
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(This Page is Intentionally Blank) 



 

1 

 

 

 
 

  

Annex 43 October 2016 

Performance Evaluation of Passenger Car, Fuel and Power-
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Main Conclusions 

In the overall synthesis, the electric drive proved to be the best option. It was still better than 

any fossil fuel internal combustion engine (ICE) option, even when the electricity was assumed 

to contain the EU28 average carbon footprint. The best ICE engine option was a compres-

sion ignition (CI) engine using a fully renewable HVO-type of fuel, followed by a spark-

ignition (SI) engine on biomethane, as a close contender. The lowest combined score was 

attributed to SI/gasoline and SI/LPG. Fuels with high amounts of renewable contents help 

to reduce well-to-wheel (WTW) CO2 emissions, in a meaningful way. Furthermore, use of 

more sophisticated fuels is still well justified, as they help to reduce tailpipe emissions. 

However, this study was limited to Euro 5, whereas use of the more stringent Euro 6 level 

technology may change this claim, at least to some extent. Thus, re-assessment is highly 

advisable, in the future. 

Background 

Major de-carbonizing is needed in road transport, but there is no single solution that can solve 

the challenge. Instead, multiple technologies must be considered to find the best alternatives for 

each set of boundary conditions. Moreover, the importance of energy efficiency is increasing. 

Renewable and carbon-free energy can be introduced with biofuels or via electricity from re-

newable sources. Passenger cars constitute the majority of on-road vehicles, and for those, 

several new viable fuel and powerplant options are available, such as SI engines that employ 

high concentration ethanol fuel or biomethane. Furthermore, new biobased synthetic (parafinnic) 

diesel fuels have come to the market. Additionally, the number of electric-only cars being of-

fered is steadily rising, with almost every OEM having at least one model in their product portfo-

lio. Since the number of individual vehicle types, makes, and models is very large, the evalua-

tion of future options is quite challenging. The goal of this research project was to deliver first-

hand primary data for this type of assessment, envisioning that it could improve the opportuni-

ties of making appropriate choices amongst the several available options. Furthermore, as the 

number of available options is increasing for both powertrain technology and fuels, unbiased 

data, sanctioned by the IEA, on the performance (energy use and emissions) of new technolo-

gies was needed for decision makers, at all levels. 

Research Protocol 

The data in this assessment was either the result of tests specific to this study (CHN, SWE, 

CDN, FIN), or came from other suitable pre-existing available data (USA, JPN). Therefore, the 

used test protocols and duty-cycles were not 100 % harmonized, as most of the tests were 

made using the European type approval procedure (NEDC), with some data having been ac-

quired using other types of approval cycles (US, Japan). Additionally, the Artemis cycles were 

labelled as being “more representative” of driving. 
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The fuel options included gasoline, without ethanol (or methanol) as low blends (E5, E10, M15), 

high concentration ethanol (E85) and compressed methane (CNG/CBG). For CI engines, regu-

lar mineral oil-only diesel fuel was used, without any biocomponent, or as a low blend of the 

conventional biodiesel FAME (B7), or similar vegetable oil. Furthermore, a paraffinic, fully syn-

thetic and renewable diesel fuel (HVO) completed the fuel matrix. Most of the tests were run at 

+23 °C, with some additional ones at +5 and -7 °C. Altogether, 27 different cars representing 

eight platforms were involved. First, an evaluation of the end-use performance (TTW) was done, 

and then the data was combined with the WTT data from the JRC test fuel study (2014) to pro-

vide information on the complete fuel cycle (WTW). Fig. 1 depicts the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Aggregated well-to-wheels (WTW) CO2 for the “best” and ”worst” fuel pathways. 

In the overall analysis and in trying to look at all of the options from as many standpoints and 

perspectives as possible, a scoring scheme was developed in the synthesis phase, based on 

five dimensions: 1) energy efficiency (25 %), 2) well-to-wheel (WTW) CO2 emissions (25 %), 3) 

(harmful) local exhaust emissions (composite of five) (25 %), 4) sensitivity to cold ambient tem-

peratures (15 %) and 5) driving range with one fill-up of fuel/energy (10 %). The % figure is the 

weighting of each dimension. 

Key Findings 

A high WTW CO2 emissions rate is the major flaw of present-day motor fuels based only on 

mineral oil. However, with the right kind of fuel, ICE remains as a viable option. For example, an 

SI engine with a simple and robust three-way catalyst, meets even the most stringent emission 

regulations and allows the use of renewable energy via biomethane, with low harmful emissions 

and good low temperature response. With CI engines, better efficiency is at hand, but at the 

offset the control of NOx emissions is much more complicated. Furthermore, paraffinic, fully 

synthetic renewable diesel fuels, known as HVO, allow for very high amounts of renewable con-

tents in the fuel, accompanied by positive effects on exhaust emissions. The high efficiency of 

the electric powertrain ascertains that the WTW CO2 emissions rate remains low, even if the 

electricity used is not 100 % renewable; however, with current state-of-the-art batteries, the 

range is short and costs are high. 
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Preface 

Major de-carbonizing actions need to take place in the road transport sector. There is no sin-
gle solution that could solve the de-carbonization challenge. Multiple technologies must be 
considered in order to find the alternatives that are best suited for each given set of boundary 
conditions. Moreover, the importance of energy efficiency is increasing. Engine downsizing, 
switching to diesel fuel, and opting for hybridization contribute to fuel efficiency. Renewable 
energy can be introduced, either through biofuels or through electricity from renewable 
sources. 

Passenger cars are a major class of on-road vehicles. Since the number of individual vehicle 
types, makes, and models is very large, the evaluation of future options is quite challenging. 
The goal of this research project is to deliver first-hand primary data for this type of evalua-
tion, which could improve the possibilities for making appropriate choices among the many 
available options. The available technology options are increasing for both powertrain and 
fuel alternatives. Therefore, unbiased data sanctioned by the IEA on the performance (ener-
gy use and emissions) of new technologies is needed for decision makers at all levels. 
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1. Introduction 

Road transport needs major de-carbonising actions. However, there is no single solution that 
could solve this challenge. Therefore, we need to entertain multiple technologies in order to 
find the best-suited alternatives for each given set of boundary conditions.  

Passenger cars are a major vehicle class among road-going vehicles. Globally, 60 % of 
transport energy is used by cars. Because the number of individual vehicle types, makes and 
models is very large, the evaluation of future options is also quite challenging. This project 
report describes a research action that was taken to deliver first-hand primary data for this 
kind of evaluations, and greatly improve possibilities to make right-kind of choices among 
available options. 

The core of the comparison/evaluation consisted of benchmarking a set of passenger cars of 
such make & model that offer multiple choices for powerplant, i.e. petrol, flex-fuel (E85), die-
sel, CNG/LPG and perhaps also hybrid of EV variations. An example of this is VW Passat 
that offers all above-mentioned options for propulsion. Other similar examples can be found, 
too. The test matrix included also some modulation of duty-cycle and ambient temperature in 
order to give more application environment-specific data.  

Making this kind of back-to-back comparison could “neutralise” the vehicle itself from the 
equation, thus highlighting the role of the propulsion system. Combined to the results of the 
downstream fuel-cycle research conducted at VTT in 2008/2009 (with the contribution from 
IEA-AMF), the output of this project can be enlarged to a comprehensive, full fuel-cycle eval-
uation. 

This project can be also seen as a continuum to IEA Bus Project, and it opened up excellent 
possibilities for VTT to carry on with its world-class work in characterising real-use emissions 
and energy use of vehicles and fuel options. The results of past projects involving heavy-duty 
vehicles have enjoyed good international visibility. 

 

 

Figure 1. Test cars representing three different powerplant/fuel options in the test cell at VTT. 
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2. Purpose and Objectives 

The core of this study consisted of benchmarking a set of makes and models of passenger 
cars that offer multiple options for powerplants and fuels. The project also demonstrated the 
differences in efficiency that arose from engine type and size, by testing engines of different 
power output offered to the same vehicle platform. 

The test matrix allowed for modulation of the duty cycle and ambient temperature in order to 
obtain more application and environment-specific data. To make the assessment as realistic 
as possible, the evaluation was based on a set of different operating conditions and duty 
cycles. This varying of conditions is important, since previous experience has shown that 
cars tend to be optimized to type-approval conditions and common driving cycles. 

The primary objective of the project was to produce comparable information about different 
powerplant options for fuel or energy efficiency and tailpipe emissions. By using selected 
vehicle platforms and basically performing “internal” comparisons between powerplant op-
tions, the vehicles themselves can be “nullified”. This approach emphasized the differences 
between alternative engine technologies, rather than the differences between car makes and 
models.  

Furthermore, the new tank-to-wheels (TTW) data allows full fuel cycle (WTW) performance to 
be calculated by combining well-to-tank data for various fuels generated in the Annex 37. 
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3. Limitations 

The most important limitation of the study at hand is related to the fact that the methodology 
was not fully consistent across all sub-studies. In principle the consistency of the measure-
ment methodology regarding sampling and determining the pollutant concentrations is fine, 
but discrepancies are mostly related to driving patterns, as the North-Americans have mostly 
been using U.S. driving cycles, the Japanese study relates to Japanese cycles, and the rest 
of the studies (China, Sweden, Finland) refer to the European NEDC cycle. However, the 
Canadian study also gives a few cases related to the European cycle. Furthermore, both the 
Swedish and Finnish sub-studies also refer to Artemis cycles (CADC).  

Another non-harmonised parameter was ambient temperature, which bears some relevance 
at least to results of cold-started tests. All sub-studies report most of their data as in “normal” 
ambient, but this value varies between +21 and +25 °C. In addition the Canadian, Swedish 
and Finnish studies present results from tests at -7 °C. Furthermore, the Finnish study con-
tains results for most of the cases also at +5 °C, and the Canadians have reported one vehi-
cle configuration tested at -18 °C. 

In addition, fuel type and quality varies. Essentially there were cars for diesel, gasoline and 
gaseous fuels, but the diesels included qualities with mineral oil only, some were blends with 
biodiesel (FAME-type), but also fully paraffinic qualities (HVO) were used in some studies. 
Gasolines ranged from no ethanol to 5% and 10% blends, as well as M15 (15% of methanol) 
and high concentration E85 fuel with 85% of ethanol. Furthermore, the gaseous fuels were 
either LPG (Japan) or CNG (Canada and Finland). 

For the before-mentioned reasons, eventually only part of the study results remains truly 
cross-comparable, even if the perceived amount of data is quite substantial. 

Table 1. outlays the complete test matrix of the study, including number for vehicles, plat-
forms, fuel types, duty-cycles and ambient temperatures. 

 

Table 1: Complete test matrix of the study, including number for vehicles/platforms, fuel 
types, duty-cycles and ambient temperatures. 
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* includes biodiesels (B20, B100) 

** in tests at -7°C the fuel was E75 (as in type approval testing)  
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4. Methods: Experimental work  

4.1 Summary 

Canada, China, Finland and Sweden have conducted first-hand experimental work for this 
Annex. Experimental work has been carried out in laboratory environment using chassis dy-
namometer and emission measurement equipment. The test vehicles have represented pas-
senger car types typical to each participating country. The test matrix has also included vari-
ous test fuels and drive cycles.  

Finland and Sweden concluded their tests in 2012 and have submitted their results. China 
concluded measurements in 2013 and submitted a preliminary sub-report, which was going 
to be supplemented. However, due to changes in personnel, this was no longer possible. 
Also Canada finished their tests and submitted a pre-release of their data in May 2014, and 
last remaining data was received in June 2015. Furthermore, during the final reporting peri-
od, Canada submitted additional data on a FFV version of the trucks tested, and the data 
was assimilated in the report. 

In addition, as agreed U.S. submitted suitable data from measurements at the Advanced 
Powertrain Research Facility of ANL (Argonne National Laboratory). They were part of the 
on-going powertrain technology evaluation programme funded by DOE Vehicle Technologies 
Program. Similarly, Japan submitted data from tests sponsored by NEDO at NTSEL (Nation-
al Traffic Safety and Environment Laboratory) with one vehicle platform powered by an en-
gine running either with gasoline or LPG. 

Table 2 summarizes the dimensions of the activities of the participants in terms of number of 
different cars (or powerplant options on a single vehicle platform), duty cycles, fuels and am-
bient temperatures used in the measurements. 

Table 2: Summary of the activities of participants 

Participant #Platforms #Cars #Cycles #Fuels #Temp 
Japan 1 2 4 2 1 

Canada 1 4 5* 8 3* 
China 2 7 1 4 1 

Sweden 1 3 5 2+EV 2 
Finland 1 7 4 6+EV 3* 

USA 2 4 10* 1 1 
* not for all vehicles 

 

As mentioned already earlier, the experimental test methodology was not fully consistent 
across all sub-studies. In principle, the sampling and analysis of the pollutant concentrations 
were according to present standards (but of different origin; EU, Japan or U.S.), allowing 
their direct comparison per se. However, largest inconsistencies were attributed to driving 
patterns, as the North-Americans are mostly using U.S. spec driving cycles, the Japanese 
study related only to Japanese duty-cycles, and the rest of the studies (China, Sweden, and 
Finland) referred to the European NEDC cycle. However, the Canadian study also gave a 
few cases related to the European cycle.  

