reproduce the engine behavior in a map-based approach. The series hybrid
powertrain is modeled with the sub-models previously explained. A rule-based
controller strategy is used by setting three levels of power (Figure 5). The three level is
decided based in previous study of the research group where is seen that higher amount
of levels not have any powertrain efficiency improvements and increase the engine
transient behavior [42]. A first level was selected at medium engine load (75 hp) in an
engine speed with low TTW CO; (1500 rpm). The second level represents the best
operating condition in terms of TTW CO.. For both maps, Figure 5 shows that 140 hp at
1500 rpm is the optimum operating condition. An advantage of this selection is that it
dispenses the modification of engine speed between the first two levels. Lastly, the third
condition is placed at 1800 rpm and 210 hp, representing the maximum power output
of the ICE. The change between power levels is done depending on the battery state of
charge (SOC). The three levels are symmetrically separated by a parameter called SOC
width. When the actual SOC achieves the first SOC charge level, the first power level is
applied. If the SOC recovers the initial SOC, the ICE is then turned-off. In case that the
SOC continue decreasing, the second level of power is activated. The same approach is
applied for the third power level that coincides with the maximum power that the ICE
can deliver. It is important to note that for the battery safety, the SOC needs to be
maintained between 0.3 and 0.9.

The last parameter optimized is the differential ratio, which influences the traction
motor rotational speed and torque. A DoE with several control and component
variations was done to obtain the optimum powertrain configuration. For the brevity of
the manuscript the detailed optimization for the diesel-gasoline is added in Appendix C.
The optimum battery size was 46 kWh, SOC width 2.9% and differential ratio of 9.5:1.
This battery size is 8.7 times lower than a pure electric truck (400 kWh) with 300 km of
autonomy [51] and 2.0 times lower than a plug-in hybrid (90 kWh) with 60 km of
autonomy [52]. In spite of battery size of 20 kWh have close gains to the current
selection (Figure C1), in this work the battery size is selected to maximize CO; benefits

without taking in consideration battery cost.
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Figure 5- Operational conditions marked in red over the calibration map for tank-to-wheel (tailpipe) CO,
with RCCI diesel-gasoline (a) and OMEx-gasoline (b).
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To understand the simulation accuracy and possible deviation with respect to a real
application, the engine speed and torque profiles are obtained and tested in the engine
test bench (transient mode). To broaden the field of study, the homologation cycle with
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three payloads (0%, 50% and 100%) is tested in the experimental test bench (Figure 6)
to compare against the numerical results. Figure 6 shows that only two of the three
possible ICE operating conditions are used. Therefore, for the studied cases, the ICE
speed is maintained at 1500 rpom when the engine is on, and the load changes. The main
difference between cases is the ICE on/off time and the total used time of the ICE. The
transient evaluation was performed by an open-loop calibration maps obtained in
previous investigations were loaded in the LabVIEW routine [24]. Therefore, the values
of VGT position, injection pressure, injection timings, EGR concentration, etc., were
obtained from interpolating the open loop maps, like the approach that is used in
conventional electronic controller units (ECU). In this case, the engine load demand was
provided to the PUMA as time-dependent signal, together with the engine speed from
Figure 6. Therefore, the dynamometer could replicate the transient conditions that were
defined by means of numerical optimization.

After the transient validation in the experimental test bench, the OMEx-gasoline
series hybrid concept is optimized with the same DoE methodology as the diesel-
gasoline case. Lastly, the vehicle is simulated in different transient conditions (four
driving cycles, see Appendix B, Figure B1, and three payloads, 0%, 50% and 100%)
representative of homologation and real driving cycles.
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Figure 6- Series hybrid optimum ICE load requirements at 0%, 50% and 100% payload in the WHVC

under diesel-gasoline RCCI series hybrid. The engine speed is 1500 rpm when the engine is on.

3. Results and discussion

The results are divided into three subsections. The first one shows the
experimental against the simulated ICE behavior in an optimized series hybrid
powertrain for WHVC 50% payload using Diesel and Gasoline. The results are also
presented for empty and full truck operation. The second subsection shows the
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powertrain optimization for OMEx synthetic fuel operation under dual fuel combustion.
Lastly, the third subsection shows a comparison in 12 operative conditions for both
diesel-gasoline and OMEx-gasoline calibration, including TTW and WTW CO; results.

