
sustainability

Article

Advanced Emission Controls and Sustainable Renewable Fuels
for Low Pollutant and CO2 Emissions on a Diesel Passenger Car

Joachim Demuynck 1,* , Roland Dauphin 2 , Marta Yugo 2, Pablo Mendoza Villafuerte 1 and Dirk Bosteels 1

����������
�������

Citation: Demuynck, J.; Dauphin, R.;

Yugo, M.; Mendoza Villafuerte, P.;

Bosteels, D. Advanced Emission

Controls and Sustainable Renewable

Fuels for Low Pollutant and CO2

Emissions on a Diesel Passenger Car.

Sustainability 2021, 13, 12711.

https://doi.org/10.3390/su132212711

Academic Editor: Jelica Pavlovic

Received: 30 September 2021

Accepted: 5 November 2021

Published: 17 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Association for Emissions Control by Catalyst, 1030 Brussels, Belgium;
pablo.mendoza-villafuerte@aecc.eu (P.M.V.); dirk.bosteels@aecc.eu (D.B.)

2 Concawe, 1160 Brussels, Belgium; roland.dauphin@concawe.eu (R.D.); marta.yugo@concawe.eu (M.Y.)
* Correspondence: joachim.demuynck@aecc.eu; Tel.: +32-27068162

Abstract: Research efforts into advanced emission control systems led to significant reduction of
pollutant emissions of modern internal combustion engines. Sustainable renewable fuels are used
to further reduce their Well-to-Wheels greenhouse gas emissions. The novel aspect of this paper
is the compatibility investigation of existing advanced emission control technologies for achieving
low pollutant emissions with the use of sustainable renewable fuels with vehicle tests. This is done
on a diesel demonstrator vehicle, equipped with Lean NOx trap and dual-SCR technologies in
combination with a 48V mild-hybrid powertrain. Tailpipe pollutant and CO2 emissions are measured
for market diesel fuel with 7% renewable fatty-acid-methyl-ester (FAME) (B7), diesel fuel with 30%
FAME (B30), and 100% renewable hydrotreated vegetable oil (HVO). Results show no significant
difference in pollutant emissions between the different fuels used. In a second part of the study,
a Well-to-Wheels (WTW) analysis is conducted. This includes different pathways for the biomass-
to-liquid fuels that were tested on the vehicle, as well as a power-to-diesel (e-diesel) assessment.
Results show that significant WTW CO2 reductions are possibly compared to the state-of-the-art
market diesel fuel. Part of this reduction is already possible for the existing fleet as most of paraffinic
compounds are drop-in for market diesel fuel.

Keywords: emission control; sustainable fuel; passenger car; diesel; HVO; B30

1. Introduction

To improve the air quality and reduce the health impacts in EU, successive European
emission standards have been introduced to reduce pollutant emissions from road transport.
For passenger cars, the most recent addition has been the introduction of the Real Driving
Emissions (RDE) procedure within Euro 6. With RDE, the EU became the first region in
the world to introduce real world on-road testing to address the gap between on-road
emissions and laboratory test results. As part of RDE, a new car is tested on public roads
and over a range of different conditions. This includes low and high altitudes and speeds
and uphill and downhill driving, as well as a variety of vehicle payloads and ambient
temperatures.

These successive emission standards promoted innovation in catalyst and filter
technology design as well as emissions control system layout within an integrated ap-
proach of powertrain development, in addition to progress in engine and combustion
technology [1–7]. Examples of state-of-the-art systems for the latest Euro 6d passenger car
standards include close-coupled catalysts for cold-start and low speed and load driving in
the city, and underfloor catalysts for high speed and load area on the motorway for both
diesel and gasoline passenger cars. Total catalysts and filter volumes are designed to cope
with peak engine pollutant flow. In the specific case of diesel passenger cars, some of the
technology innovations include:

- Oxidation catalysts, remaining a key technology for diesel engines and converting
carbon monoxide (CO) and hydrocarbons (HC) into CO2 and water.
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- Diesel particulate filters (DPFs), removing up to 99.9% of particles coming from the
engine, including ultrafine particles. Reference emissions factors from HBEFA [8] for
Euro 6 diesel vehicles are well below the limit of 6 × 1011 #/km. These emissions
factors include the contribution of the DPF regeneration. Since the Euro 5b exhaust
emissions legislation was introduced in 2011, DPFs are effectively mandatory.

- A combination of different deNOx exhaust aftertreatment systems [9,10], being used to
reduce and control tailpipe NOx emissions of diesel cars, including selective catalytic
reduction (SCR) and NOx traps. In the SCR system, urea is dosed to obtain ammonia
as a reagent to convert NO and NO2 into nitrogen over a special catalyst system [11].
A growing number of diesel cars registered after September 2015 (predominantly
Euro 6-compliant vehicles) are equipped with this technology.