In addition, both the Swedish and Finnish sub-studies also refer to Common Artemis cycles 
(CADC), a set of real-world cycles developed in a European research project (Assessment 
and Reliability of Transport Emission Models and Inventory Systems) that run between 2000 
and 2003.  

The Common Artemis Driving Cycles (CADC) is chassis dynamometer procedures based on 
statistical analysis of a large database of European real world driving patterns. The cycles 
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include three driving schedules: Urban, Rural road and Motorway. The Motorway cycle has 
two variants with maximum speeds of 130 and 150 km/h. See Appendix 1 for main character-
istics and illustrations of these duty-cycles. 

Another non-harmonised parameter was ambient temperature, which bears some relevance 
at least to results of cold-started tests. All sub-studies report most of their data as in “normal” 
ambient, but this value varied between +21 and +25 °C. In addition the Canadian, Swedish 
and Finnish studies contained data from tests at -7 °C. Furthermore, the Finnish study con-
tains results for most of the cases also at +5 °C, and the Canadians have tested one car at -
18 °C. 

In addition, fuel type and quality were also varied. Essentially there were cars for diesel, gas-
oline and gaseous fuels, but the diesels included qualities with mineral oil only, some are 
blends with biodiesel (FAME-type), but also fully paraffinic qualities were used in one study 
(Finland). Gasolines ranged from no ethanol to 5 and 10% blends (E5, E10), as well as M15 
(15% of methanol) and high concentration E85 fuel (E75 used for cold-ambient cold-start 
tests). Furthermore, the gaseous fuels were either LPG (Japan) or CNG (Canada and Fin-
land). 

4.2 Experimental work - Japan 

4.2.1 Vehicles and fuels/powerplants 

The following table 3 presents some data of the vehicles tested in Japan. 

Table 3: Vehicles tested in Japan 

Manufacturer and Make Nissan Bluebird Sylphy (G11) Nissan Bluebird Sylphy (G11) 

Model Year n/a (in production ’05 – 12´) n/a 

Curb Weight (kg) appr. 1200  n/a 

GVWR (kg) n/a n/a 

 Payload (kg) n/a n/a 

Fuel Gasoline LPG* 

Engine 2.0 L (MR20DE)  I-4 2.0 L (MR20DE)  I-4* 

Horsepower (hp / kW @ rpm): 136/101 @ 5200 n/a 

Torque (lb-ft / Nm @ rpm): - / 200 @ 4400 n/a 

Compression Ratio 10.0:1 n/a 

Emission Standard Japan Japan 

Emission Control System n/a n/a 

Transmission n/a n/a 

Test Conditions 

Starting Odometer (km) n/a n/a 

Test Weight (kg) n/a n/a 

   RLHP @ 50 mph   
(RLkW @ 80 kmh)  

n/a n/a 

*Nikki Co. Ltd., converted a normal gasoline vehicle to liquid-injection LPG vehicle. 

NB: data in red is not supplied by NTSEL, but added by VTT from various public sources.  

 

Figure 2 is a photograph of a similar vehicle that was tested in Japan, and Figure 3 is the fuel 
tank of the LPG-converted vehicle. According to the non-original data source, the vehicle 
platform appears to be a compact sedan (C-segment, length 4610 mm). 
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Figure 2: Nissan Bluebird Sylphy (G11-model). 

 

Figure 3: LPG-tank of a converted Nissan Bluebird Sylphy (G11-model). 

 

4.2.1.1 Test programme: duty-cycles, fuels and ambient conditions 

The following table 4 presents combinations of vehicle, fuel, duty-cycle and ambient tem-
perature for tests performed in Japan. 

Table 4: combinations of vehicle, fuel, duty-cycle and ambient temperature for tests per-
formed in Japan. 

Vehicle Fuel 

Test Cycle 

11 
mode, 
cold 

10.15 
mode, 

hot 

JC08, 
cold 

JC08, 
hot 

Nissan Bluebird Sylphy Gasoline √ √ √ √ 

Nissan Bluebird Sylphy Li-LPG LPG √ √ √ √ 

All testing is conducted in ambient temperature of +23°C. 
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4.2.2 Test set-up and equipment 

No data was supplied of the sampling and analysis of the tests performed in Japan. Howev-
er, it is safe to assume that both the methodology and apparatus conformed to present Jap-
anese specifications for type approval testing. The tests were performed at National Traffic 
Safety and Environment Laboratory (NTSEL), performing all kinds of type approval testing for 
cars and other vehicles. Figure 4 is from a test cell related to these tests.  

 

Figure 4: Exhaust emissions test cell at National Traffic Safety and Environment Laboratory 
(NTSEL), Japan. 

 

4.2.3 Fuel information 

Table 5 presents some information of the fuels used in the tests in Japan. 

Table 5: Information of the fuels used in the tests in Japan. 

Analysis 
Parameters 

petrol 
E0 

  LPG 
Carbon Fuel Fraction (%-wt) 87.0   n/a 

Hydrogen Fuel Fraction (%-wt) n/a   n/a 

Net Heating Value (MJ/kg) 42.340   43.830 

Research Octane Number 90   100 

Density (kg/m3 @ 15oC) 0.7481   0.562 

Vapour pressure (MPa) 0.0595   0.570 

Distillation properties (°C)   Composition, mol-%   
T10 52.5 C2H6, C2H4 0.2 

T50 92.0 C3H8 25.0 

T90 141.5 n-C4H10 51.7 

    i-C4H10 22.6 

    C6 & heavier 0.5 
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4.3 Experimental work - Canada 

4.3.1 Vehicles and fuels/powerplants 

The following table 6 presents some data of the four vehicles tested in Canada. 

Table 6: Vehicles tested in Canada 

Manufacturer and 
Make 

GMC Sierra 1500 
Hybrid 

GMC Sierra 2500 
HD 

GMC Sierra  2500 
FFV 

GMC Sierra 2500  
Bi-Fuel  

Model Year 2013 2012 2015 2013 

GVWR (kg) 3221 (7100 lb) 4537 (10000 lb) 4310 (9500 lb) 4310 (9500 lb) 

Payload (kg) 667 (1470 lb) 603 (2923 lb) 1497 (3300 lb) 1270 (2799 lb) 

Curb Weight (kg) 2554 (5630 lb) 3934 (8670 lb) 2813 (6200 lb) 3040 (6700 lb) 

Fuel Gasoline Diesel or B20 Gasoline to  E85 CNG/Gasoline 

Engine 
Hybrid Vortec 

6.0L V8 
Duramax 
6.6L V8 

Vortec 
6.0L V8 

Vortec 
6.0L V8 

Horsepower 
(hp/kW @ rpm): 

332/244 @ 5100 397/296 @ 3000 360 @ 5400 301/225 @ 5000 

Torque 
(lb-ft / Nm @ rpm): 

367/498 @ 4100 765/1037 @ 1600 380 @ 4200 333/452 @ 4200 

Compression Ratio 9.6:1 16.0:1 9.6:1 9.6:1 

Emission Standard EPA Tier2 LDT EPA HDV 1 
HDV HD85-10  

40 CFR1-37.104 
EPA MDVP/ Tier 2 

Emission Control 
System 

TWC/HO2S/SFI 
Cooled EGR/ 

DPF/SCR 
SFI/H02S/TWC/OB

DII 
TWC/HO2S/SFI 

Transmission 
Continuously 

Variable 
6-Speed Automatic 
Allison 1000 Series 

6-Speed Automatic 
HydraMatic 6L90 

6-Speed Automatic 
HydraMatic 6L90 

Battery NiMH -- -- -- 

Battery Capacity 
(Ah) 

70 -- -- -- 

System Voltage (V) 300 -- -- -- 

Motor Power 
(kW @ rpm) 

60kW -- -- -- 

Test Conditions 

Starting Odometer 
(km) 

3462 4881 3512 3503 

Test Weight (kg) 2948 (6500 lb) 4318 (9500 lb) 3402 (7500 lb) 3402 (7500 lb) 

   RLHP @ 50 mph 
(RLkW @ 80 kmh)  

18 (13) 40 (30) 25 (19) 25 (19) 

 Please note differences in test weight and road load. 

 

Figures 5, 6 and 7 show photographs of the actual test vehicles during the test session at 
Environment Canada’s facility at Air Quality Laboratories, located at 335, River Road, Otta-
wa. (see: http://www.ec.gc.ca/air-sc-r/default.asp?lang=En&n=98E7CB7E-1) 

 

 

http://www.ec.gc.ca/air-sc-r/default.asp?lang=En&n=98E7CB7E-1
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Figure 5: 2013 GMC Sierra 1500 Hybrid. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: 2013 GMC Sierra 2500 HD and 2013 GMC Sierra 2500 Bi-Fuel. 

 

Figure 7: 2013 GMC Sierra 2500 FFV. 

 

4.3.2 Test programme: duty-cycles, fuels and ambient conditions 

The following table 7 presents combinations of vehicle, fuel, duty-cycle and ambient tem-
perature for tests performed in Canada. 
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Table 7: Combinations of vehicle, fuel, duty-cycle and ambient temperature for tests per-
formed in Canada. 

Vehicle 
 

Test Cycle 

FTP  HWFCT US06 NEDC JC08 

Ambient  +23 °C -7°C -18°C  +23 °C  +23 °C  +23 °C -7°C  +23 °C 

Fuel         

Sierra 2500  
HD 

Diesel √ √ √ √ √ √ √ √ 

B20 CME √     √ √       

B20  
HDRD 

√ √   √ √ 
      

B100 
HDRD 

√ √   √ √ 
      

Sierra 2500 
BiFuel 

E0 √     √ √       

CNG √     √ √       

Sierra 2500 
FFV 

E0 √ √  √ √    

E85 √ √  √ √    

Sierra 1500 
Hybrid 

E0 √ √   √ √ √   √ 

E10 √ √   √ √ √     

   √ = test case in performed, with minimum of two (2), and up to six (6) runs 
Note: Regulated emissions were collected on all tests 
Unregulated emissions were only collected on specific tests 
Fuel info: CME = canola methyl ester (comparable to FAME), B20 = 20% blend 

HDRD = renewable diesel 1, B20 = 20% blend in diesel, B100 = neat fuel  
Note RD = HDRD (hydrogenation-derived renewable diesel)  

 

4.3.3 Test set-up and equipment 

The vehicles were tested on a 122 cm diameter single roll electric dynamometer that is ca-
pable of simulating both road load power (RLP) and inertia weight (IW) of light- and medium-
duty vehicles.  The RLP is the power required to maintain a given constant vehicle speed on 
a level road without any wind. The dynamometer simulates the power required to overcome 
the rolling resistance, mechanical parasitic losses, and aerodynamic forces on the vehicle.  
The chassis dynamometer testing meets the requirements of Title 40 of the Code of Federal 
Regulations (CFR) 86 Subpart C specifically 86.208-94.  

The total exhaust stream produced by the vehicles was collected and diluted using a con-
stant volume sampling (CVS) system.. The dilution air was conditioned by removal of particu-
late matter using HEPA filtration. The total volume of raw exhaust was transferred from the 
truck exhaust to the CVS through a flexible stainless steel pipe. The raw exhaust was then 
diluted with HEPA filtered ambient air and the mixture was drawn through a dilution tunnel 
and critical flow venturi (CFV). During the exhaust emissions tests, continuously proportioned 
samples of the dilute exhaust mixture and the dilution air were collected and stored in 
Kynar® sample bags for analysis while continuous sampling was also undertaken through 
heated pump, filter and sample line systems for NOx and THC. From separate probes in the 
dilution tunnel, samples bags were collected for the per-phase analysis of N2O as well as 
CH4 along with filters for PM.  

Table 8 presents details related to the sampling and analysis of the tests performed in Cana-
da. 
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Table 8: Sampling and analysis of the tests performed in Canada. 

Compound Analysis Method Sample Collection 

Carbon Monoxide 
(CO) 

Non-Dispersive Infrared 
Detection (NDIR) 

Kynar® bag 

Carbon Dioxide 
(CO2) 

Non-Dispersive Infrared 
Detection (NDIR) 

Kynar® bag 

Oxides of Nitrogen 
(NOx) 

Heated Chemiluminescence 
Detection 

Kynar® bag + continuous 
collection for diesel vehicle 

Total Hydrocarbons 
(THC) 

Heated Flame Ionization 
Detection (FID) 

Kynar® bag + continuous 
collection for diesel vehicle 

Particulate Matter 
(PM) 

Gravimetric Procedure 47 mm Emfab Filters 

Methane  
(CH4) 

Gas Chromatography – FID Kynar® bag 

Nitrous Oxide 
(N2O) 

Gas Chromatography with 
Electron Capture Detection 

Kynar® bag 

Fuel Consumption 
(FC) 

Calculated based on Industry Standard Carbon Balance 

  For the Hybrid vehicle: 

State of Charge (SOC) 

A power analyser, HIOKI, was used to measure battery ter-
minal voltage and current with the use of a HIOKI 200A 
clamp-on amp probe and a fuse-protected voltage lead.  

  
These data were collected at a frequency of 300 kHz and 
recorded at a frequency of 2Hz in order to verify the tests met 
the net energy change (NEC) variance restrictions.  