3.1. Experimental transient evaluation of the series hybrid RCCI truck concept

The high EGR requirements, the dependence with the inlet temperature, etc.,
are factors that may hinder the transient application of the RCCI combustion. In this
sense, an experimental investigation was performed aiming at quantifying the transient
response of the engine compared to the simulation presented in the previous section.
This investigation was done at different truck payloads, considering the WHVC driving
cycle. For sake of brevity, only the transient results of 50% of payload are presented.
Nonetheless, a final table at the end of this section will summarize the results for each
one of the payloads investigated. The requirements of engine speed and torque from
the simulations can be observed in Figure 7a and Figure 7b. They were used as inputs
for the open loop calibration which delivered the air management (Figure 7c, Figure 7d,
Figure 7e and Figure 7f) and injections settings (Figure 7g and Figure 7h) of the engine.
As it is shown, the experimental profiles follow closely the curves from the simulation.
Small variations were attained in the brake torque, but not exceeding 5%, independently
on the time. Both experimental intake pressure and air mass flows also exceeded those
from the simulations, mainly at 50% of engine load. This might be a consequence of high
engine torques. However, low intake temperatures may also increase the air density,
enhancing the air management efficiency. It is interesting to note that the open loop
calibration approach was able to provide accurate quantities of EGR levels as well as HRF
and LRF mass. The former, however, presents a delay, which can be attributed to the
long route of the EGR (LP EGR), the valve response and the high gradient which is aimed
(from 0% to =40%).
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Figure 7- Experimental ICE test bed versus simulated ICE OD vehicle model results in terms of air
management system. WHVC with 50% payload series hybrid RCCI.

A detailed analysis of the temperature response at different locations was
performed aiming at quantifying the effect of the start-stops in devices such as
compressor, turbine as well as in the EGR, water and oil temperatures (see Figure 8).
Overall, all the monitored temperatures presented lower values than the map-based
simulation. This is a consequence of the calibration methodology that was used to
obtain the steady-state maps, which relied in measuring the operating conditions only
with warm engine. Since the transient steps do not include any previous engine warming
up, it is expected to have lower temperatures. It is interesting to note that the
compressor inlet temperatures are nearly constant during the tests due to low flow of
low pressure EGR. As the engine load is increased, higher temperatures are obtained
due to the higher energy demand on the heat transfer system of the low pressure EGR.
Despite the almost constant temperature at the compressor inlet, compressor outlet
temperature is dependent on time, increasing during the period at which the engine is
on because of the heat generated by friction and gas compression. The remaining
temperatures also follow the same trend as the one verified in the compressor outlet.
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In addition, Figure 8 presents the values of turbine inlet, which is a useful metric
to quantify the energy available at the exhaust to generate dynamic pressure and also if
the combustion process is converging to a steady state operation. As it can be observed,
the exhaust temperature does not achieve steady-state operation in none of the steps
of the engine. This can be correlated with the fact that the engine never attains its
thermal stability as it can be inferred from the results of water and oil temperatures.
Finally, the HP EGR inlet temperature also follows the trend of the turbine inlet
temperature, since it is derived before the turbine.
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Figure 8- Experimental ICE test bed versus simulated ICE OD vehicle model results in terms of ICE
temperatures. WHVC with 50% payload series hybrid RCCI.

The transient in the temperature values has direct effects on the combustion
development. This can be observed in Figure 9, where different metrics such as
combustion phasing, end of combustion, maximum in-cylinder pressure and pressure
gradient are provided. The lower temperatures at the beginning of the steps leads to
reductions in the in-cylinder reactivity, which enlarge the ignition delays, shifting the
combustion process towards the expansion stroke. Both Figure 9aand Figure 9b
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demonstrates this effect, confirming delayed combustion phases and end of combustion
for the early stages of the steps. As the time proceeds, the engine starts to warm and
the combustion is progressively advanced due to the high temperatures in the intake
manifold as presented in Figure 8b, approaching to the values obtained in the steady-
state calibration. This slow response of the combustion process may be the reason for
the difficulties in obtaining the torque demand in the early stages of the step. Advanced
control techniques such as the one used by Guardiola et al. [53] offer a solution to tailor
the engine settings, avoiding this slow combustion response.
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Figure 9- Experimental ICE test bed versus simulated ICE OD vehicle model results in terms of
combustion parameters. WHVC with 50% payload series hybrid RCCI.