On-road NOx and PN emissions have been reduced significantly as a consequence
and this is confirmed by OEM data at Type Approval [12,13] and independent third-party
testing [1–15]. Further evolution is expected toward Euro 7 for which the legislative
development process is ongoing. It continues to consider modifications to limits and test
procedures to ensure lowest possible vehicle pollutant emissions.

Next to pollutant emissions, GHG emissions from road transport are a major concern
due to their contribution to climate change. In the last two decades, regulations in the EU
have encouraged the development and incorporation of renewable fuels for transport with
a view to reduce its carbon footprint. In a first version published in 2009, the renewable
energy directive [16] required transport to meet a minimum 10% target of renewables on
an energy basis. Addressing the requirements of the regulation, the stakeholders of the
fuel industry have developed different types of renewable fuels, mostly derived from food
and feed crops as well as wastes. If properly selected in terms of feedstock and processes,
these renewable fuels already deliver GHG reductions in the transport sector on a Well-to-
Wheels (WTW) basis [17]. In 2018, the recast of the renewable energy directive [18] made
the requirements more stringent toward a 2030 target: more renewables used in transport
(14% on an energy basis) and a specific minimum requirement on the development of
advanced biofuels, set at 3.5%. The latter requires the fuel industry to develop new
conversion processes such as biomass-to-liquids (BTL), among others, being able to process
non-food/crop-based feedstocks, such as lignocellulosic materials from agricultural or
forestry residues. These advanced biofuel pathways can deliver further WTW GHG
reductions [17]. Very recently, the European Commission published its proposal for the
“Fit for 55 package” [19], aiming at reducing the EU’s GHG emissions by 55% compared to
a 1990 reference. This package includes a proposed recast of the renewable energy directive
RED II(I) [20], with a target of renewables incorporated in the transport pool until reaching
a minimum of 13% reduction in their carbon intensity and therefore, expressed in GHG
terms instead of in energy ones this time. The proposal also opens the door to a new
type of renewable fuels from non-biological origin (RFNBO) and low-carbon fuels called
recycled-carbon fuels (RCF). RFNBO and RCF could be composed of power-to-liquids
(PTL) fuels, also called e-fuels, as they are derived from CO2 and renewable electricity.
These e-fuels can also deliver GHG reduction on a WTW basis, providing that CO2 is
considered as a waste and/or directly extracted from the atmosphere [17].

In its “Fit for 55 package” the European Commission also published a proposal for
setting new CO2 standards for passenger cars and vans [21]. In the current version of the
proposal, a reduction of 55% (resp. 50%) of CO2 emissions by 2030 is foreseen in WLTP
terms compared to a 2021 reference for passenger cars (resp. for vans), followed by a
reduction of 100% by 2035 for both cars and vans. This is based on tailpipe emissions only
(Tank-to-Wheels emissions, TTW) and does not consider upstream emissions (Well-to-Tank,
WTT), whether they are positive or negative, nor life cycle assessment. The overall GHG
emissions are what matters regarding climate change, and not only those measured at
the tailpipe. Therefore, this work intends to contribute to the scientific discussion by
providing an estimate of the Well-to-Wheels GHG emission reduction when the selection
of different fuel production pathways (WTT) and their related properties are combined
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with the results of real experimental tests. For this purpose, WTT data from the JEC WTT
v5 report were used [17], following a marginal approach and widely used as a source in
different European Commission publications (e.g. [22,23]). The authors acknowledge that
there is no single WTT value for each type of fuel (as clearly stated in the JEC WTT v5
report) and as such, different ranges can be found in the literature depending on factors
such as different methodological approaches followed (e.g., marginal vs average allocation
methods) or feedstocks used [24–26]. In this context, the selected fuel pathways routes are
to be considered as representative examples of the European context.

The work presented here entailed first an experimental part with tailpipe pollutant
and CO2 emissions measurements on a demonstrator vehicle. In the second part, a WTW
analysis was conducted to assess the sensitivities regarding production pathways. The
originality of this work is that, for obtaining the WTW assessments, it combined the WTT
data collected from the JEC v5 report with their related experimentally measured emis-
sions at the tailpipe (TTW), these two values being connected through the fuel properties
measured in a laboratory. Three diesel-like fuels were selected: a market grade diesel with
a 7 %v/v (B7) of fatty acid methyl ester (FAME) as reference, a diesel fuel with a higher
FAME blend up to 30 %v/v (B30), and a drop-in diesel using a hydrotreated vegetable oil
(HVO) as a representative example of paraffinic fuels.