NEC  

The net energy change (NEC) variance was determined for 
each test to verify the battery did not contribute/subtract more 
than 5% of the total energy required to run the drive cycle test 
(total cycle energy – TCE) 

 

4.3.4 Fuel information 

Tables 9a and 9b present information of the fuels used in the tests in Canada. 
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Table 9a: Information of the fuels used in the tests in Canada. 

Analysis 
Parameters 

Method B0 
B20  
CME 

B20 
HDRD 

B100 
HDRD 

E0 E10 CNG 

Carbon Fuel 
Fraction, %-wt 

ASTM 
D5291 

0.876 0.855 0.870 0.846 0.846 0.824 0.722 

Hydrogen Fuel 
Fraction, %-wt  

0.132 0.129 0.135 0.151 0.134 0.134 
 

Oxygen Fuel 
Fraction, %-wt  

0.000 0.022 0.000 0.002 0.000 0.033 0.000 

Net Heating  
Value MJ/kg 

ASTM 
D4809 

42.8 41.7 43.0 37.2 42.9 41.7 47.8 

NET Heating  
Value MJ/l  

36.6 35.9 36.11 29.0 31.9 31.1 26.0 

Specific Gravity 
(kg/L, 60/60oF) 

ASTM 
D4052 

0.856 0.861 0.841 0.781 0.7445 
 

0.545 

Density 
(kg/m3 @ 15oC)  

855.2 860.7 840.3 780.6 745.0 748.0 
 

Total Sulphur 
(ppm) 

ASTM 
D5453 

13 12 6.5 <1 37 32 
 

Cloud Point, 
max (oC) 

ASTM 
D5773 

-14.3 -11.9 -13.8 -11.6 n/a n/a 
 

Cetane  
Number 

ASTM 
D613 

42.6 44.3 48.9 74.1 n/a n/a 
 

Note: E0 = Tier II EEE Certification Fuel, E10 = Tier II EEE splash blended with ethanol 

 

Table 9b: Information of the high-concentration ethanol fuels used in the tests in Canada. 

Fuel Property Unit Method 
E85 

(summer) 
Test @ +23 °C 

E75 
(winter) 

Test @ -7 °C 

Ethanol volume % ASTM D5501 82 73 

DVPE kPa ASTM D5191 45 78 

Net heat of 
combustion 

MJ/kg ASTM D4809 29 30 

Density kg/m3 ASTM D4502 781 782 

Research 
Octane Number 

 ASTM D2699 107 107 

Carbon mass % ASTM D2591 55.8 57.0 

Hydrogen mass % ASTM D2591 13.0 13.0 

Oxygen mass % ASTM D5291 28.8** 28** 

Sulphur mg/kg ASTM D5453 6.2 8.5 

Distillation IBP °C 

ASTM D86 

40.6 53 

T-10 °C 71.7 73.2 

T-50 °C 77.5 77.7 

T-90 °C 78.4 78.8 

aromatics volume % 

ASTM D1319 

5.5 <5 

olefins volume % 0.6 0.4 

saturates volume % 13 16.0 

*Environment Canada In-house IR     
**CAN/CGSB-3.0 No.14.3     
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4.4 Experimental work – China 

4.4.1 Vehicles and fuels/powerplants 

The following table 10 presents some data of the vehicles tested in China. Makes and mod-
els of the vehicles were not disclosed, but according to the preliminary report, vehicles A, B 
and C were of the same manufacturer, but with different engines, and vehicles D to F were of 
another make and model, but all identical to each other, only differing by the odometer read-
ings at the time of testing. 

 

Table 10: Vehicles tested in China. 

Manufacturer  
and Make 

Vehicle 
A 

Vehicle 
B 

Vehicle 
C 

Vehicle 
D 

Vehicle 
E 

Vehicle 
F 

Vehicle 
G 

Make A B 

Model A B C D 

Fuel Petrol / E10 / M15 Petrol / CNG 

Engine 1.6 L 1.6 L 2.0 L 1.6 L 

Emission Standard Chinese standard GB18352.3-2005, equivalent to Euro 4 

Transmission M5 Auto Auto M5 M5 M5 M5 

Starting Odometer 
(km) 

14728 2967 3230 3340 9560 7800 21313 

4.4.2 Test programme: duty-cycles, fuels and ambient conditions 

The following table 11 presents combinations of vehicle, fuel, duty-cycle and ambient tem-
perature for tests performed in China. 

 

Table 11: Combinations of vehicle, fuel, duty-cycle and ambient temperature for tests per-
formed in China. 

Vehicle 
Test Cycle NEDC* @ +25 °C (±5 °C) 

#93** E10 M15 CNG 

A √ √ √   

B √ √ √   

C √ √ √   

D √     √ 

E √     √ 

F √     √ 

G √     √ 

  

  

*Type 1 of Chinese Regulation GB18352.3-2005, equal to Euro 4 
** regular Chinese market petrol fuel, no ethanol (E0) 

 

4.4.3 Test set-up and equipment 

In the beginning, all vehicles were inspected and checked for soundness of the intake and 
exhaust systems, then subjected to an initial type I emissions test to ensure their suitability 
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for the test program. Prior to commencement of tests on each fuel, the vehicle fuel tank was 
drained and flushed and filled with the new fuel. 

Vehicles were tested over repeat cold start emissions tests (type I test) in accordance with 
Chinese standard GB18352.3-2005. For each vehicle/fuel combination duplicate tests were 
undertaken in order to provide some degree of confidence in the data set, with further tests 
run should duplicate back-to-back tests exceed the expected variability. 

The type I emissions test is specified in the Chinese standard GB18352.3-2005 “Emissions 
testing of light duty vehicles”.  This procedure is the same as the European standard Euro 4. 

The vehicle is pre-conditioned by running a test cycle and then being soaked at a controlled 
temperature for between six and twenty-four hours. The test consists of driving the vehicle to 
a prescribed drive cycle on a chassis dynamometer. The dynamometer is set to simulate the 
inertia and road load of the test vehicle so that the amount of work done by the engine 
matches that seen on the road. 

Emissions sampling begins from the moment the engine is started and continues throughout 
the test run. The emissions are constantly measured but the final result is derived from gas 
analysis of two sample bags into which the exhaust gas is sampled and collected. The first 
bag samples the exhaust during the four repeated drive cycles of the first phase. The second 
bag samples the exhaust during the second phase which consists of higher speed driving. 

Results from the bag analysis were expressed as grams per kilometre for each pollutant and 
fuel consumption is computed from carbon balance and expressed as litre per 100 kilome-
tres. The final result, as defined by the legislation, is a combined figure derived from a com-
bination of the bag one and bag two results. 

The analysers and sampling equipment are calibrated with reference gasses and the whole 
system has a demonstrable uncertainty of measurement in the region of 3%.   

Figure 8 depicts the chassis dynamometer at China Automotive Research Centre (CATARC) 
that performed all testing. 

 

Figure 8: Light duty vehicle emissions test cell at CATARC, China. 

 

Table 12 is a compendium of the sampling and analysis methods used for regulated and 
non-regulated pollutants. 
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Table 12: sampling and analysis methods used for regulated and non-regulated pollutants 
test performed in China. 

Compound Analysis Method Sample Collection 

Carbon Monoxide Non-Dispersive Infrared 
CVS Bag 

(CO) Detection (NDIR) 

Carbon Dioxide Non-Dispersive Infrared 
CVS Bag 

(CO2) Detection (NDIR) 

Oxides of Nitrogen Heated Chemiluminescence 
CVS Bag 

(NOx) Detection 

Total Hydrocarbons Heated Flame Ionization 
CVS Bag 

(THC) Detection (FID) 

Carbonyl Compounds 
High Performance Liquid Chro-

matography (Agilent 1200) 
2,4-DNPH Coated-Silica Gel 

Cartridges (i.e. Formaldehyde, Acetal-
dehyde)  

Volatile Organic Com-
pounds (i.e. benzene, e-

benzene, toluene, xylene) 
Gas Chromatography – Flame 

Ionization Detection with precon 
Tenax TA adsorption tube 

(Markes)  

(VOC) 

Fuel Consumption 
Calculated based on Industry Standard Carbon Balance 

(FC) 

 

Unregulated pollutants tests 

The sample gas were selected from the CVS sample bag, using the constant flow pump 
(American SKC company, AirChek2000), the sample gas collect VOCs by Tenax TA adsorp-
tion tube (Markes) (This experiment concerns benzene, toluene, ethylbenzene, xylene, ben-
zene BTEX as the aromatic of boiling in the range between 100 ~ 400 ℃, non-polar compo-

nents and some organic matter with weak volatility (boiling point above 150 ℃). Sampling 
pump flow rate was set to 750 mL/min, sampling 20 minutes each condition. In order to en-
sure the accuracy of the sample gas flow rate, sampling pump accurately checked using the 
soap film flowmeter before and after the experiment.  

The sample gas collect aldehydes and ketones by 2, 4- two, 4-dinitrophenylhydrazine (2, 4-
DNPH) adsorption tube (Markes) (This experiment focus on formaldehyde and acetalde-
hyde), Aldehydes and Ketones with 2,4-DNPH to form a stable coloured hydrazine deriva-
tives adsorbed on the sample tube thereby preserved. Sampling pump flow rate is set 
1200mL/min, sampling 20 minutes each condition. In order to ensure the accuracy of the 
sample gas flow rate, sampling pump accurately checked using the soap film flowmeter be-
fore and after the experiment. After sampling the 2,4-DNPH sampling tube placed in the re-
frigerator seal shading below 4 ℃ preservation, within 7 days of pre-treatment, After sam-
pling tube solid-phase extraction, using thermal desorption - gas High performance liquid 
chromatography (HPLC, Agilent 1200, USA) for the qualitative and quantitative process for 
aldehydes and ketones. 

4.4.4 Fuel information 

No specific data was disclosed of the fuels used other than the fact that Chinese base petrol 
(#93) has no ethanol (E0), and that the CNG used was normal commercial gas used in Bei-
jing area. E10 fuel was made by blending 10 vol-% of bioethanol to regular #93 petrol, and 
subsequently, M15 fuel was prepared by adding 15 vol-% of methanol to regular #93 petrol. 
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4.5 Experimental work - Sweden 

4.5.1 Vehicles and fuels/powerplants 

Table 13 presents some data of the vehicles tested in Sweden. The electric version was from 
a limited experimental fleet by Volvo. 

Table 13: Vehicles tested in Sweden. 

Manufacturer and Make Volvo C30 2.0F Volvo C30 DRIVe Volvo C30 Electric 

Fuel E85/E75* diesel electricity 

Engine 2.0 L otto cycle (SI) 1.6 L diesel (CI) Fully electrified power 
train Horsepower (hp / kW @ 

rpm): 
145/107@6000 109/80@3600 111 hp 

Torque (lb-ft / Nm @ rpm): 136/185@4500 177/240@1750-2500 n/a 

Emission Standard Euro 5 Euro 5 Euro 5 

Emission Control System TWC DOC and DPF                
(regenerated prior to 

testing) 

n/a 

Transmission M5 M6   

Auxiliary heating n/a 
Diesel-burning  
auxiliary heater 

E85-burning  
auxiliary heater 

Test Conditions 

Starting Odometer (km) n/a n/a n/a 

Test Weight (kg) 1360 20111360 1700 

   RLHP @ 50 mph    n/a n/a n/a 

 

*E75 fuel was used at -7 °C tests 

 
Information in RED was added later on by VTT from various non-original 
sources 

4.5.2 Test programme: duty-cycles, fuels and ambient conditions 

The following Table 14 presents combinations of vehicle, fuel, duty-cycle and ambient tem-
perature for tests performed in Sweden. 

Table 14: Combinations of vehicle, fuel, duty-cycle and ambient temperature for tests per-
formed in Sweden. 

  
Test Cycle 

NEDC NEDC ART 
URB 

ART 
URB 

ART 
URB 

ART 
RUR 

ART 
MWY 

CADC CADC 

Ambient temperature +23 °C -7 °C +23 °C +23 °C +23 °C +23 °C +23 °C +23 °C -7 °C 

Start type cold cold cold hot hot hot hot cold cold 

Vehicle Fuel                   

SI E85/E75* √,√ √,√ √,√ √,√ √,√ √,√ √,√     

CI diesel √,√ √,√ √,√ √,√ √,√ √,√ √,√     

EV electricity √,√             √,√ √,√ 

Use of Auxiliaries all off all off in use in use in use in use in use in use in use 

 NB: each case was tested twice ART URB =Artemis Urban Driving Cycle 

 *E75 fuel was used at -7 °C tests ART RUR =Artemis Rural Driving Cycle 

  ART MWY =Artemis Motorway Driving Cycle 

  CADC =Combined Artemis Driving Cycle (Urban, Rural, Motorway) 

in use =head lights on and air conditioning set at 
+20 °C. Diesel-burning auxiliary heater in 
automatic mode 

NEDC =New European Driving Cycle, i.e. current EU Type Approv-
al cycle 
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4.5.3 Test set-up and equipment 

Chassis dynamometer 

The tests were performed on an electric Clayton DC500 two-roller chassis dynamometer 
(500 mm rolls) at test cell temperatures of +23 °C and -7 °C. Relative humidity was main-
tained at 50% during the testing. The simulated inertia used for the vehicles where 1360 kg 
for the diesel vehicle, 1360 kg for the FFV vehicle and 1700 kg for the electric vehicle. The 
road load was simulated by adjusting the dynamometer in accordance to the manufacturer’s 
instructions. In order to reduce the deformation of tires, caused by the double rollers, the tires 
were inflated to a pressure of 1.5 × the pressure recommended by the manufacturer. 