The differences in the combustion development between the simulated and
experimental results may affect the emissions production during the cycle. Emissions as
NOx and uHC are highly dependent on the combustion chamber temperature. This can
be confirmed by analyzing Figure 10, where the evolution of the instantaneous NOx
emissions during the transient cycle is presented. As it can be observed, there is a direct
correlation between the cases with delayed combustion process and the zones with low
NOx production. Most of the experimental results for this pollutant under predicts the
values of the steady-state calibration. Despite of not being an apparent issue from an
emission regulation perspective, these low NOx levels may indicate losses in
thermodynamic efficiency, which is a consequence of the delayed combustion process
as demonstrated in Figure 9. Nonetheless, from the analysis of the CO; instantaneous
profiles (Figure 10), it can be inferred that, if the efficiency losses exist, they are not high
enough to provide divergences between the experimental and simulated CO; profiles
[54].

The modifications of the combustion process also impact the production of both
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CO and HC emissions in different manners as it is shown in Figure 10c and Figure 10d,
respectively. This is a consequence of the different mechanisms that are responsible for
each emission formation [54]. In the RCCI combustion, CO emissions are mainly
produced in rich zones, where there is not enough oxygen to oxidize the CO to CO..
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 are like
those of the simulation cases. 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 RCCl combustion. Since a high quantity of fuel is injected by
means of 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 to
the cylinder wall. The low cylinder block temperatures enhance the heat loss process,
hindering the fuel oxidation. This effect starts to be reduced as the cycle approaches to
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 10- Experimental ICE test bed versus simulated ICE OD vehicle model results in terms of
instantaneous emissions. WHVC with 50% payload series hybrid RCCI.

The instantaneous results from fuel consumption and emissions were integrated
with respect to time to deliver the evolution of the cumulative profiles, allowing to
quantify the differences at the end of the transient cycle (see Figure 11). Fuel
consumption results have demonstrated high similarity between the experimental and
simulated values, which can be attributed to the similar consumption of low and high
reactivity fuels. By contrast, emissions have demonstrated higher deviation due to the
influence of the wall temperature and the combustion process in their formation
compared with the steady-state conditions. NOx emissions presented a total deviation
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of 24% at the end of cycle, which is attributed to the general delayed combustion
process Figure 9. The differences are steeply increased during the cycle, as it can be
observed in Figure 11c and Figure 11d. for CO and HC emissions, were also negatively
impacted. The former presents the major differences at the end of the cycle because of
the difference for 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 difference.
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Figure 11- Experimental ICE test bed versus simulated ICE OD vehicle model results in terms of
cumulative emissions. WHVC with 50% payload series hybrid RCCI.

The same simulation methodology was applied for the remaining payloads in the
case of RCCI D-G, enabling to compare the differences between the simulation and the
real driving conditions for a wide set of operating conditions. The results are presented
in Table 3. 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 empty truck. The
simulation always under predicts 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. As it was seen in Figure 8 and Figure 9,
the lower engine temperatures change the combustion parameters and combustion
chamber temperatures. The NOx strongly decreases the prediction differences between
30% to 3% due to higher engine use requirements, increasing with the overall cycle
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operation temperature. The HC emissions present similar behavior, but only achieve a
minimum of 10% at full payload. The CO show the most stable measurement with
differences around 5.5% for all payloads in average.

Table 3 — Comparison experimental ICE test bed versus simulated ICE OD vehicle model results in terms
of cumulative fuel consumption and emissions in grams and percentage differences. Case WHVC with
0%, 50% and 100% payload series hybrid RCCI.

Fuel [g] NOx [g] HC [g] CO [g]

Exp | Sim | Diff | Exp | Sim | Diff | Exp | Sim | Diff | Exp | Sim | Diff
0% 3000 | 2892 | -3.6% | 1.74 | 2.50 | +30% | 59.5 | 41.0 | -31% | 123 | 132 | +7%
50% | 4704 | 4557 | -3.1% | 2.97 | 3.88 | +24% | 80.5 | 62.1 | -23% | 190 | 203 | +7%

100% | 6373 | 6284 | -1.4% | 5.11 | 5.29 | +3% | 92.7 | 83.1 | -10% | 244 | 254 | +4%