- The FAME content in the B30 can be derived from several different crops or from waste
cooking oil, which allows interesting sensitivities around their Well-to-Wheels GHG
emissions. Currently, the blending wall limits the use of FAME in conventional diesel
engines up to 7 %v/v. Beyond GHG-related aspects, as FAME is known to emit more
engine-out NOx due to their oxygen content [27,28], the study wants to assess whether
this effect is still present at the tailpipe after going through a high-performance deNOx
emission control system.

- The hydrotreated vegetable oil (HVO) is solely made of paraffinic compounds. An
extensive test plan allowed to evaluate the impact of HVO on the tailpipe emissions
of the vehicle. Although HVO’s carbon chain length may be different from those of
other paraffinic fuels such as BTL or e-diesel, the similarity in the paraffinic nature
of all these fuels led the authors to assimilate HVO to a representative of the whole
paraffinic fuels family, allowing sensitivity calculations regarding their production
pathways (WTT), assuming similar fuel properties and tailpipe impacts (TTW).

2. Materials and Methods
2.1. Demonstrator Diesel Vehicle

The base diesel vehicle (Figure 1) for the demonstrator project is a C-segment car
equipped with a Euro 6b diesel engine. The vehicle has a 6-speed manual gearbox in
combination with front wheel drive. Key features of the downsized, 4-cylinder, 2-valve
diesel engine include a displacement of 1.5 L, 1600 bar common rail fuel injection system,
1-stage variable geometry turbo charger with e-actuator and air/air intercooler. It also
features a 48V mild-hybrid system. The mild-hybrid electric motor can support the internal
combustion engine up to 10 kW. During acceleration phases, hybrid-assist provides torque
in order to support the diesel engine and reduce fuel consumption and CO2 emissions.
Additional CO2 reduction is obtained by stop-start functionality when the car does not
move. During deceleration and braking phases, the electric generator recovers the kinetic
energy in order to recharge the battery. During take-off or acceleration at low engine
revolutions, hybrid-assist will also provide additional torque to improve reactivity and
avoid gear downshifting. NOx engine-out emissions are controlled by a combination of
uncooled high- and cooled low-pressure exhaust gas recirculation (EGR) systems.
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2.2. Emissions Control System

The original emissions control system was removed and replaced by a lean NOx trap
(LNT) and dual selective catalytic reduction (SCR) system, shown in Figure 2.
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2.3. Emissions Tests 

Figure 2. The emissions control system consists out of a lean NOx trap (LNT) and dual selective
catalytic reduction (SCR).

The LNT and close-coupled SCR mainly reduce the NOx emissions during city driving
at low exhaust temperatures. For NOx-control under motorway driving conditions, a
second SCR catalyst and an ammonia slip catalyst (ASC) are added to an underfloor
position with a 2nd urea dosing unit. The combination of different components positioned
along the exhaust line broadens system deNOx performance across a wide variety of
driving conditions. The LNT also fulfills the role of a diesel oxidation catalyst (DOC),
reducing CO and HC emissions. The close-couple SCR is partly integrated on the DPF
which reduces the particulate emissions. This system contains technologies which are
all available on the market, and the implemented layout is similar to state-of-the-art
Euro 6d layouts [29]. All catalyst components used in this work were tested following a
hydro-thermal oven ageing procedure representative of the vehicle lifetime. In addition,
around 15,000 km was accumulated during the project before the final emissions tests
were conducted. Further details of the system are described in [30,31], including thermal
management and functionalities of the 48V mild-hybrid system to support emissions
control: the electric motor acts as a generator to increase the engine load after cold-start,
the electric motor compensates for torque fluctuations during LNT regeneration and the
electric motor covers part of the transient accelerations.

2.3. Emissions Tests

A variety of emissions tests was conducted to characterize the emissions performance.
In addition to regulatory emissions tests (WLTC and RDE), different tests were conducted
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on the road and in the lab to cover urban (Berlin and Transport for London interpeak cycle),
uphill (driving in the Harz area of Germany, up to 700 m), and motorway driving around
Berlin (vehicle speeds up to 160 km/h). The engine load points, vehicle speed traces, and
exhaust temperature histograms of some of these tests are shown in Figure 3. The TfL test
consists mainly of low-load driving, often below the 200 ◦C exhaust temperature line. The
combination of short distance (9 km) and low average vehicle speed (13.9 km/h including
idle) makes it a very challenging cold-start test. The exhaust temperature histogram shifts
to higher temperatures when going to the WLTC, RDE and motorway test. An RDE test
was also done on the chassis dyno, using the trace from an on-road measurement. All these
tests were conducted on market B7 diesel. A subset of the tests was conducted to validate
the emissions performance on B30 and HVO. All tests include an initial cold-start after
soaking the vehicle at ambient temperature the night before.
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Figure 3. Driving conditions covered (engine load, vehicle speed, and exhaust temperature).