CVS system 

A Constant Volume Sampler (CVS) (Horiba, CVS-9300T) was used in the study. The CVS 
tunnel has a total length of 3150 mm with an inner diameter of 250 mm and is connected to 
the tailpipe via a 5 m long section of 110 mm diameter insulated stainless steel transfer tube. 
The transfer tube is connected to the tailpipe with a 30 cm section of flexible stainless steel 
tubing attached to the tailpipe. At a distance of 30 cm from the tailpipe, cleaned and HEPA 
filtered test cell air is introduced to the transfer tube, into the exhaust stream. The CVS-
tunnel flow rate is controlled by use of a 9 m3/min critical venturi. 

Regulated emissions including PM and PN measurements 

The regulated gaseous emissions were measured using a Horiba Mexa 9000 series (9400D) 
system. The bag-sampling was performed using a set of 3 bags for exhausts, and 3 bags for 
dilution air sampling. The filters used for sampling of Particulate Matter (PM) were 47 mm 
diameter TX40 filters (PTFE bonded glass fibre filters; PALL) mounted in a filter holder. The 
instrumental set-up for particle number measurement was designed according to the PMP-
protocol. The measurement principles for the different components are given in the table be-
low (Tables 15a & b). 

 

Table 15a: Sampling and analysis methods used for regulated pollutants for testing per-
formed in Sweden. 

Compound Analysis Method Sample Collection 

Carbon Monoxide 
(CO) 

Non-Dispersive Infrared 
Detection (NDIR) 

bag  (Horiba, CVS-9300T) 

Carbon Dioxide 
(CO2) 

Non-Dispersive Infrared 
Detection (NDIR) 

bag  (Horiba, CVS-9300T) 

Oxides of Nitrogen 
(NOx) 

Heated Chemiluminescence 
Detection (CLA) 

bag + continuous collection for 

diesel vehicle, heated line 190 °C 

Total Hydrocarbons 
(THC) 

Heated Flame Ionization 
Detection (FID) 

bag + continuous collection for 

diesel vehicle, heated line 190 °C 

Particulate Matter 
(PM) 

Gravimetric Procedure 47 mm TX-filters (PALL) 

Particulate Number 
(PN) 

Condensational 
Particle Counter  (CPC) 

on-line sampling and dilution, 
PMP method (AVL) 

Fuel Consumption 
(FC) 

Calculated based on Industry Standard Carbon Balance 
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Table 15b: Methods and hardware for electric vehicle testing performed in Sweden. 
 

For the electric vehicle: 

  
Energy consumption  

measurements 

The charge energy delivered from the mains supply to the electric 
vehicle was 
measured with an ABB T6824 active electric energy meter. 

Specifications 

Voltage: 230 V AC (-23% to +20%) 
Reference current: 10 A 
Max current: 80 A 
Start current: 25 mA 
Accuracy of measurement: Class B (Cl 1, ±1%) 

Temperature range: -40 to +55 °C 

 

4.5.4 Fuel information 

Table 16 presents some basic information of the fuels used in the tests in Sweden. 

 

Table 16: Information of the fuels used in the tests in Sweden. 

Analysis 
Parameters 

diesel E85 E75 

Density (kg/m3 @ 15oC) 834 784 872 

Lower heating value (MJ/kg) 42.9 29.4 30.2 

RON n/a > 95.1 > 95 

CFR 53.3 n/a n/a 

FAME (vol-%) 4.9 n/a n/a 
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4.6 Experimental work - Finland 

4.6.1 Vehicles and fuels/powerplants 

Table 17 presents some data of the vehicles tested in Finland. The electric version of the 
Passat was an experimental vehicle converted from a VW Passat Variant by a Finnish com-
pany (Finnish Electric Vehicle Technologies, a.k.a. European Batteries) using commonly 
available industrial components. Main powertrain components were sources from Zytek (UK).  

 

Table 17: Vehicles tested in Finland. 

Manufacturer  
and Model 

Volkswagen Passat Variant 

Model Year 2011 2011 2011 2011 2011 2011 2008 

Curb weight (kg) 1507 1582 1505 1618 1557 1647  n/a 

Fuel petrol petrol diesel diesel FFV CNG electricity 

Engine type  
(cm

3
) 

1.4 TSI 
(1390) 

2.0 TSI 
(1984) 

1.6 TDI 
(1598) 

2.0 TDI 
(1968) 

1.4 TSI  
MultiFuel 

(1390) 

1.4 TSI Eco-
Fuel 

(1390) 
n/a 

Power (kW @ 
rpm): 

90@5000 155@5300 77@4400 125@4200 118@5800 110@5500 n/a 

Torque  
(Nm @ rpm): 

200 @ 
1500-4000 

280 @ 
1700-5200 

250 @ 
1500-2500 

350 @ 
1750-2500 

240 @ 
1750-4500 

220 @ 
1500-4000 

n/a 

Compression Ratio 10:1 9.6:1 16.5:1 16:1 10:1 10:1 n/a 

Emission Standard Euro 5 Euro 5 Euro 5 Euro 5 Euro 5 Euro 5 n/a 

Emission Control 
System 

TWC TWC DOC + DPF DOC + DPF TWC TWC n/a 

Transmission 
DSG7  

(autom.) 
DSG6  

(autom.) 
M6  

DSG6  
(autom.) 

DSG7  
(autom.) 

DSG7  
(autom.) 

M5 

EV specific 

  

 Zytek 

Motor Power  
(kW@rpm)  

Torque (Nm) 

70@2200 
300 Nm 

                                Test Conditions & Set-up 

Starting Odometer 
(km) 

34399 11199 6042 2888 3833 13237  10490 

Test Weight (kg) 
(inertia setting) 

1532 1626 1572 1673 1615 1672  1780 

 

4.6.2 Test programme: duty-cycles, fuels and ambient conditions 

The following table 18 presents combinations of vehicle, fuel, duty-cycle and ambient tem-
perature for tests performed in Finland. 
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Table 18: Combinations of vehicle, fuel, duty-cycle and ambient temperature for tests per-
formed in Finland. 

Vehicle 

  
Test Cycle 

NEDC ART URBAN ART RURAL ROAD ART MOTORWAY 

Ambient 
°C 

+23  +5  -7  +23  +5  -7  +23  +5  -7  +23  +5  -7  

Fuel CS CS CS CS CS CS WS WS WS WS WS WS 

1.4 TSI 
95 E10 √,√ √ √,√ √,√ √ √,√ √,√ √ √,√       

E95RE √,√ √ √,√ √,√ √ √,√ √,√ √ √,√       

2.0 TSI 
95 E10 √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

E95RE √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

1.6 TDI 
EN590(B7) √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

HVO √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

2.0 TDI 
EN590(B7) √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

HVO √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

1.4 TSI FFV 
95 E10 √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

RE85 √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

1.4 TSI 
CNG 

95 E10 √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ √,√ √ √,√ 

CNG √,√   √,√ √,√   √,√ √,√   √,√ √,√   √,√ 

BEV electricity √   √ √   √ √   √ √   √ 

NB:  CS = cold (engine) start; WS = warm (engine) start 
√,√ = duplicated test, √ = single test run only 

In NEDC no auxiliaries in use (as in standard protocol) 

In ART cycles headlight and radio on, blower at 50% and target temperature  
+ 20 °C, but no A/C. 

 

4.6.3 Test set-up and equipment 

Table 19 presents data of the sampling and analysis of the tests performed in Finland. 
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Table 19: Sampling and analysis methods used for regulated pollutants and methods & 
hardware for electric vehicle testing performed in Finland. 

Compound Analysis Method Sample Collection 

Carbon Monoxide 
(CO) 

Non-Dispersive Infrared 
Detection (NDIR) 

TedlarTM bag 

Carbon Dioxide 
(CO2) 

Non-Dispersive Infrared 
Detection (NDIR) 

TedlarTM Bag 

Oxides of Nitrogen 
(NOx) 

Heated Chemiluminescence 
Detection (CLD) 

TedlarTM bag 

Total Hydrocarbons 
(THC) 

Heated Flame Ionization 
Detection (FID) 

TedlarTM bag 

Particulate Matter 
(PM) 

Gravimetric Procedure 47 mm Filters (Pallflex) 

Methane  
(CH4) 

FTIR 
continuous,  

from diluted sample 

Nitrogen Oxide,  
Nitrogen Dioxide (NO, NO2) 

FTIR 
continuous,  

from diluted sample 

Nitrous Oxide 
(N2O) 

FTIR 
continuous,  

from diluted sample 

Fuel Consumption 
(FC) 

Calculated based on Industry Standard Carbon Balance 

 

Figures 9 and 10 depict the test cell at VTT, Espoo, Finland. The cell has humidity and ambi-
ent temperature control from +30 down to -25 °C. It is large enough to be used to 
soak/precondition up to three cars simultaneously.  

 

 

Figure 9: Emissions and fuel consumption test facility with a single-roller (1.0 m) 2WD dyna-
mometer at VTT, Finland. 
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Figure 10: Test cell at VTT is large enough to be used to soak/precondition and test up to 
three cars simultaneously during a single 8-hour working day. 

 

4.6.4 Fuels  

Table 20 presents some information of the fuels used in the tests in Finland. 

Table 20: Information of the fuels used in the tests in Finland. 

Analysis 
Parameters 

Method 95E10 E95RE 
EN590 

(B7) 
HVO RE85 CNG 

Density (kg/m
3
 @ 15 

o
C) ENISO12185 746.3 747.0 844.9 779.6 784.9 

 
Vapour pressure (kPa) EN13016-1 83.2 81.4 

  
50.7 

 
Ethanol (vol-%) EN1601 9.29 9.59 

  
85.7 

 
Oxygen (vol-%) EN1601 3.48 3.55 

  
30.29 

 
Total oxygenates (vol-%) ENISO22854 9.78 9.62 

  
88.47 

 
Net Heating Value MJ/kg ASTMD240 41.647 41.728 

  
28.940 50.0 

Net Heating Value MJ/l ASTMD240 31.081 31.171 
  

22.715 
 

Net Heating Value MJ/kg ASTMD4809 
  

42.388 43.932 
  

Net Heating Value MJ/l ASTMD4809 
  

35.814 34.249 
  

Carbon Fuel Fraction, %-wt ASTM D5291 83.2 
 

85.9 84.4 
  

Hydrogen Fuel Fraction, %-wt ASTM D5291 13.2 13.10 13.2 14.9 13.2 
 

RON ENISO5164 96.4 n/a 
  

n/a 
 

MON ENISO5163 85.0 n/a 
  

n/a 
 

Cetane Number ASTM D6890 
   

81.7 
  

Total Sulfur (mg/kg) ENISO20846 n/a 2.5 8.7 < 1 
  

Cloud Point max (
o
C) NM473 

  
-5 -23 

  
CFPP (

o
C) EN116 

  
-20 -21 

  

Alternative Methods:  

NM249 NM291 NM40 
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4.7 Experimental work - USA 

4.7.1 Vehicles and fuels/powerplants 

The following Table 21 presents combinations of vehicle, fuel, duty-cycle and ambient tem-
perature for tests performed in United States.  

 

Table 21: Vehicles tested in U.S. 

Manufacturer and Make Hyundai Sonata 
Hyundai Sonata 

Hybrid 
Ford Fusion 

Ford Fusion 
Hybrid 

Model Year 2013 2011 2012 2010 

Fuel Gasoline Gasoline Gasoline Gasoline 

Engine 2.4 L I4 
2.4 L I4 (Atkinson-

cycle) 
3.0 L V6 

2.5L (Atkinson 
cycle) 

Horsepower (hp@rpm): 198 @ 6300 166 @  240 @ 6550 156 @ 

Torque (lb-ft @ rpm): 184 @ 4250 154 @  223 @ 4300 136 @ 

Compression Ratio 11.3:1 n/a 10.3:1 n/a 

Emission Standard U.S. Tier II US Tier II US Tier II US Tier II 

Emission Control System ? ? ? ? 

Transmission A6 A6 Auto Auto 

Hybrid system specs         

Battery Capacity (Ah) n/a 1.4 kWh n/a  n/a 

System Voltage (V) n/a 270 n/a 275 

Motor Power (kW @ rpm) n/a 30 n/a 78 

Test Conditions 

Test Weight (lbs/kg) 3500/1588 3750/1701 3744/1698 4000/1814 

  data retrieved by VTT from non-original sources 

 

Figures 11 to 14 depict test vehicles photographed during each respective test session at the 
Advanced Powertrain Research Facility of Argonne National Laboratory (ANL), near Chica-
go, IL. 

 

 

Figure 11: 2013 Hyundai Sonata during a test session at ANL. 
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Figure 12: 2013 Hyundai Sonata Hybrid during a test session at ANL. 

 

 

Figure 13: 2012 Ford Fusion during a test session at ANL. 