Payload

Figure 12 shows the Kernel Density Estimation (KDE) plots for some of the
relevant temperatures of engine operation. More specifically, the engine oil and water
temperature are presented as an indicative of the engine warm up while the EGR
temperature was selected to represent the influence on the combustion outcomes
evolution (since it is dependent on the exhaust gas temperature). The assessment was
performed for the three different payloads. The water and oil temperature show that
the increase in the truck cargo mass has a positive effect in the engine conditions with
a major concentration of points in the high temperatures for 100% than 0%. This allows
to conclude that the use of high payloads leads to shorter transients in engine operation,
benefiting the steady-state operation and the emission control. Despite the differences
observed in water and oil temperatures, the major discrepancies are seen in the air
management system. Figure 12c shows the experimental EGR temperature distribution
in the different payloads while Figure 12d depicts the differences between the
experimental results and those obtained from the steady state simulation. It is
interesting to note that the temperature distribution does not follow a linear
dependence with respect to the payload. As it can be observed, a small variation is
obtained from the 0% to 50 % of engine payload, compared to the 50% to 100% of
payload. This last step shows that the temperature evolution is enhanced towards high
temperature values. This concurs with the results present for the transient NOx profiles,
which depicted a fast evolution of NOx emissions towards the steady state condition for
the case with 100% of payload. Therefore, it can be concluded that once the engine
approaches to warm operation, closer are the results compared to the simulation, re-
affirming the results seen in Table 3.
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Figure 12- Kernel density estimation distribution of experimental engine water (a), experimental engine
oil (b), experimental EGR (c) and difference between experimental and simulated EGR (d) temperatures.

Table 4 shows the same results than Table 3 but in brake specific basis. This
allows to understand the mean fuel consumption of the concept and if it is possible to
achieve the EUVI legislation for the different pollutant emissions. The fuel
measurements and simulations show that the values decreased with the payload with a
minimum of 217 g/kWh of fuel consumption at full payload. In terms of emissions, NOx
is far below the EUVI (0.46 g/kWh) and close to the CLOVE scenario A for EUVII (0.12
g/kWh) without the requirements of any ATS [55]. The HC and CO are far from EUVI
(0.16 g/kWh and 4.0 g/kWh, respectively) [56]. In a no-hybrid case, the authors show
that the OEM DOC can deal with the amount of HC and CO at medium and high payloads
[57].

Table 4 — Comparison experimental ICE test bed versus simulated ICE OD vehicle model results in terms

of cumulative fuel consumption and emissions in grams per kWh. Case WHVC with 0%, 50% and 100%
payload series hybrid RCCI.

Fuel [g/kWh] NOXx [g/kWh] HC [g/kWh] CO [g/kWh]
Payload - - - -
Exp Simu Exp Simu Exp Simu Exp Simu
0% 232 223 0.13 0.19 4.60 3.17 9.5 10.2
50% 226 218 0.14 0.19 3.86 2.98 9.1 9.7
100% 217 214 0.17 0.18 3.15 2.83 8.3 8.7
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3.2. Synthetic Fuels Powertrain Optimization

A similar approach than that for diesel-gasoline is applied for the OMEx-Gasoline
case. The energy management system (SOC width), battery size and differential ratio is
optimized using a DoE. Figure 13a show that the battery size selected is close to that of
the diesel-gasoline case, with a battery size of 31 kWh instead of 46 kWh. In addition,
the differential ratio was also similar, with an optimum of 8.5 for OMEx-G instead of 9.5
for D-G. The SOC width is 1.5% for OMEx-G and 2.9% for the D-G case. It is clear that the
best hardware configuration has small changes depending on the fuel used due to the
similarities in terms of the engine calibration. Similar operating conditions are used due
to the best brake specific fuel consumption at 1500 rpm and medium engine load. This
is a strong point for the concept because it allows to change the fuels without changing
the powertrain. It will require only to change the engine electronic unit configuration to
operate with OMEx instead of diesel. It is important to remark that for OMEx-G the
benefits in TTW CO; are 2% against the non-hybrid Diesel case. This is 1.3% lower than
the D-G hybrid case due to higher tailpipe emissions of the calibration map (see Figure
5).
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Figure 13 - DoE optimization for OMEx-gasoline in terms of TTW CO, reduction for battery size (a) and
SOC width (b) in the WHVC at 100% payload. The color bar shows the differential ratio range.

Figure 14 shows the operating points during the driving cycle in the calibration
map of TTW and WTW CO; emissions for OMEx-gasoline RCCl combustion in the series
hybrid powertrain. In spite of that at TTW level the OMEx-G has slightly higher emissions,
the WTW CO; shows the potential of the synthetic fuel. The values for OMEx-G achieve
700 g/kWh while the D-G case is around 800 g/kWh.
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Figure 14- Engine map operating condition at 50% payload in the WHVC with OMEx/gasoline.