During tests on the chassis dyno, gaseous tailpipe emissions have been measured with
an AVL AMA i60, sampling at the tailpipe, for THC, NOx, CO, and CO2. PN emissions
were measured with an AVL particle counter, sampling from the dilution tunnel. On-road
emissions are measured with an AIP PEMS for NOx, CO, and CO2. A PEMS-PN was only
available for a limited number of tests. Both dyno and PEMS analyzers fulfil the legal
requirements for measurement accuracy. In addition, ECU type NOx sensors have been
used during both on-road and on-dyno tests.

2.4. Fuels

A set of three fuels was selected for the test campaign, including market fuels and fuels
already used in niche markets without any engine or vehicle modifications. The rationale
for selecting such fuels was to evaluate the effects that they could have on pollutant
emissions while bringing renewability benefits (GHG) to existing and new vehicles. The
three fuels are described in the following paragraphs and their key properties, including
the laboratory measurement method, are listed in Table 1.

Table 1. Key properties of test fuels.

Units Method B7 B30 HVO

Density kg/L EN ISO 12185 0.838 0.825 0.780
Cetane number - EN ISO 5165 52.0 54.0 >70

Viscosity at 40 ◦C mm2/s EN ISO 3104 2.802 2.118 2.863
FAME content %v/v EN 14078 6.4 29.9 <0.1
PAH content %m/m IP 391 mod 3.5 0..3 <0.01

Total aromatics %m/m IP 391 mod 25.8 4.1 0.2
Carbon content %m/m ASTM D3343 mod 85.94 83.62 85.32

Hydrogen content %m/m ASTM D3343 mod 13.35 13.16 14.68
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Table 1. Cont.

Units Method B7 B30 HVO

Oxygen content %m/m EN 14078 0.7 3.23 <0.01
Net heating value (m) MJ/kg ASTM D3338 42.74 41.73 43.62
Net heating value (v) MJ/l Calc. 35.82 34.43 34.02
CO2 intensity, TTW

(calc) gCO2/MJ Calc. 73.7 73.5 71.7

IBP ◦C EN ISO 3405 174.9 168.4 193.0
T50 ◦C EN ISO 3405 277.0 231.5 N/A
T95 ◦C EN ISO 3405 354.3 348.4 N/A
FBP ◦C EN ISO 3405 360.0 355.6 304.4

2.4.1. B7

The B7 is a market diesel fuel, representative of a current European diesel road fuel,
complying with EN590. It is a mixture of fossil-based components (94%v/v) and FAME
(biodiesel, 6%v/v), compliant with EN14214. Its cetane number is close to the EN590
minimum at 52 while its density is close to the EN590 maximum at 0.838 kg/L.

This fuel provides a reference for evaluating the effects of the two other fuels. Only this
fuel was used for developing and calibrating the vehicle demonstrator, meaning that the
two other fuels were used as “drop-in” fuels, with no further adaptations to the vehicle’s
settings or hardware.

2.4.2. B30

The B30 fuel is a mixture of low-density fossil-based diesel fuel (70%v/v) and FAME
derived from used cooking oil (UCOME, 30%v/v). This fuel was selected to evaluate
the impact of high FAME content levels, so far only used in Europe in captive fleets, on
emissions. In particular, the purpose was to check whether the increased NOx emissions
historically associated with the use of high FAME fuels due to their higher oxygen content
could be mitigated by the sophisticated exhaust aftertreatment system used in this study.

2.4.3. Hydrotreated Vegetable Oil (HVO)

The HVO is a paraffinic fuel derived from biological sources, compliant with EN15940.
It was selected to evaluate the effects on emissions of a low density, low aromatics,
high H/C ratio, and high cetane number fuel.

Due to its paraffinic nature, HVO is close in its composition to other paraffinic fuels
such as those derived from biomass (BTL) or from renewable electricity and CO2 (e-
diesel). This proximity in the composition is assumed to transpose into similar combustion
behavior, at least regarding Tank-to-Wheels CO2 emissions and energy content. This
similarity allowed to extrapolate the WTW CO2 calculations of HVO to other production
pathways of paraffinic fuels such as BTL and e-diesel (see Section 2.3 for further details).