 

 

Figure14: 2010 Ford Fusion Hybrid during a test session at ANL. 

 

4.7.2 Test programme: duty-cycles, fuels and ambient conditions 

The following table 22 presents combinations of vehicle, fuel, duty-cycle and ambient tem-
perature for tests performed in U.S. 
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Table 22: Combinations of vehicle, fuel, duty-cycle and ambient temperature for tests per-
formed in U.S. 

 

4.7.3 Test set-up and equipment 

Figure 15 depicts dynamometer the test facility at the Advanced Powertrain Research Facility 
of ANL (Argonne National Laboratory). The photo is sourced from the document “Chassis 

Dynamometer Testing Reference Document” by Henning Lohse‐Busch, Kevin Stutenberg, 
Mike Duoba, Eric Rask, Forrest Jehlik and Glenn Keller; published by Advanced Powertrain 
Research Facility in July, 2013, to accompany the Downloadable Dynamometer Database, 
which is the source of the U.S. data at hand in this study. Full document is downloadable at 
http://www.transportation.anl.gov/D3/pdfs/ANL_APRF_DynoTestingReference_July2013.pdf. 

 

 

Figure 15: Dynamometer test cell at the Advanced Powertrain Research Facility of ANL.  

 

According to the information provided by this reference document, Advanced Powertrain Re-
search Facility (APRF) is purpose-built for vehicle benchmarking for the DOE. It furnishes a 
state‐of‐the‐art 4WD chassis dynamometer and customised multi‐input data acquisition flexi-
ble to evaluate various novel vehicle architectures (HEV, EV, Alternative Fuels).  

Measurement of Vehicle Fuel Consumption is made either by determining tailpipe emissions 
and carbon balance calculations, when the mass of fuel consumed is based on the meas-
ured carbon products of the combustion event and the carbon weight fraction of the fuel, or 
by direct fuel flow metering that provides a faster mass flow reading compared to the ‘instan-
taneous’ modal fuel flow measurement from the emissions bench since the exhaust gases 
are subject to transport delays and gas diffusion through the exhaust system. (It is not, how-

UDDS
1

UDDS
1

UDDS
1 HWFET US06 NEDC LA92

2
JC08

3
WLTP

4 Cycle

cold hot hot hot hot cold cold cold cold Start

Hyundai Sonata gasoline #2 +21 °C √ √ √ √ √ √ √ √ √

Hyundai Sonata Hybrid gasoline #3 +22 °C √ √ √ √ √

Ford Fusion V6 gasoline #2 +21 °C √ √ √ √ √ √ √ √

Ford Fusion Hybrid gasoline #1 +23 °C √ √ √ √ √
1 this three-phase combination also known as FTP 75 or FUDS or LA-4 3 Japanese type approval cycle since 2011
2 also known as California Unified Cycle (UC) 4 New World Harmonised Light-duty Test Procedure. 4 phases

Vehicle Fuel

Ambient 

temp.

Test Cycle

http://www.transportation.anl.gov/D3/pdfs/ANL_APRF_DynoTestingReference_July2013.pdf
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ever, stated in the documentation, which alternative was used to produce the data delivered 
to be used in this study.) 

Furthermore, the above-mentioned document states that APRF has full line of instruments 
capable of determining exhaust emissions from CARB/EPA SULEV (super-ultra-low emis-
sion vehicles) according to the U.S. EPA (Tier 2) emissions standards. However, no emis-
sions data was released with the files submitted.  

4.7.4 Fuel information 

Table 23 presents some information of the fuels used in the tests in the U.S. 

 

Table 23: Information of the fuels used in the tests in USA.  

Analysis 
Parameters 

Type of fuel: gasoline 

Trade name (reference)   Tier II EEE HF437 

Batch #     Batch #1 Batch #2 Batch #3 

Carbon Fuel Fraction, %-wt 0.8631 0.8618 n/a 

Hydrogen Fuel Fraction, %-wt n/a n/a n/a 

Oxygen Fuel Fraction, %-wt n/a n/a n/a 

Net Heating Value MJ/kg 42.81 42.67 42.34 

Net Heating Value MJ/l 31.72 31.70 31.41 

Density (kg/m3 @ 15oC) 741 743 742 
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5. Results and Discussion  

5.1 Types of data assessment 

Data evaluation is performed in two steps. First evaluation on the end-use performance is 
done by each individual participating country within the tested vehicle model family. The sec-
ond evaluation is done using all the information generated.  
 
The second evaluation phase combines the well-to-tank data of the test fuels to end-use per-
formance data to provide information on the complete fuel cycle. 
 

5.2 Results – Japan 

In Japan, one vehicle platform with either gasoline or LPG (liquid injection) engine was tested 
at normal ambient temperature, using Japanese type-approval duty cycles. The data submit-
ted by Japan includes fuel and energy consumption, emissions of CO2, CO, HC and NOx. No 
non-regulated pollutants were reported, but the hydrocarbons were reported as non-methane 
(NMHC) and methane (CH4) emissions, allowing CO2(eq) to be calculated using 23 as the 
equivalence factor for methane. 
 
Figures 16 to 21 depict these test results per vehicle/fuel and driving cycle. 
 

 

Figure 16: Fuel consumption of the two Nissan Bluebird cars tested in Japan.  

 
Regarding fuel and energy consumption (Figures 16 and 17) we can note that despite of the 
lower numeric fuel consumption figures, the energy consumption was in most cases slightly 
lower for the LPG variant. However, in cold-start JC08 cycle this was in reverse, but all dif-
ferences were very small, only a few %. 
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Figure 17: Energy consumption of the two Nissan Bluebird cars tested in Japan.  

 

Figure 18: CO2 emissions from the two Nissan Bluebird cars tested in Japan.  

 
The TTW CO2 emissions (Figure 18) were in all test cases lower with LPG than for gasoline. 
The difference was about 10 %, which is the same as the difference in carbon/energy –ratio 
of these fuels (65.7 for LPG vs. 73.3 for E0 gasoline). 
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Figure 19: CO emissions from the two Nissan Bluebird cars tested in Japan. 

  

 

Figure 20: HC emissions from the two Nissan Bluebird cars tested in Japan.  

 
With the cold-start cycles both CO and total HC were much lower with LPG compared to the 
gasoline-powered car’s results (Figures 19 and 20). In hot-start cycles  
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Figure 21: NOx emissions from the two Nissan Bluebird cars tested in Japan.  

 

Figure 22: CH4 emissions from the two Nissan Bluebird cars tested in Japan.  

 
With the cold-start cycles NOx emissions were distinctly higher with LPG compared to the 
gasoline-powered car’s results (Figure 21). However, for the methane (CH4) portion of the 
hydrocarbons, the opposite was true (Figure 22).  
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5.3 Results – Canada 

In Canada, one vehicle platform was tested, with four powerplant options (diesel, gaso-
line/CNG, gasoline/FFV and gasoline hybrid). Fuel options were either E0/E10, E85 or CNG 
for SI, and several different types/blends for diesel. In addition to normal ambient tempera-
ture (+23 °C), tests were run at -7 °C, and one test at -18 °C. 
 
The data submitted by Canada includes fuel and energy consumption, emissions of CO2, 
CO, HC, NOx, CH4, N2O and TPM.  
 

5.3.1 Results for native fuel for each vehicle/engine 

Figures 23 to 30 depict test results per vehicle/fuel and driving cycle for the basic/native fuel 
for each vehicle/engine, and in normal ambient temperature (+23 °C). However, the FFV 
version is represented with both E0 and E85 fuels. 
 

 

 
Figure 23: Fuel consumption of the four GMC trucks tested in Canada.  

 

If we at first consider fuel and energy consumption (Figures 23 and 24) we immediately no-
tice that the absolute values for both conventional ICE-powered options were quite high, 
mainly due to the large bulk of the vehicles. The diesel version was about three times heavier 
than typical vehicles tested by other partners, and the gasoline variant was roughly twice as 
heavy. However, the hybrid version was showing about 25 to 30 % lower figures compared 
to the conventional SI-powered variant. But this was not just due to the more efficient power-
train, as the hybrid version was also almost 30 % lighter than the heaviest (diesel), and al-
most 15 % lighter than the respective non-hybrid gasoline version. 

All this was duly reflected in CO2 figures, as well (Figure 25). 
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Figure 24: Energy consumption of the four GMC trucks tested in Canada.  

 

 

Figure 25: CO2 emissions from the three GMC trucks tested in Canada.  
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Figure 26: CO emissions from the three GMC trucks tested in Canada.  

 

 

Figure 27: HC emissions from the four GMC trucks tested in Canada.  

 
On the other hand for CO and HC emissions (Figures 26 and 27) the hybrid was clearly the 
worst case, with only some minor exceptions (CO for gasoline version in US06/hot).  
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Figure 28: NOx emissions from the four GMC trucks tested in Canada.  

 

Figure 29: CH4 emissions from the four GMC trucks tested in Canada.  

Quite surprisingly, NOx emissions (Figure 28) were extremely high for the diesel-fuelled vari-
ant, especially in hot-started US06-cycle, even if the vehicle was equipped with an SCR-
system that should reduce emissions effectively. Somewhat unexpected also were the re-
sults for CH4 (Figure 29), as these were also very high for the diesel-powered option. 
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Figure 30: TPM emissions from the four GMC trucks tested in Canada.  

 

Due to the presence of DPF in the diesel-powered truck, total particulate mass (TPM) emis-
sions were by far the largest for the SI-engine running on gasoline. On the other hand, the 
hybrid version was on par with the diesel. 

 

5.3.2 Results for additional fuels and cold ambient conditions 

Apart from the tests with “native” fuel (regular mineral oil diesel), for the CI-engine version, 
four different fuels were tested, and for the three SI-engine versions (bi-fuel, FFV and hy-
brid), E0 and E10 gasolines, E85 (E75 in low ambient temperatures) as well as CNG (only 
for the bi-fuel version) was used. In addition to normal ambient temperature (+23 °C), tests 
were run at -7 °C, and for the CI version, one test even at -18 °C. Figures 31 to 48 depict the 
results from these tests. 
 
It should also be noted that the bi-fuel vehicle when tested with CNG was started on gasoline 
and then switched to CNG at approximately 180 seconds for phase 1 of the FTP and after 30 
seconds for phase 3 of the FTP. However, equivalent volumetric fuel consumption and ener-
gy consumption were based on an assumption the vehicle was powered with CNG over the 
full test cycle. 
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Figure 31: Fuel consumption of the CI-engine powered truck tested in Canada with different 
fuels at normal ambient temperature (+23 °C), as well as two lower ambients (-7 and -18°C). 

 

Figure 32: Fuel consumption of the three SI-engine powered trucks tested in Canada with 
various fuels at different ambient temperatures. 
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Figure 33: Energy consumption of the CI-engine powered truck tested in Canada with differ-
ent fuels at normal ambient temperature (+23 °C), as well as two lower ambients (-7 and -
18°C). 

Volumetric fuel consumption showed some response to the switch of fuel. In the CI-engine 
version (Figure 31), about 8 % increase was recorded for the neat biodiesels (B100 xx), but 
this was mostly due to the 9 % drop in density (see Table 9 for fuel specs), compared to the 
regular mineral oil diesel. About the same response was seen both in cold start and hot start 
cycles, and even tests in tests at -7 °C. Furthermore, lowering of the ambient temperature 
increased volumetric fuel use by 13% (-7 °C) and 18% (-18 °C), when using neat mineral oil 
diesel. 

Furthermore, considering the SI-engines, volumetric fuel consumption (Figure 32) increased 
in the hybrid version by some 8 %, when E10 gasoline was used instead of the non-alcohol 
(E0) grade, even if the densities of both fuels were very close to each other, and the net 
heating value of the E10 blend was only 2 % lower than the non-alcohol grade (see Table 8). 
The same order of increase was seen due to the lowering of the ambient temperature from 
+23 to -7 °C. 

When we calculate energy consumption from the fuels use by using the net volumetric en-
ergy contents of the various fuels, we see (in Figure 33) that the energy use was some 14 to 
15% lower with the B100x biodiesels, compared to mineral oil only grade. The same applies 
to all cycles used, and even in tests at -7 °C. On the other hand, lowering the ambient tem-
perature increased energy consumption, when using straight mineral oil diesel fuel by 13% 
(at -7 °C) and by 17% (at -18 °C), in accordance with the increase measured in volumetric 
fuel use (Figure 31). Considering the SI-engines (Figure 34), an increase in energy con-
sumption was inevitable from the increased volumetric fuel use. 

Regarding CO2 emissions, using blends of biodiesel resulted in lower tailpipe (TTW) emis-
sions of CO2 emissions compared to regular mineral oil diesel (Figure 35). This was some 2 
to 3 % for the 20% blends and some 5 % for the neat biodiesels. However, lowering of the 
ambient temperature increased the CO2 tailpipe (TTW) emissions on mineral-oil only diesel 
fuel (Figure 35). The same was true for the neat biodiesels (B100). The average increase 
was some 13 % at -7 °C and 15 % at -18 °C (mineral-oil diesel only) over the FTP cycle. 
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Figure 34: Energy consumption of the three SI-engine powered trucks tested in Canada with 
various fuels at different ambient temperatures. 