Figure 15 shows the cumulative CO; tailpipe emissions and engine-out NOx for
the series hybrid case at different payloads. For reference, the non-hybrid CDC case of
is added. In the cumulative results it is possible to see the stepped behavior of the series
hybrid as well as the reduction in emissions of the proposed concept. The CO; benefits
strongly increase with the payload due to the low efficiency of the non-hybrid case at
low engine loads (low truck cargo mass). In addition, the series hybrid reduces the
electric losses thanks to low energy requirements along the driving cycle. The engine-
out NOx emissions strongly decrease for the OMEx-gasoline RCCl operation in the series
hybrid powertrain. The low temperature in the combustion chamber plus the ICE control
in selected points achieves a 90% of NOx reduction with negligible soot emissions.
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Figure 15- Engine map operating condition at 50% payload in the WHVC with OMEx/gasoline.

3.3. Synthetic Fuels vs Conventional Fuels in Transient conditions

The optimum cases for both RCCI cases are tested in different driving cycles and
payload conditions. Figure 16 shows the TTW, WTW CO; emissions and volumetric fuel
consumption differences with respect to the CDC non-hybrid (OEM Truck) case. It is
important to note that the balls with red edge implies the achievement of 2030 CO;
reduction (30%) and black edge the 2025 target (25%). The non-hybrid DMDF cases are
also added for comparison. This last case represents the truck with the original
powertrain but with the calibration of the ICE changed to operate in the complete
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engine map to achieve the same power output that the OEM case. Figure 16a show that
it is possible to achieve 30% of tailpipe CO; reduction in low payload and urban cases for
both fuels. The improvements are higher for the diesel-gasoline case than for OMEx-
gasoline due to the higher brake thermal efficiency and low carbon-to-fuel conversion
ratio. The urban case shows large CO; benefits in all the payloads with a maximum of
38% at empty truck and 10% at full payload. The Flat driving cycle, which has the highest
average speed and lowest deceleration time and stop time (Table ), is the most
demanding cycle with only 10% of benefit at empty truck and CO; penalization of 6% at
full load condition. The average benefits in the 12 conditions tested are 11.5% for diesel-
gasoline and 10.0% for OMEx-gasoline. The non-hybrid with both fuels has a
penalization of 1% with respect to the OEM truck.

Figure 16b shows the WTW CO; differences using the methodology presented in
section 2.3. The use of conventional fuels does not have any significant advantage in
WTW CO; with similar results presented in tailpipe conditions. However, when synthetic
fuels are introduced, the benefits are large. In the case of the non-hybrid OMEx-gasoline,
the benefits are between 70% (urban low payload) and 30% (flat and high payload). For
the series hybrid, the OMEx-gasoline the benefits are 40% to 15%. The higher
advantages for the non-hybrid with respect to the series platform are related to the
gasoline fraction used. For the non-hybrid case, the gasoline fraction is around 50% due
to the use of low load conditions (see Appendix, Figure Al). In the case of the series
hybrid, the GF is around 80% due to the three operational points used. This means that
the diesel substitution for OMEx has lowest impact than in the case of the non-hybrid
powertrain. A conclusion from this analysis is that the search of a low reactivity fuel with
similar benefits (brake thermal efficiency and soot emissions) than OMEx is a good
alternative for this type of hybrid powertrain.

Despite that the WTW CO; emissions are higher for the non-hybrid than for the
series hybrid, the volumetric fuel consumption (Figure 16¢) shows that the OMEx use
implies large volumetric fuel use. The non-hybrid platform consumes 40% more volume
in average than the OEM truck. This is due to the low LHV of the OMEx. Therefore, this
implies higher fuel tank, more weight to be transported and the OMEXx cost needs to be
strongly lower than Diesel to be applied. In this sense, the series hybridization allows
the OMEx-gasoline concept to consume only 9.8% more fuel volume than the diesel non-
hybrid platform. The diesel-gasoline series hybrid case reduces the volumetric fuel
consumption 1.6% in average and the of non-hybrid diesel-gasoline case increases it by
6.9% in average. Therefore, the series hybrid allows to maintain the fuel consumption
in reasonable values, with a strong decrease of the CO; emissions in both TTW and WTW
bases.
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Figure 16- Tank-to-Wheel CO, (a), Well-to-Wheel CO, (b) and Volumetric Fuel consumption (c)
differences with respect to CDC non-hybrid for four driving cycles and three payload conditions.
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Figure 17 shows that NOx and soot emissions are significantly improved by the
proposed concept. The Figure 17 shows that NOx is reduced around 90% with all the
concepts including the non-hybrid one thanks to the ultra-low NOx calibration. In the
case of soot, the reduction is 100% for the OMEx cases with and without hybridization
due to the oxygen content in the fuel molecule, which allows the full carbon oxidation
and the absence of direct carbon-carbon bonds. In the case of conventional fuels, the