2.5. Well-to-Wheel Calculation Method

The method used for calculating well-to-wheel CO2 emissions derives from the one
used in the JEC WTW report v5 [17], using the inputs from this report (well-to-tank data)
and from the data from the chassis dyno experiments (tank-to-wheel data). The following
equations were used to make the calculations:

CO2WTW

[ g
km

]
= CO2WTT

[ g
km

]
+ CO2TTW

[ g
km

]
(1)

where CO2WTT
[ g

km
]

is the CO2 emissions in g/km from well-to-tank, calculated following
the method explained below, and CO2TTW

[ g
km
]

is the CO2 emissions in g/km from tank-to-
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wheel, obtained via the experimental results given by the chassis dyno tests, respectively
on B7, HVO, and B30. Then,

CO2WTT

[ g
km

]
= CO2WTT, f uel production

[ g
km

]
− CO2biocredits

[ g
km

]
(2)

Which can also be detailed as follows:

CO2WTT [
g

km
] =

Q f uel

[
MJ

100km

]
100

× (∑all compounds, i CO2intensity, WTT, i[
gCO2

MJ
]× NRJi

−∑renewable compounds, j CO2intensity, TTW [
gCO2

MJ
]× NRJj)

(3)

where Q f uel

[
MJ

100km

]
is the fuel energy in MJ used by the vehicle for 100 km driven on

the chassis dyno, as measured experimentally, CO2intensity, WTT, i

[
gCO2

MJ

]
is the Well-to-

Tank CO2 emission factors expressed in gCO2/MJ for the compound i blended in the fuel,
obtained as described in Table 2, NRJi is the share of energy of the compound i blended in

the fuel, CO2intensity, TTW

[
gCO2

MJ

]
is the tank-to-wheel CO2 emission factors, as described

in Table 1, expressed in gCO2/MJ. NRJj is the share of energy of the renewable compound
j (i.e., not from fossil source) blended in the fuel.

Table 2. Well-to-Tank CO2 emission factors (data extracted from JEC WTW report v5 as representative fuel production
pathways).

Feedstock WTT Process Pathway (WTT) CO 2 intensity,
WTT, i

[
gCO2eq

MJ fuel
]

Palm oil HPO process (NExBTL), CH4 recovery
(heat credits) POYH1b 31

HVO Waste cooking oil HWO process (NExBTL) WOHY1a 11.1

EU mix
EU mix based on market share

per feedstock
(see Table 3)

HVO EU Mix 30.0

e-fuel (PTL) Renewable electricity

Synthetic diesel: H2 produced trough
water electrolysis (SOEC technology
assumed) using renewable electricity,

followed by Fischer-Tropsch (FT)
conversion process. CO2 from
industrial flue gases (waste)

RESD2a 0.81

BTL Wood residue
Synthetic diesel from wood residue
via hydrothermal liquefaction HTL

(transported 500 km)
WWSD2 27.49

Wood residue

Synthetic diesel from gasification of
wood residues (500 km distance) and
FT conversion coupled with carbon

capture and storage

WWSD1aC −100.54

FAME Rapeseed oil
Rape (RME) feedstock to FAME with
meal exported as animal feed (AF)and

glycerine exported to chemicals.
ROFA1 48.44

Palm oil
FAME from palm (POME), meal to AF
with no CH4 recuperation, heat credits

and glycerine to biogas
POFA3b 31.82

Waste cooking oil FAME from waste cooking oil WOFA3a 8.33

Fossil diesel Crude oil EU mix − JEC/Concawe
marginal approach COD1 18.9
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The analysis of Table 2 already gives interesting insights on the renewability benefits
in terms of GHG emissions of the different fuel production pathways studied in this work.
Fuels produced from waste cooking oil, whether they become HVO or FAME, present low
Well-to-Tank emissions. This is because wastes are considered not to require any emissions
to produce them (the production emissions are allocated to the first user); therefore, the
emissions count only starts from the waste collection process, avoiding the emissions
related to the production of the feedstock itself. Then, fuels made from food-and-feed crops
(so-called “first generation” biofuels) follow with higher emissions, in particular because of
the emissions related to the feedstock cultivation steps. Still, even with the highest Well-to-
Tank emission case (48 gCO2/MJ, ROFA1 pathway), these fuels present GHG renewability
benefits because they benefit from CO2 biocredits in the range of 71.7–73.5 gCO2/MJ. These
biocredits reflect the fact that the carbon contained in these fuels was originally “captured”
from the atmosphere’s CO2 (e.g., when the crop grows) and released again during the
combustion, having a net-zero CO2 impact overall, as part of the circular economy.