 

Figure 35: CO2 emissions from the CI-engine powered truck tested in Canada with different 
fuels at normal ambient temperature (+23 °C), as well as two lower ambients (-7 and -18°C). 
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Figure 36: CO2 emissions from the three SI-engine powered trucks tested in Canada with 
various fuels and at different ambient temperatures. 

 

 
Figure 37: CO emissions from the CI-engine powered truck tested in Canada with different 
fuels at normal ambient temperature (+23 °C), as well as two lower ambients (-7 and -18°C).  
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Figure 38: CO emissions from the three SI-engine powered trucks tested in Canada with var-
ious fuels and at different ambient temperatures. 

 

Much stronger impact was recorded for NEDC, where the increase was almost 30 % at -7 °C 
compared to normal ambient (mineral-oil diesel only). This is most probably due to the great-
er relative influence of the cold-start portion in this duty cycle compared to FTP. 

Of the SI-engine vehicles (Figure 36) the hybrid version emitted some 40 % less CO2 over a 
cold-start FTP cycle, and some 60 % less over a hot-start US06 cycle, but some 20 % more 
over a HWFET cycle. However, this appears to be some kind of anomaly, as it is not con-
sistent with the fuel consumption results that showed net positive difference for the hybrid 
version in all cases.  

Furthermore, in the hybrid version, using 10% ethanol containing E10 gasoline resulted in 
slight increase in CO2 emissions in the cold-started FTP cycle, but marginal degrease with 
the hot-start cycles (HWFET and US06). Subsequently, the lower ambient temperature (-7 
°C vs. 23 °C) increased CO2 emissions by 9 % when using regular non-ethanol gasoline 
(E0), but with E10 fuel the increase was only 3 %.  

When considering CO emissions from the CI-engine powered version (Figure 37), we see at 
first that there was a striking difference between the cold-started and hot-started cycles. Fur-
thermore, lowering the ambient temperature resulted in an increase in emissions, especially 
at the lowest temperature (-18 °C). While this was true for normal mineral-oil only diesel fuel, 
all cases using various blends of biodiesel, resulted in slightly lower CO at the lower ambient 
temperature (-7 °C vs. 23 °C). Also, all blends of biodiesel gave lower CO than the regular, 
mineral-oil only diesel grade. 
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Figure 39: HC emissions from the CI-engine powered truck tested in Canada with different 
fuels at normal ambient temperature (+23 °C), as well as two lower ambients (-7 and -18°C).  

 

Figure 40: HC emissions from the three SI-engine powered trucks tested in Canada with var-
ious fuels and at different ambient temperatures. 
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Figure 41: NOx emissions from the CI-engine powered truck tested in Canada with different 
fuels at normal ambient temperature (+23 °C) at normal ambient temperature (+23 °C), as 
well as two lower ambients (-7 and -18°C).  

.  

 

Figure 42: NOx emissions from the three SI-engine powered trucks tested in Canada with 
different fuels and at different ambient temperatures. 
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Figure 43: TPM emissions from the CI-engine powered truck tested in Canada with different 
fuels at normal ambient temperature (+23 °C) at normal ambient temperature (+23 °C), as 
well as two lower ambients (-7 and -18°C).  

 

Figure 44: TPM emissions from the three SI-engine powered trucks tested in Canada with 
different fuels and at different ambient temperatures. 
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Figure 45: CH4 emissions from the CI-engine powered truck tested in Canada with normal 
diesel fuel and different biodiesel blends at different ambient temperatures. 

 
Figure 46: CH4 emissions from the three SI-engine powered trucks tested in Canada with 
gasoline (E0, E10) and with CNG at different ambient temperatures. 
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Figure 47: N2O emissions from the CI-engine powered truck tested in Canada with normal 
diesel fuel and different biodiesel blends at different ambient temperatures. 

 
 

Figure 48: N2O emissions from the SI-engine powered trucks tested in Canada with gasoline 
(E0, E10) and with CNG at different ambient temperatures. 

 



 

 

RESEARCH REPORT VTT-R-00892-16 

52 (104) 

  

 

Like with the CI-engine, also with the SI-engine powered versions (Figure 38) CO was higher 
in those cold-started cycles. The highest results were measured over the European NEDC 
cycle. At normal ambient temperature, there was no practical difference between the hybrid 
and non-hybrid variants in FTP cycle, but the hybrid showed higher emissions over the 
HWFET cycle, and vice versa over the US06 cycle. This was due to an almost constant 
emission rates for the hybrid over both duty-cycles, but with 1 to 10 difference in emissions 
between the cycles from the non-hybrid version, seemingly having difficulties in coping with 
the transient loads and speed changes prevalent in the US06 cycle. 

Considering emissions of hydrocarbon (HC) from the CI-powered version (Figure 39), the 
pattern was much alike with the one for CO. However, the cold-start emissions at low ambi-
ent temperature were in relative terms even higher. This was also true for the SI-engine 
powered versions (Figure 40), with the exception that the emissions were highest at cold-
start/low ambient temperature (FTP at -7 °C vs. 23 °C), whereas for CO, also cold-start 
NEDC resulted high emission rates even at normal ambient. Quite striking is also the high 
HC output for the high-concentration ethanol fuel at -7 °C, even if the fuel in these tests was 
the “winter quality” E75, and not the regular E85. The poor evaporation of ethanol is the 
cause for this kind of non-optimum performance. As well, acetaldehyde is a known combus-
tion product of ethanol, and is contributing to the total HC output. 

When we review the results for oxides of nitrogen (NOx), we can see that for the CI-engine 
powered version, there was a strong influence of ambient temperature. According to the Fig-
ure 41, emission rates recorded over FTP-cycle at -7 °C were 10 times higher than for nor-
mal ambient, and up to twenty times higher at -18 °C vs. +23 °C. The same applies to NEDC, 
as the rates at -7 °C were 10 times higher than for normal ambient, but in both cases the 
level was about twice of that measured for FTP. The highest rates at normal ambient were 
recorded for US06 cycle, showing an average some seven times higher emissions than 
those in FTP. There was also an influence of the fuel, as the both HDRD blends showed 
lower emissions than the mineral oil diesel, but that effect was weaker: 

For the SI-engine powered variants, the results depicted in Figure 42 show that the emis-
sions were very low in all cases, and even the highest value measured for the BiFuel variant 
over US06 with E0 was on par with the lowest values for the diesel variant.  

Turning into the results for total particulate matter (TPM) emissions, we can note from Fig-
ure 43 that for the CI-engine powered version, all TPM results were reasonably low, below 3 
mg/km, due to the presence of diesel particulate filter (DPF). Furthermore, using low blends 
of either CME or HDRD components (B20 xx) seem to offer an advantage over the mineral-
oil only diesel, but as neat (B100 xx), they appear to produce somewhat higher TPM rates. A 
clear exception to this was B20 CME in US06 test, where it gave the highest output, on par 
with the FTP-result for diesel at -18 °C.  

As with the other pollutants the ambient temperature does have an influence to the TPM lev-
els, as much as six times over FTP cycle in that one test at -18 °C. Much stronger impact is 
again seen in NEDC, where the TPM emissions were 2.5 times higher at -7 °C, compared to 
tests at normal ambient temperature. Also the overall rates measured over the NEDC cycle 
are two to four times higher than results from the tests over the FTP duty-cycle. This might 
be due to the different characteristics of the cycles, where the FTP contains quite strong ac-
celerations early on in the cycle, leading to quicker warm-up of the engine compared to the 
NEDC, where the speed and acceleration levels are fairly low for the first four kilometres. 
Overall, these relative changes remain more “academic”, as the general level of emissions 
was so low. 

The corresponding results for the SI-engine powered versions are depicted in Figure 44, and 
the first observation is that overall the emission rates are much higher that for the CI-engine. 
This is mainly due to the presence of diesel particulate filter (DPF) in the CI-engines, neces-
sary in order to comply with the strict TPM limit value legislated with EPA Tier III standards. 
With SI-engines there are no filters – at least yet – although attaining the particulate number 



 

 

RESEARCH REPORT VTT-R-00892-16 

53 (104) 

  

 

(PN) standards implemented in Europe for Euro 6c for direct-injection gasoline cars may well 
necessitate having one, once the standard will become fully enforced.  

Like with the other emissions, the hybrid version has much lower TPM emissions than the 
non-hybrids. Likewise, low ambient temperature increases the particulate emissions by a 
factor of five to ten, depending on whether E0 or E10 fuel is used. However, the highest re-
sult (8.9 mg/km) was obtained for the FFV version with E0 fuel and at low ambient tempera-
ture, when driving the cold-started FTP duty-cycle. It was about twenty times higher than 
average result for the CI-engine version over the same cycle, and subsequently three to five 
times greater than what was measured on average for other SI-options, even the E75 test at 
the same low temperature. 

Emissions of methane (CH4) were, according to Figure 45, in the CI-engine version around 
19 to 22 mg/km in all cold-started tests at normal ambient temperature. Unlike most other 
emissions that increase at low ambient temperature, methane emissions seemed to be 
somewhat lower in those cold-started FTP-tests that were run at -7 °C or even at -18 °C. 
Using the NEDC duty-cycle yielded to almost similar results, but the difference was less no-
ticeable. However, by far the lowest rates for methane were recorded for hot-start US06 
tests. On average these were all well below 1 mg/km, which is only 1/20th of the typical level 
for cold-started FTP-tests. 

Regarding methane emissions measured from the SI-engine powered versions (Figure 46), 
the average level for all versions with gasoline fuels (E0 and E10) was around 6 mg/km in 
FTP and US06 tests, with slightly lower rates in hot-start US06 than in FTP. However, in the 
European NEDC cycle the level of emissions from the hybrid was much higher, 16 to 17 
mg/km, but the non-hybrid version was not tested with this cycle. Unlike with the CI-engine 
version, the SI-hybrid showed higher methane emissions at lower ambient temperature, and 
almost similar results for both fuels (E0 and E10). Furthermore, this temperature effect was 
much stronger in the FFV-version, where the result for low ambient temperature with the high 
concentration ethanol fuel (E75), was three time higher than the same test with E0. 

Unsurprisingly, CNG fuel resulted in two to three times higher methane emission rates than 
gasolines, but somehow equal to the levels measured for CI-powered versions. Over FTP 
cycle the level at +23 °C ambient was about the same as for the gasoline hybrid at -7 °C. 
Methane is non-toxic and has a low reactivity rate in atmospheric chemistry and formation of 
smog and ozone. Hence it has no limit value in today’s emission standards. However, it is a 
greenhouse gas with a CO2-equivalence factor of 23.  

The results submitted by Canada included also emission rates for nitrous oxide (N2O). This 
compound is quite a powerful greenhouse gas, with a CO2-equivalence factor of 296.  

For the CI-engine powered version, Figure 47 shows that the emission rates were at about 
the same level with both cold-start FTP cycles and hot-start US06-cycles. During these tests, 
the use of biodiesel did not increase N2O emissions, in fact rates were lower when using B20 
xx or B100 xx fuels compared to mineral-oil diesel only over the cold-start FTP cycle, but 
neat HDRD gave somewhat higher emissions over the hot-start US06 test. Furthermore, 
lowering the ambient temperature to -7 °C lowered also these emissions very effectively, but 
at -18 °C the emissions were again about two times higher.  

For those three SI-engine powered versions, Figure 48 show that the overall level of emis-
sions was much lower than with the CI-engine. Typical rates in cold-start tests were around 2 
mg/km, and in hot-start US06, the level was from 0.5 to 1 mg/km. These are only some 1/10th 
to 1/20th of the levels recorded for the CI-engine powered version. 

Because as already stated, methane (CH4) and nitrous oxide (N2O) emissions do contribute 
to the greenhouse gas inventory. Thus we have calculated CO2eg emissions using the CO2 
emission result as the base, and adding these two with their corresponding equivalence fac-
tors. The calculations show that in case of the CI-engine, combined CO2eg level is about 2 to 
4 % higher than CO2 only, but with the SI-engine the additional effect remains below 0.5 % in 
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all cases due to much lower methane (CH4) and nitrous oxide (N2O) emissions compared to 
those from the CI-engine. 

5.4 Results – China 

The data submitted by China includes fuel and energy consumption, as well as emissions of 
CO, HC, NOx. Based on fuel consumption and fuel spec data, CO2 values were calculated 
for comparisons. Of non-regulated pollutants, formaldehyde (HCHO), benzene and toluene 
were reported for on vehicle platform, with three fuel options (gasolines E0 and E10, M15).  

Two vehicle platforms were tested, one with three different engine/transmission options, and 
the other with four identical cars, but at different odometer readings. 

Figures 49 to 57 depict these test results per vehicle/fuel for the NEDC driving cycle.  

Regarding fuel (and energy) consumption (Figures 49 & 50), the choice of engine & trans-
mission (vehicles A, B and C) looks quite logical, as the choice of larger engine (2.0, car C) 
shows somewhat higher consumption than the same configuration with smaller engine (1.6, 
car B). However, the comparison between cars A and B, where the engine size is the same, 
car B with automatic transmission has lower consumption, and with all fuel options. This is 
somewhat surprising, as usually automatic transmission results in higher fuel consumption 
than manual, but the underlying reason could be much higher odometer reading, as car A 
has almost five times higher amount of kilometres compared to car B.   