ICE de-rating in the series hybrid allows to achieve EUVI at engine-out levels with 92%

of soot reduction in average. It is important to note that the circles with black edge
implies EUVI limit compliment. These results present a relevant improvement compared
to the conventional DMDF calibration since it does not allow to achieve EUVI soot
emissions in all conditions. All the cases with 100% payload exceed the EUVI limit as well

as 50% payload in the flat driving cycle.

25



% of NOx [g/kWh] variation (Case-CDC)

OEEBEEEED |
Flat 93.0 -90.8 92.6-§ -90.8
ecoooes
- COBEEEEENOOR

N \_/ -o1s
- COLEEEEEERD | -
- COBEEEEeRe0O |-

_ AN ANANT

Driving cycle

r—93.0
S F : F : : : : : i : 3 N
S 5 S % 8 &8 8 2 &8 &8 8 8
=2 =2 9 Q =1 =1 1
5 8 a i‘ 2 2 g ?-( ; © L) o
T £ 3] = £ s = i 5 5 a X
L - o] o el T ] = > > — w
2 2 € 5 5 5 , = I I o 3
¢ g & 2 & % ¢ 8 2 2 % g
A g 5 « g fin} 2 & o % 8 2
w o [} o = () w A E o -4
o w = w =] v o & “
z g & g w T 5 e 2
o = B a w s & A
(=) = a 7]
[a] =
o
Case
699
700 (a)
% of Soot [g/kWh] variation (Case-CDC)
—
- 40
- COB®- DBD+DO@
N 4 - 20
(]
= -0
- DODPOPOD - SOD
v
o r—20
i=
OO0 008 | -
0
- —60
WHVC 4 @ -11.3 @
- —80
T T T T T T T T T T r T = -100
2 2 02 & & £ 2 2 & 2 08
S S % S &8 &8 &8 & &8 g8 8 8
2 h=] (&) [} — =
: 02 4 2 8 8 ¢ ;8 =z 8 ¢
T I u] = > > - w S o a x
o s 9 o T I g = > = — ]
= z o« o ) I 2 ° T + o %
e z & ¢ 3 = Y g & s = g
A g 5 « ‘D-? i £ & ] o] b 2
5 ©° o 8 5 & 3y o % 5 €
Q w 5 & © 2z o 5 n 4
z a A ] % 5 =) ey <
3 8 2 w z a a
o =
Case
701
702 (b)
703 Figure 17- NOx (a) and soot (b) emissions differences with respect to CDC non-hybrid for four driving
704 cycles and three payload conditions.
705
706 4. Conclusions
707 The manuscript shows the optimization of a dual-fuel series hybrid concept with

708  conventional and synthetic fuels. OMEx is used as high reactivity fuel due to the ultra-
709 low carbon footprint and the possibility to avoid the soot production. In addition, the
710  dual-fuel concept helps to reduce the volumetric fuel consumption thanks to the
711  injection of gasoline. A complete calibration map, followed by a numerical powertrain
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design and an experimental engine validation under transient conditions was presented.
The main findings of this work are:

5.

The powertrain design shows similar battery requirements 31 kWh for OMEx-G
and 46 kWh for D-G with differential ratio of around 9:1 and SOC width control
of 2%. At full truck operation the CO; tailpipe benefits are 3.3% for D-G and 2.0%
for OMEx-G with respect to the OEM CDC truck.

The experimental evaluation in transient conditions shows fuel consumption
deviations between the simulated and experimental values below 3.6%.
Therefore, the CO; tailpipe prediction using engine map-based method have
good precision.

The pollutant emissions deviation between experimental and simulated suffer a
strong impact depending on the truck payload due to the transient combustion
chamber temperatures. At empty truck conditions, the NOx is over predicted by
30%, meanwhile at full payload is only 3% over predicted. The CO were close
between simulated and experimental with an over prediction of 5% in average.
However, the overprediction put in a safe size the simulation results, showing
the great potential of RCCl combustion in series hybrid.