More interesting are advanced biofuels, biomass-to-liquids made from wood residue
in this instance. The data show that syndiesel produced from wood residue via hydrother-
mal liquefaction can limit Well-to-Tank emissions to quite low values. Even if the HTL
process can be quite complex and energy (and therefore emission) intensive, higher than
conventional fossil fuels, this is partly compensated by the very low emissions generated
by the feedstock collection and bailing. Moreover, using a combination of a gasification
and Fischer-Tropsch process with carbon capture and storage schemes, the overall Well-
to-Tank GHG emissions can even become negative. These negative emissions are enabled
by the fact that, after the gasification process, part of the carbon captured in the biomass
(hence, considered as bio-CO2 as it was originally taken from the atmosphere) is directly
captured and permanently buried underground generating net negative GHG emissions in
what it is called bioenergy CCS schemes (BECCS). The generation of negative emissions
pathways by different natural sinks or BECCS schemes are deemed to be essential enablers
of the net-zero GHG economy in the future because they provide a compensation for the
remaining emissions of the hard-to-abate sectors.

Power-to-liquid, also called e-fuels, represent an interesting alternative despite their
pretty energy intensive production pathways, having close to zero Well-to-Tank emissions
when fully produced from renewable electricity. The pathway presented in Table 2, using
CO2 from industrial flue gases, corresponds to the terminology “recycled carbon fuel”
(RCF) in the proposed recast of the renewable energy directive [20]. This pathway can be
criticized for not being truly carbon-neutral, as the fossil-based CO2 captured from the
flue gas is finally released into the atmosphere when the e-fuel burns, where it will finally
accumulate. For this reason, the CO2 credit can only be allocated once, either to the flue
gas emitter who captures CO2, or to the e-fuel producer who uses it (or any intermediate
allocation split between those two), but it cannot be double-counted. In this work, it is
assumed that the CO2 credit is allocated to the e-fuel producer, providing them close to
zero well-to-wheel emissions.

Finally, the Well-to-Tank emissions of fossil diesel fuel may appear quite low at this
stage. As a matter of fact, crude oil already has a high energy density, and requires relatively
limited efforts to extract and process it into fuels, which translates into a low energy-
intensive process with limited GHG emissions. However, one must keep in mind that
fossil diesel fuel does not benefit from any CO2 biocredit, because in this instance, carbon
is extracted from the underground and emitted in the atmosphere, where it accumulates.
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Table 3. Share of total EU biodiesel and HVO consumption in 2017 (data extracted from JEC WTW
report v5).

Feedstock Share in FAME
(%v/v)

Share in HVO
(%v/v)

Rapeseed oil 52% 18%
Used cooking oil (UCO) 17% 25%

Palm oil 20% 45%
Animal fats 5% 11%
Soybean oil 5% 2%

Sunflower oil 1% 0.40%
Other oils - * - *

* Note: No other oils have been modelled in the JEC WTT v5. Therefore, as a simplification, UCO has been used
as an approximation to describe other potential waste-based pathways.

3. Results and Discussion
3.1. Tailpipe Pollutant Emissions

The work focused on measuring NOx emissions. Data of other pollutant emissions
were not available for the full range of tests. A description of data available from WLTC
and RDE tests on chassis dyno will be covered for PN, PM, CO, and THC.

3.1.1. NOx

A summary of the range of NOx emissions measured for all three fuels is shown in
Figure 4. Tailpipe NOx in mg/km is plotted vs. the average vehicle speed of the emission
test. All data are from on-board NOx sensors for consistency because this signal is available
for all on-road and chassis dyno tests. Accuracy of this data was validated compared to
lab and PEMS equipment for those tests, where all equipment was mounted. A trend line
is added to guide the eye for the results on market B7 diesel. It is not only the average
vehicle speed that impacts the emissions, test distance is also important. Emissions in
mg/km increase on the left of the graph because the dedicated urban driving tests with the
lowest average vehicle speed are also the shortest, e.g., 14 km/h and 9 km for the Tfl test
compared to 26 km/h and 23 km for the urban part of the RDE test. This means that the
initial amount of cold-start NOx emissions in mg are averaged out over less amount of km.
The emissions at the right increase, despite a constant high deNOx conversion efficiency of
95–97% because the engine-out NOx emissions of the Euro 6b engine significantly increase.
This is not observed for modern Euro 6d(-TEMP) vehicles [29]. A more detailed analysis of
the effects observed on market B7 diesel has been published before [30,31].
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On HVO, the full range of emission tests was repeated. On B30, tests included WLTC
and RDE only. For HVO and B30, results follow the same trend to what was described
for market B7 diesel. When using fuels with a higher cetane number, which is the case
for HVO compared to B7, and to a lesser extent also for B30, the engine-out trend of NOx
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emissions is hardly predictable: on the one hand, a shorter auto-ignition delay leads to
earlier combustions, generally leading to higher levels of pressure and temperature, hence
increased NOx emissions; but on the other hand, a shorter auto-ignition delay leads to
a smaller premixed flame which results in less NOx. In addition, other parameters such
as the flame adiabatic temperature and the oxygen content (especially for FAME) of the
compounds influence the result. Predicting the engine-out trends of NOx emissions would
therefore require a thorough combustion analysis, with dedicated in-cylinder pressure
sensors, which was not available on this vehicle demonstrator. Nonetheless, no matter
what the engine-out trend regarding NOx emissions was, the high conversion efficiency
of the aftertreatment system resulted in that no specific fuel effects were identified at the
tailpipe, differences are within the expected test-to-test variability due to the impact of
driver, traffic, ambient temperature, etc. [32–34]. This variability in the data for on-road
testing is larger than the measurement uncertainty of the equipment. This is especially the
case for the urban part including cold-start. For the B7 reference tests, variability in the
urban RDE NOx result including cold-start is for example observed to be +/−20 mg/km.
The B30 and HVO result in Figure 4 for RDE urban is within this range.