The influence that the mileage has on consumption can be seen in cars D, E, F and G that 
are of same make/model/engine/transmission, but different mileages. At least the consump-
tion with gasoline (#93) the consumption figures have the same rank order as the odometer 
readings. With CNG, this tendency is not as clear. 

Considering regulated emissions (CO, HC, NOx), in Figure 52 we see that the overall level of 
CO was about twice in platform A cars (A, B, C) compared to the other platform B cars (D, E, 
F, G), when regular #93 gasoline was used as a fuel. With E10 or M15 fuels the levels were 
slightly lower, and also with CNG that gave the lowest levels of CO emissions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 49: Fuel consumption of the cars tested in China.  
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Figure 50: Energy consumption of the cars tested in China.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 51: CO2 emissions (calculated) for the cars tested in China. 
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Figure 52: CO emissions for the cars tested in China. 

 

 

Figure 53: HC emissions for the cars tested in China. 
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Figure 54: NOx emissions for the cars tested in China. 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55: HCHO emissions for the cars tested in China. (Only one platform was tested). 
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Figure 56: Benzene emissions for the cars tested in China. (Only one platform was tested). 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 57: Toluene emissions for the cars tested in China. (Only one platform was tested). 

On the contrary, CNG gave the highest total HC emissions (Figure 53), but supposedly, most 
of that emission was methane (CH4) that was not reported separately. Both E10 and M15 
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fuels resulted in lower total HC than regular #93 gasoline. CNG gave also the highest read-
ings regarding NOx (Figure 54). The highest reading for car D, over 100 mg/km, appears to 
be some sort of outlier, as the corresponding other cars of same platform and engine (D, E, 
F), but with higher mileages gave consistently a much lower level (around 40 mg/km or less) 

Regarding non-regulated components that were reported only for platform A cars (A, B, C), 
as expected M15 fuel gave highest formaldehyde (HCHO, Figure 55), but for benzene (Fig-
ure 56) and toluene emissions (Figure 57), regular #93 gasoline was the worst, and E10 the 
best fuel option, while M15 fell in between, but quite close to E10.  

5.5 Results – Sweden 

In Sweden, one vehicle platform was tested, with three powerplant options (diesel, E85 and 
electric). The data submitted includes fuel and energy consumption, emissions of CO2, CO, 
THC, NOx, CH4 and TPM. Of non-regulated pollutants particulate number (PN) and NO/NO2 
split were reported.  

Figures 58 to 66 depict these test results per vehicle/fuel, ambient temperature and driving 
cycle. 

Regarding fuel consumption (Figure 58), the volumetric fuel consumption was naturally the 
highest with high-concentration ethanol fuels (E85, E75), as their energy density is much 
lower than for diesel fuel. Compared to diesel, the average E85 consumption (in L/100 km) 
was about 2.4 in all tested cases. In energy consumption (Figure 59) this difference was 
still about 1.6, and from 1.37 to 1.74, depending on the duty-cycle, whereas the electric ver-
sion used only a third of the energy of the diesel variant over the NEDC cycle.  

The influence of the ambient temperature was some 5 % increase in energy use for high-
concentration ethanol, but some 20 % for diesel in NEDC. Incidentally, the electric variant 
used less electricity at -7 °C than at +23 °C in tests using CADC. However, we must bear in 
mind that cabin heating in this car was by ethanol, and not by electricity. 

 

Figure 58: Fuel consumption of the three cars tested in Sweden.  
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Figure 59: Energy consumption of the three cars tested in Sweden. 

 

 

Figure 60: CO2 emissions from the three cars tested in Sweden. 
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Figure 61: CO emissions from the three cars tested in Sweden. 

 

Figure 62: THC emissions from the three cars tested in Sweden. 

 

Considering the CO2 emissions (Figure 60), we can see that the high-concentration ethanol 
version emitted about 1.3 to 1.7 times more CO2 than the diesel-fuelled version. Obviously, 
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the ambient temperature had the same influence as with fuel consumption: lowering the am-
bient temperature from +23 °C to -7 °C resulted in +3% for E85/E75, and +20% for diesel. 

When contemplating the CO emissions (Figure 61), we immediately notice the high emis-
sions measured for the high-concentration ethanol fuel (E75) in cold-start NEDC test done at 
low ambient temperature (-7 °C). The temperature effect is very strong, as these emissions 
are more than 11 times higher than what was measured for E85 at normal ambient tempera-
ture. With the diesel option, the emissions were only a fraction of these, and the low tem-
perature multiplication factor was only 2.3. Cold-start ARTEMIS Urban test seemed to pro-
duce also quite notable emissions, much higher than in NEDC, with both fuel options. With 
E85 fuel, some CO was emitted also in hot-started ARTEMIS cycles. 

Regarding total hydrocarbons (HC, Figure 62), the overall pattern was quite similar to CO, 
but at +23 °C, the multiplication factors between diesel and ethanol were different, from 5.4 
(NEDC) to 25 (ARTEMIS Urban), and 4.5 (ARTEMIS Rural). However, the ambient tempera-
ture had even stronger impact on THC than on CO, as E75 fuel in the cold-start NEDC cycle 
test produced over 17 times higher THC emissions than E85 at +23 °C. Cold start at low am-
bient temperature is certainly an issue regarding the use of high-concentration ethanol fuels. 

What comes to the emissions of nitrogen oxides (NOx, Figure 63), the set-up was totally re-
versed. With ethanol fuel the emissions were much lower than with diesel fuel. In tests at +23 
°C, the emissions with ethanol fuel were only about 1/3 (NEDC) or even less, 23% (ART Ur-
ban, cold) and 5 to 6 % in hot-started ARTEMIS duty-cycles. Furthermore, the influence of 
low ambient temperature was almost non-existent for the ethanol fuels, but with the diesel 
fuelled version, NOx emissions rose by about 5 times, with lowering of the ambient tempera-
ture from +23 °C to -7 °C. 

 

Figure 63: NOx emissions from the three cars tested in Sweden. 
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Figure 64: NO2 emissions from the three cars tested in Sweden. 

If we focus on NO2 portion of the total emissions of nitrogen oxides (Figure 64), we can see 
that the graph is almost a copy of the NOx graph, but with lower numerical values. This 
means that overall both technologies had roughly the same share of NO2 of the total NOx 
emissions. However, these shares were quite high, between 23 to 45% (39% overall) for 
ethanol, and between 32% to 60% for the diesel. 

 

Figure 65: TPM emissions from the three cars tested in Sweden. 
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Figure 66: PN results for the three cars tested in Sweden. 

Regarding the particulate mass emissions (TPM, Figure 65), the highest emissions were – 
once again – measured for the high-concentration ethanol version over the NEDC cycle at 
low ambient temperature -7 °C. The low temperature multiplication factor exceeds 10, 
whereas with the diesel version, the temperature effect was only about two. However, if we 
only compare the results for normal ambient temperature, diesel emitted more (about twice 
as much) in all but one case: ARTEMIS Motorway cycle. There the order was reversed. 

Results for particulate number (PN, Figure 66) were close to TPM in NEDC tests. The high-
concentration ethanol fuels produced the highest particulate numbers, but in this case the 
highest result was recorded over the cold-started ARTEMIS Urban cycle, and not in low tem-
perature NEDC test like with TPM.  

However, the cold ambient temperature had a significant influence, as the PN recorded for 
E75 at -7 °C was 30 times larger than what was measured for E85 over NEDC cycle at +23 
°C. On the other hand, for diesel, the low temperature increased PN only by 45%, but at +23 
°C the PN for diesel was some 40% higher than for E85. However, in cold-started ARTEMIS 
Urban cycle measurements E85-fuel produced almost 5.5 times higher PN emissions than 
diesel. In those hot-started ARTEMIS Rural and Motorway cycles the high-concentration eth-
anol (E85) fuel produced from 13 to nearly 50 times higher PN emissions compared to the 
corresponding results for diesel. 

 

5.6 Results – Finland 

Only one single vehicle platform was tested in Finland, but with six different IC-engines plus 
an electric-only version. Each IC was tested with two fuels, and all options were tested at 
normal ambient (+23 °C) and at low ambient temperature (-7 °C). With some exceptions, 
tests were also run at an intermediate temperature (+5 °C). 
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Data submitted included fuel and energy consumptions, and emissions of CO2, CO, HC, 
NOx, and TPM. In addition NO2 and N2O were reported, as well as emissions of CH4 and 
NH3. 

5.6.1 Performance with base fuel at normal ambient temperature 

At first the results are presented for each vehicle using the “native” fuel of the ICE and at 
normal ambient temperature. In this case “native” refers to fuel that is the primary fuel for the 
engine. For regular SI engines it is gasoline, and for CI engines normal diesel fuel. For FFVs 
the “native” fuel is considered to be E85, and for the gas-fuelled option the primary fuel is 
CNG, even if both of these SI-engines can also run with gasoline.  Figures 67 to 77 depict 
these results. 

If we first try to evaluate the options by fuel and energy consumption (Figures 67 and 68), 
we see that the different energy contents of the fuel options “do the trick”, i.e. different volu-
metric fuel consumption figures may end fairly similar levels of Wh/100 km figures. 

If we use the smaller, 1.6-liter diesel engine as baseline reference, and relate other power-
plant options to it, we see that the smaller-displacement SI engine was overall some 10 % 
less efficient, whereas the larger-displacement  2.0 TSI engine was about 40 % less efficient, 
On the other hand, even the bigger 2.0 diesel was some 20 % less efficient than the 1.6 litre 
CI engine. The 1.4 litre FFV and CNG variants had also some 20 to 30 % higher energy con-
sumption than the baseline engine, the 1.6 litre TDI diesel.  

Energywise, the most efficient was of course the full-electric version with a margin of some 
60% to the baseline.  

 

 

Figure 67: Fuel consumption of the cars tested in Finland.  
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Figure 68: Energy consumption of the cars tested in Finland.   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 69: CO2 emissions from the cars tested in Finland. 

The fuel use results in CO2 emissions, depending on the specific carbon contents of the fuel. 
Results are plotted in Figure 69, and overall, the emissions appear to be higher in both cold-
started cycles, when compared to the respective results from tests with warm engine start, 
which is only natural, as cold-start always induces higher fuel consumption. The highest val-
ues from all tested cases were recorded for the larger-displacement SI engine, irrespectively 
of the duty-cycle. The second-highest was the larger-displacement CI engine, but in many 
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cycles the difference to 1.4 TSI (FFV version) with RE85 was quite marginal. The lowest 
emissions were observed for the 1.4 TSI (gas version) running on CNG. 

Because the data submitted by Finland included also separately CH4 and N2O that are both 
string GHGs, it has been possible to calculate also CO2eq that includes these additional com-
pounds. In this calculation, equivalence factor of 23 has been used for CH4, and 296 for N2O. 
When this CO2eq (not depicted) was compared to CO2, it was found that the additive effect of 
including these compounds was overall very small, usually less than 1 %. However, with the 
high-concentration ethanol (E85) the add-on effect was clearly seen, especially in low ambi-
ent temperatures, where it could be nearly 4 %, at the utmost (ARTEMIS Urban at -7 °C). 

Overall, if we again make the smaller-displacement CI engine as the baseline, the larger-
displacement CI engine emits on average nearly 20 % more CO2, whereas the smaller-
displacement SI engine has only about 15 % higher emissions, but the larger-displacement 
SI engine grosses at 40 % higher CO2 output. On their “native” fuels, the 1.4 TSI (FFV) on 
E85 fuel had almost 20 % higher CO2 emissions, but the 1.4 TSI (GAS) on CNG emitted 
about 12 % less CO2, when compared to the baseline (1.6 TDI). 

Regarding emissions of carbon monoxide (CO), depicted in Figure 70, the differences be-
tween engine and fuel options were quite notable. In cold-started cycles the smaller-
displacement SI engine was the highest emitting, but in the hot-started duty cycles the larger-
displacement SI version had the highest emissions. Overall, the lowest emissions were ob-
served for the larger-displacement CI engine. The magnitude was -70 %, compared to the 
smaller-displacement CI engine, whereas the smaller-displacement SI engine had CO emis-
sion rates about twice of the baseline. However, the larger-displacement SI engine emitted 
CO quite sporadically: sometimes more than the baseline 1.6 TDI, but also sometimes less. 

Figure 70: CO emissions from the cars tested in Finland. 

 

What comes to total hydrocarbon emissions (HC), depicted in Figure 71, the lowest overall 
emissions were measured also here for the larger-displacement CI engine. On the other 
hand the highest emission rates were recorded in all tested cases for the CNG-fuelled Si 
engine. In some cases the magnitude could be four to ten times compared to the baseline. 
Most probably, this was due to the high methane content in the exhaust, so in spite of the 
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high rate, the emissions were probably less harmful than the same level of emissions from 
SI-engines running on petrol. 

Figure 71: HC emissions from the cars tested in Finland. 

 

Figure 72: NOx emissions from the cars tested in Finland. 