The main problem of the proposed concept is the uHC, due to the excessive
amount and the under prediction of the model with variations between 30% and
10%. A separate analysis needs to be done with DOC experiments to find the
solution for this point.

The evaluation under real driving cycles highlighted the potential of the concept
in urban areas with tailpipe reductions of 35% with the empty truck and 10% at
full payload. The evaluation in WTW CO; levels shows large improvements in this
cycle with around 40% and 15% with respect to OEM CDC truck.

The CO,, NOx and soot were strongly reduced with respect to the commercial

current application in both dual-fuel concepts. These are positive results for the next
generation of more clean trucks.
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6. Abbreviations

Low temperature

ATS After-treatment system LTC combustion

BAS Belt Starter Assistance MHEV  Mild hybrid electric vehicle
Noise, vibration, and

CAD Crank Angle Degree NHV harshness

CcDC Conventional diesel combustion NOx Nitrogen Oxides
Original equiment

DMDF Dual-mode dual-fuel OEM manufacturer
Oxymethylene dimethyl

DOC Diesel Oxidation Catalyst OMEx  ether

DPF Diesel Particle Filter PFI Port fuel injection

EGR Exhaust gas recirculation PHEV Plug in electric vehicle
Reactivity Controlled

EM Electric machine RCCI Compression Ignition

European Union emission limit six for

EUVI heavy duty engines REV Range extender vehicle
Selective catalytic

HEV Hybrid Electric Vehicle SCR reduction

HRF High reactivity fuel Sl Spark Ignition
State of the charge of the

ICE Internal Combustion Engine SOC battery

LCA Life cycle analysis ™ Traction motor

LHV Low heating value TTW Tank to wheel

LI-lon  Litium lon batteries WTT Well to tank

LRF Low reactivity fuel WTW Well to wheel
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8. Appendix
Appendix A

Figure Al shows the calibration maps for Diesel-Gasoline and OMEx-Gasoline for
the 8L / 6 cylinders engine. 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). Brake specific: fuel mass
consumption, fuel volume, CO, Tank-to-Wheel, CO, Well-to-Wheel, Premix Energy
Ratio, NOx and Soot are presented.

D-G BSFC [g/kwh] OMEXx-G BSFC [g/kWh]
350 350
830 830
300 300 1
750 750
250 1 670 250 670
=T =
£ 590 £ i 590
5 200 4 . 200
E 510 g 510
& 1501 & 150
430 430
100 350 100 350
50 . 270 50 270
— 190 . ' — : r . | 190
1000 1200 1400 1600 1800 2000 2200 1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM] Engine Speed [RPM]
OMEx-G L/100kWh
350 350 80
300 1 70
60
250 4
_ 50
(=9
£ 200 -
5 40
g
o 1504 30
100 7 20
50 4 10
¥ T T T T 0 T T T 1 0
1000 1200 1400 1600 1800 2000 2200 1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM] Engine Speed [RPM]
(c) (d)
D-G BSCO2 TTW [g/kWh] OMEXx-G BSCO2 TTW [g/kWh]
350 350
1240 1240
300 300
1160 1160
250 1080 250 A 1080
~ g
2580 1000 2 500+ 1000
E 920 g 920
& 150 & 150
840 840
100 760 100 760
50 680 50 680
T T T 1 600 ” g T T T T 1 600
1000 1200 1400 1600 1800 2000 2200 1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM] Engine Speed [RPM]
(e) (f)

34



BSCO2 WTW [g/kWh]

800" 1740
L]
300 1 . e 1580
L G
1420
250 1 > . 800
— '\ . . 1260
[=9
= ] . 800 . .
= 200 . 1100
£ 150 940
Bo / 780
100 1 o0—
0900 0 620
50 1 1300 460
— + — - r | 300
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]
(8)
D-G PER [%]
350 4 L . . 90
300 75
250 4 60
=
£
o 200 45
H
o
o 150 A 30
100 4 15
50 4 0
T . T T
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]
(i)
D-G BSNOx [g/kWh]
250 4 2.4
2.1
300 1
1.8
250 4
—_ 15
o
= 200
5 1.2
z
o
< 150 0.9
100 0.6
so 4 0.3
0.0
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]
D-G BSsoot [mg/kWh]
0 B
9 280
2009 240
250 200
£
= 200 A 160
[
H
< 150 120
100 - e= .
40
50
0