3.1.2. Other Pollutants

This section covers data for PM, PN, CO, and THC. For HVO, RDE tests were only
conducted on the road, but without a PEMS, so there is only data for WLTC in this case. In
general, no significant differences can be observed between the fuels.

Particulate emissions varied between 8.5 × 109 and 4.5 × 1010 #/km for PN (standard
protocol with 23 nm cut-off) and 0.11 and 0.3 mg/km for PM on market B7 diesel over
the entire duration of the project. The variation with 1 order of magnitude is caused by a
combination of engine-out and DPF status effects which cannot be investigated with the
available data. Figure 5 shows the result of the tests used for the comparison. Taking into
account the range just mentioned, no significant differences were observed for PM on HVO
and B30, with a WLTC measurement of 0.28 mg/km (HVO) and 0.32 mg/km (B30). For
HVO, also PN emissions on WLTC were within the range of B7, with a measurement of
4.4 × 1010 #/km (value not available for RDE). On B30, PN measurements were higher
with 1.8 × 1011 #/km on WLTC and 3.7 × 1011 #/km on RDE. This difference is not due
to the fuel impact, but rather due to the order of tests, as a repeat of the RDE test on B7
after the B30 tests also resulted in 3.7 × 1011 #/km. Consequently, it must be related to an
effect of the DPF status. There was however no additional data to further look into the
root cause.
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Figure 5. Particulate emissions on WLTC and RDE (dyno).

THC and CO emissions are shown in Figure 6. No significant differences can be
observed. THC results on HVO (36 mg/km on WLTC) and B30 (41 mg/km on WLTC
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and 32 mg/km on RDE) are very similar to the range measured on B7 (32 to 40 mg/km).
CO emissions measured were 38 (WLTC) and 53 mg/km (RDE) on market B7 diesel. The
results on HVO (39 mg/km on WLTC) and B30 (56 mg/km on WLTC and 60 mg/km on
RDE) are similar.

Sustainability 2021, 13, x FOR PEER REVIEW  11  of  15 
 

mg/km on RDE) are very similar to the range measured on B7 (32 to 40 mg/km). CO emis‐

sions measured were 38 (WLTC) and 53 mg/km (RDE) on market B7 diesel. The results on 

HVO (39 mg/km on WLTC) and B30 (56 mg/km on WLTC and 60 mg/km on RDE) are 

similar.   

. 

Figure 6. THC and CO emissions on WLTC and RDE (dyno). 

3.2. Tailpipe CO2 Emissions 

CO2 emissions measured at the tailpipe during the WLTC test on the chassis dyno 

are plotted at the left of Figure 7. Similar to the pollutant emissions, no significant differ‐

ences can be observed between the B7, B30, and HVO. E‐diesel has been added as well 

although it was not actually tested, as it is covered in the Well‐to‐Wheel calculation that 

is described in Section 3.3.     

 

Figure 7. TTW (left) and WTW (right) CO2 emissions for the different tested fuels. The WTW as‐

sessment looks at other greenhouse gases, so is expressed in CO2,eq. Different bars for the same fuel 

type represent the range of emissions which can be obtained for a given fuel depending on its pro‐

duction pathway (see Table 4). 

Figure 6. THC and CO emissions on WLTC and RDE (dyno).

3.2. Tailpipe CO2 Emissions

CO2 emissions measured at the tailpipe during the WLTC test on the chassis dyno are
plotted at the left of Figure 7. Similar to the pollutant emissions, no significant differences
can be observed between the B7, B30, and HVO. E-diesel has been added as well although
it was not actually tested, as it is covered in the Well-to-Wheel calculation that is described
in Section 3.3.

Table 4. Well-to-wheel CO2eq emissions.