1000

1200 1400 1600 1800 2000 2200

Engine Speed [RPM]
(n)
950

951  Appendix B

350 OMEx-G BSCO2 WTW [g/kwWh]
5
1740
300 1580
1420
250
_ 1260
£
E 200 1100
£ 150 940
780
100 620
50 460
300
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]
OMEXx-G PER [-]
350
96
300 84
250 72
a 60
£ 200 4
g 48
a 150 1 36
100 A 24
50 > 12
= Uy T T - 1 0
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]
(i)
OMEx-G BSNOx [g/kWh]
350 4 2.4
2.1
300 4
1.8
250 4
—_ 15
=%
= 200 1
5 1.2
5
o
< 150 0.9
100 4 0.6
5o 0.3
0.0
1000 1200 1400 1600 1800 2000 2200
Engine Speed [RPM]
(m)
OMEx-G BSsoot [mg/kWh]
350 1
280
3001 240
250 4 200
g
= 200 1 160
a
g
2 150 A 120
100 4 80
40
50
1000 1200 1400 1600 1800 2000 2200

Engine Speed [RPM]
(o)

Figure Al- Engine calibration maps in terms of fuel consumption, premix energy ratio and emissions.
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In this study, different driving cycles that represent homologation conditions,
such as the WHVC, and real driving emissions are selected. The data to model the last-
mentioned cycles was taken in real routes through a GPS in a no-hybrid commercial
diesel Truck. The driving cycles selected for this study represent combined cycles with
urban, rural and highway phases (Figure B1). Only Urban Hilly does not contain the
highway phase. 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. Moreover, the duration and total distance of the real driving conditions
are larger than the WHVC. The most important cycle statistics can be found in Table B1.
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Figure B1- Homologation and real driving cycles with vehicle speed and altitude against time.

Table B1 — Driving cycle main characteristics

Parameter WHVC | Urban Hilly Local Hilly Regional Flat
Time [min] 30 145 138 158
Distance [km] 20 85 119 176
Max Speed [km/h] 88 75 96 96
Avg Speed [km/h] 40 35 48 66
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/s?] 0.09 0.12 0.10 0.06
Appendix C

A DoE is performed to optimize the battery size, differential ratio, and energy
management system for the series hybrid with Diesel-Gasoline. The main results are
depicted in Figure C1. It is important to note that the case of study selected for the
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optimization was the homologation driving cycle for heavy-duty vehicles at full payload.
This last parameter was selected due to the challenging condition that is represented
when the truck is completely loaded. In hybrid applications for HDV, it is well known that
the fuel consumption benefits decrease with the increase of the payload due to the high
efficiency of the conventional powertrain at high load conditions [17].

The optimum case (marked with a star) was found to be a battery size of 46 kWh
(Figure a). The battery size has a negligible effect up to 30 kWh, with a decrease in terms
of CO; emissions of 0.7% with respect to the minimum battery size tested (20 kWh) due
to the decrease of the thermal losses. Then, the CO; reduction is maintained flat up to
50 kWh. Above from this value, the battery weight has a larger effect than the decrease
of the heat losses in the cells and the CO, benefits decreases. The other hardware
parameter optimized is the differential ratio, which changes the electric machine
operation zone (low differential ratio implies lower EM rotational speed and higher
torques, and high differential ratio implies the contrary). Figure C1 shows that the color
bar in shades of blue is the best selection with an optimum value of 9.5. The high
multiplication ratio increases the electric machine speed, improving the efficiency. The
vehicle study in this work is submitted to low road speed. Therefore, the optimization
confirms the benefits of increasing the speed and reducing the torque necessary in the
EM. It is possible to see that the correct selection of the differential ratio is the most
important factor. All cases above the OEM truck have a final drive below 6:1. Above 8:1
the trend is flat with small gains.

In terms of control strategy, the SOC width was found to have an optimum of
2.9% (Figure C1b). The SOC width has an important effect in the CO; benefits, with high
benefits decreased above 4% of SOC width. This enhances the necessity of the DoE to
correctly set the powertrain battery and calibration strategy. The maximum benefit in
full payload under WHVC was 3.3% of CO; reduction. In spite of being far from the 2025
European target of 25% CO, reduction, the condition used to optimize is the most
challenging for the studied application.
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Figure C1- DoE optimization results in terms of TTW CO, reduction for battery size (a) and SOC width (b)
in the WHVC at 100% payload with Diesel-Gasoline calibration. The color bar shows the differential ratio
range.
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