Tested Fuel Feedstock Pathway WTW (gCO2eq/km)

HVO

HVO (EU mix) EU mix (*) 56
HVO (Palm oil) POYH1b 57

HVO (Waste cooking oil) WOHY1a 27
BTL (HTL) WWSD2 52

BTL (BECCS) WWSD1aC (*) −147
e-fuel (PTL) RESD2a (*) 11

B7 FAME (Rapeseed oil) ROFA1 (*)
146

B30 125

B7
FAME (Palm oil) POFA3b

144
B30 118

B7 FAME (Waste cooking oil) WOFA3a
141

B30 108

Note. (*) Selected pathway for comparison in Figure 7. Sensitivities explored around these values).
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Figure 7. TTW (left) and WTW (right) CO2 emissions for the different tested fuels. The WTW
assessment looks at other greenhouse gases, so is expressed in CO2,eq. Different bars for the same
fuel type represent the range of emissions which can be obtained for a given fuel depending on its
production pathway (see Table 4).

3.3. Well-to-Wheels CO2 Emissions

WTW CO2 emissions were calculated according to equation (1). The results are
presented for each tested fuel and each fuel production pathway in Table 4 and in Figure 7,
where each bar represents the average WTW value obtained for a family of production
pathways, and the error bars represent the range of emission levels for the individual
production pathways within the considered family. The main conclusion is that the higher
the ratio of renewable compounds, the lower the WTW CO2 emissions: very broadly
speaking, B7 fuels have higher WTW emissions than B30 fuels, having themselves higher
emissions than paraffinic fuels (represented by HVO as tested fuel), whatever the renewable
compounds’ production pathway. Indeed, a lower ratio of renewable compounds means a
higher ratio of fossil diesel fuel, which does not have any biocredit (meaning fossil-based
carbon being added and accumulating in the atmosphere). From this point of view, it is
important that renewable compounds’ properties, together with engine design, enable
high blending ratios, possibly up to 100% (“drop-in” fuel), while still being compliant
with the existing and future fleets. This desired “drop-in” property is generally met by
paraffinic compounds which can be blended with fossil diesel fuel up to 30–50 %v/v and still
comply with EN590 [35]. Alternatively, they can be used as neat compounds complying
with EN15940 and be compatible with a wide range of the existing fleet, in particular
with heavy-duty vehicles. This is less the case today with FAME: not that it is technically
impossible—B30 (EN16709) and B100 (EN14214) being used in captive fleets [36]—but
OEMs report that it requires specific vehicle maintenance and fuel handling [37], limiting
the wide roll out of this solution on the roads. Notwithstanding these constraints, the
European Commission proposed a revision of the fuel quality directive (FQD) where B10
would replace B7 as a standard market fuel [20].

Once the renewable compounds’ ratio is given, the WTW emissions depend mainly
on the conversion processes (WTT) emissions to produce them. As mentioned above, fuels
derived from waste cooking oil provide the lowest WTW emissions. E-fuels also represent
an interesting alternative for low WTW emissions, providing that CO2 from flue gas is
considered as a waste and that hydrogen is produced from renewable electricity. Finally, a
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BTL paraffinic fuel produced via Fischer-Tropsch combined with bio-energy carbon capture
and storage (BECCS) provides negative WTW CO2 emissions which can be used to offset
the remaining emissions of the hard-to-abate sectors.

4. Conclusions

This paper describes an investigation into the pollutant and CO2 emissions of a diesel
demonstrator vehicle with an advanced emission control system on different fuels. Low
tailpipe pollutant emissions are measured over a wide range of driving conditions on the
market diesel fuel with 7% renewable fatty-acid-methyl-ester (FAME) (B7). These results
are validated on the other fuels investigated, diesel fuel with 30% FAME (B30), and 100%
renewable hydrotreated vegetable oil (HVO), without any modification to vehicle hardware
and software. Results show the existing technologies for achieving low pollutant emissions
are compatible with the use of sustainable renewable fuels. No specific fuel effects were
identified for NOx, differences are within the expected test-to-test variability due to the
impact of driver, traffic, ambient temperature, etc. The data set is more limited for PM, PN,
THC, and CO, but no significant differences could be identified either.

A Well-To-Wheels analysis is conducted to investigate the CO2 emissions. This in-
cludes a power-to-diesel (e-diesel) fuel, a waste-based fuel, and biomass-to-liquids fuels.
The analysis shows that significant CO2 reductions are possible compared to the state-
of-the-art market diesel fuel (from −64% to −200%). Part of this reduction is already
possible for the existing fleet as most of paraffinic compounds are drop-in for market diesel
fuel. This means that, under constraints of availability [38], the e-diesel, waste-based fuels,
and biomass-to-liquids fuels should be rolled out in the vehicle legacy fleet and in the
new fleet powered by internal combustion engines along with efficiency measures and
electrification [39].
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