Probably the most conflicting emission in this exercise was NOx, depicted in Figure 72. By 
far the highest rates were measured for the two CI-engines, and the lowest for the SI-
engines. In cold-started cycles all SI engines irrespectively of the fuel option, emitted less 
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than 10 % of the corresponding rates of the CI-engines. The difference between the dis-
placement options in CI engines was quite small, but always for the favour of the larger dis-
placement. In terms of SI, in cold-start cycles the smaller-displacement engine was cleaner, 
but in the hot-started tests, vice-versa. However, the margins were then extremely thin, but 
all ARTEMIS cycles seemed to induce much higher emission rates. This might have some-
thing to do with the fact that according to the VIN number check, both CI-engines were of the 
types that were in October 2015 declared by VAG to contain the malicious “defeat device”. In 
these types the engine management system was aware of a test situation, and used then 
test-optimised settings. Otherwise, it used other settings that were producing higher emis-
sions, probably in favour of lower fuel consumption. It was most probably, that the ARTEMIS 
cycles were not those observed by the system. Of the various SI engine versions the highest 
NOx emissions were recorded for the 1.4 TSI engine running on CNG in cold-started ARTE-
MIS Urban duty-cycle. 

The division between CI and SI comes even stronger, if we consider the NO2 portion of the 
NOx, depicted in Figure 73. It is not possible to settle the worst-case, as between the two CI 
engines there were two cases where the emissions were about the same (NEDC and AR-
TEMIS Rural), but in the remaining two cycles, the smaller-displacement version had higher 
emissions than the larger-displacement version in one case, but in the other case vice versa.  

The share of NO2 of total NOx varied in the CI-engines between 13 and 47 %, but were in 
almost all cases below 16 % in normal SI-engines running on petrol. However, the 1.4 TSI 
MultiFuel on E85 showed diesel-like shares up to 50 %, but since the total NOx level in those 
cases were quite low, the emissions of NO2 remained also quite marginal. 

For the various SI engine versions the emissions level were always very low. In only one 
case, ARTEMIS Motorway cycle, the 1.4 TSI running on E85 showed some emissions. 

The Finnish dataset includes also results for N2O emissions, determined with an FTIR in-
strument. As Figure 74 shows, the levels were quite equal between all tested engine/fuel-
combinations. The highest rates of emissions were recorded over the cold-started ARTEMIS 
Urban duty-cycle, exceeding 10 mg/km in two instances (1.6 TDI diesel and 1.4 TSI E85). In 
almost all other cases the rates were around 5 mg/km, or even less. 

 

Figure 73: NO2 emissions from the cars tested in Finland. 
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Figure 74: N2O emissions from the cars tested in Finland. 

 

 

Figure 75: TPM emissions from selected cars tested in Finland. 

 

Regarding total particulate matter (TPM), depicted in Figure 75, the DPFs in the CI-engines 
kept particulate mass emission very low, and the highest recorded emissions were attributed 
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to the smaller-displacement SI-engine. However, no other SI-engine versions were meas-
ured due to restriction in instrument availability. Anyhow, the emissions for the SI-engine 
were in NEDC test about 50 % of the limit value applicable to CI engines (5 mg/km). In the 
cold-start ARTEMIS Urban cycle, this SI engine recorded over 11 mg/km emissions that can 
be considered high, as the diesels with DPF recorded levels that were 1/10th to 1/20th. How-
ever, in current legislation direct-injection SI engines (SIDI) are subjected to only particulate 
number standard (PN#), and not PM. At the time of this exercise, such measurement was not 
possible at VTT, though. 

Of the non-regulated pollutants reported, Figure 76 depicts the emissions for ammonia 
(NH3). As we can clearly see, both CI engines emitted only close-to-detection levels of am-
monia, but the SI engines showed emissions up to over 50 mg/km. In two of the four tested 
cases the larger-displacement SI engine seemed to have the highest emission rates, while 
the smaller displacement version emitted around 50 to 70 % of that level. Of the alternative-
fuelled versions, the CNG-fuelled SI engine showed usually somewhat higher rates, record-
ing the highest-of-all value in both NEDC and ARTEMIS Rural cycles. The E85-fuelled coun-
terpart matched the CNG-version in ARTEMIS Urban, where their emission rates were equal. 

The last non-regulated pollutant that was included in the Finnish dataset was methane 
(CH4), and Figure 77 depicts these emission rates. The E85-fuelled SI-engine recorded the 
highest emissions in both cold-started cycles (NEDC, ARTEMIS Urban), and the smaller-
displacement SI running on petrol was the next, while its larger-displacement sibling had 
some 25 to 30 % lower emissions. The SI-CNG case showed some emissions also in the 
cold-started cycles, but negligible rates in hot-started tests. 

The emission rates of methane were in all cases almost at the detection limit for both CI-
engines running on diesel. This is quite in contrast to the levels of CH4 measured and report-
ed by Canada (Figure 45), where the rates were more than 20 mg/km. However, we must 
bear in mind that in case of the Canada exercise, a gas chromatograph (GC) was used for 
the analysis, whereas in the Finnish exercise, a FTIR analyser was used instead.  

 

 
Figure 76: NH3 emissions from the cars tested in Finland. 



 

 

RESEARCH REPORT VTT-R-00892-16 

72 (104) 

  

 

 
Figure 77: CH4 emissions from the cars tested in Finland. 

 

5.6.2 The effect of ambient temperature and fuel 

In addition to the native fuel for each powerplant option, a secondary fuel was also measured 
with all cars. For gasoline-fuelled options the secondary fuel was “biogasoline”, i.e. blend that 
included bio-based hydrocarbons, but still conformed to EN228 standard. For EN590 diesel 
this secondary fuel was fully paraffinic, HVO type of fuel based totally on renewable raw ma-
terials. For FFV and bi-fuel CNG cars the secondary fuel was of course gasoline. 

In addition to fuels, also ambient temperature was altered to address the impact of driving 
conditions. All options were tested at normal ambient (+23 °C) and at low ambient tempera-
ture (-7 °C). With some exceptions, tests were also run at an intermediate temperature (+5 
°C). 

Figures 78 to 95 depict results for each car with two fuels and three ambient temperatures. In 
this main part only fuel and energy consumptions as well as NOx-emissions are presented. 
The results for remaining emissions are presented in Appendix 3.  

The test results for volumetric fuel consumption depicted in Figures 78 to 83 for different 
engines in this study show that lowering of the ambient temperature had a stronger influence 
than the fuel switch. This temperature effect was also stronger in those test cycles that were 
initiated with a cold start, but this was hardly any surprise, as this effect is well known.  

For all four SI engines running on gasoline, this temperature effect was about +12 % at +5 
°C, and about +18% at -7 °C. With the alternative-fuelled SI cases, high-concentration etha-
nol fuel was slightly more affected than CNG. Somewhat unexpected was though that falling 
ambient temperature had a strong influence also in CI engines, about +11 % at +5 °C, and 
as much as +21 % at -7 °C. This influence was also quite strongly divided between the two 
cases, as the smaller-displacement version suffered less from the cold than the larger-
displacement version. The effect was +8 % at +5 °C and +17 % at -7 °C, but for the larger 
engine the corresponding figures were +13 % and +26 %. The colder conditions had some 
influence even in tests that were started with a fully- warmed engine, mostly less than 10 %. 
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Figure 78: Fuel consumption for the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 79: Fuel consumption for the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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Figure 80: Fuel consumption for the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

 

Figure 81: Fuel consumption for the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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Figure 82: Fuel consumption for the 1.4 TSI FFV (SI-engine) car tested in Finland with regu-
lar and “biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

 

Figure 83: Fuel consumption for the 1.4 TSI CNG (SI-engine) car tested in Finland with regu-
lar gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 
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The test results for energy consumption, depicted in Figures 84 to 89, show that like with 
the volumetric fuel consumption lowering of the ambient temperature had more influence on 
the energy consumption than the change of fuel.  

For all four SI engines running on gasoline, the lowering of the ambient temperature resulted 
to an increase of energy use that was about +12 % at +5 °C, and about +18 % at -7 °C. With 
the alternative-fuelled SI cases, high-concentration ethanol fuel was slightly more affected 
than CNG. As already commented, somewhat unexpectedly falling ambient temperature had 
quite an influence also in CI engines, although cold start has been seen predominantly as a 
challenge to SI engines. The effect was about +11 % at +5 °C, and as much as +22 % at -7 
°C. Likewise, this influence was divided between the two cases. For the smaller-displa-
cement version the effect was +7 % at +5 °C and +17 % at -7 °C, but for the larger engine 
+13 % and +26 %. The colder conditions had some influence even in tests that were started 
with a fully- warmed engine, but mostly less than 10 % at the most. 

Furthermore, the choice of fuel also attributed to changes in energy consumption. In the 
normal SI-engines, use of “biogasoline” resulted in very slight decrease in energy spending.  
However, in case of CI-engines, the use of fully paraffinic HVO-type of renewable diesel at-
tributed to about 8 % reduction in energy use, mainly due to the high cetane number of this 
fuel that was 81.7, whereas typical values for regular commercial EN 590(B7) fuel are about 
54 to 55, 51 being the absolute minimum today.  

When high-concentration ethanol fuel (E85) was used instead of normal gasoline in the 1.4 
TSI MultiFuel engine, the calculated energy consumption was reduced by some 5 % (Figure 
88). Furthermore, the same switch from gasoline to CNG in the corresponding 1.4 TSI Eco-
Fuel engine showed overall only 1 % reduction (Figure 89).  

Not depicted, but in the battery-electric version the lowering of the ambient temperature from 
+23 °C to -7 °C yielded to almost 20 % overall increase in energy use (+9 % to +29 %).  

 

 

Figure 84: Energy consumption for the 1.4 TSI (SI-engine) car tested in Finland with regular 
and “biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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Figure 85: Energy consumption for the 2.0 TSI (SI-engine) car tested in Finland with regular 
and “biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 86: Energy consumption for the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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Figure 87: Energy consumption for the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

 

Figure 88: Energy consumption for the 1.4 TSI FFV (SI-engine) car tested in Finland with 
regular gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and AR-
TEMIS cycles. 
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Figure 89: Energy consumption for the 1.4 TSI CNG (SI-engine) car tested in Finland with 
regular gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS 
cycles. 

 

Figure 90: NOx emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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Figure 91: NOx emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

Considering the influence of ambient temperature and fuel switch to emissions of nitrogen 
oxides (NOx), temperature had much stronger effect, but the effects were also aggregated, 
so the implications of lowering the temperature were not the same for all fuels. 

If we at first take a look at SI engine versions using regular or ”biogasoline” (Figures 90 and 
91), we can see that there was a strong difference in the levels of emissions between the 
cold-started duty-cycles (NEDC and ARTEMIS Urban) and the hot-started ones (ARTEMIS 
Rural and ARTEMIS Motorway). Regardless of fuel the ambient temperature had much less 
influence for the emissions from the smaller-displacement SI-version compared to the larger-
displacement one. Where the smaller engine emitted less than 150 mg/kg in all cases (cycle, 
temperature, fuel), lowering of the ambient temperature made the emissions from the larger 
SI-engine increase, especially at the lowest test temperature (-7 °C), reaching as high as 500 
mg/km. This gives the lowering of the temperature a multiplicative factor of more than 13, 
whereas for the smaller one the multiplication was only about 2.3. Also the fuel effect in the 
smaller engine seemed to be net positive, i.e. lower emissions with the alternate fuel (“bio-
gasoline”). However, the larger engine did not respond as clearly, because depending on the 
test cycle, either normal or the alternate fuel produced higher emissions. It is quite difficult to 
find an explanation to this kind of responses, as basically, both cars seemed to be at their 
type-approval levels (20 mg/km for 1.4 TSI, and 30 mg/km for 2.0 TSI), but still their “off-
cycle” (i.e. non-standard cycle and fuel) performance was very much different.  

If we review the results from the two CI-engines, depicted in Figures 92 and 93, we see that 
in these cases the duty-cycle had less importance, as the emissions levels were not as clear-
ly differentiated between the cold-started and hot-started tests. Also the difference between 
the small and large displacement engines in the overall levels of emissions was much small-
er than in case of the SI engines. Furthermore, the type-approval value for smaller-
displacement car was 100 mg/km, but what was measured was close to 200 mg/km in 
NEDC. For the larger-displacement versions the type approval level was higher, 150 mg/km, 
but the measured level was much closer to that, at 169 mg/km. Also, when assessing the 
emissions, we must bear in mind that both of these cars had engines that were later declared 
by VAG to contain the “defeat device”, but there is no specific information, what the “defeat” 
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would do in these cars. However, the relatively large difference between results for NEDC 
and ARTEMIS cycles gives a hint that the cars were much more “optimised” for NEDC. 

 

 

Figure 92: NOx emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

 

 

Figure 93: NOx emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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Furthermore, the ambient temperature as well as fuel switch (from regular EN 590(B7) to 
HVO-type) was quite similar, especially in the cold-started cycles. Due to the lowering of the 
test temperature, emissions of NOx increased up to fourfold in both engines over NEDC cy-
cle, but regarding ART Urban, the multiplication was only some +40 to +80 %. In the hot-
started cycles the effect was even smaller. However, already at +5°C, the emissions over the 
cold-started cycles were highly elevated, so the temperature effect was strongly non-linear. 

 

Figure 94: NOx emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

The use of HVO-type fuel with high cetane number reduced NOx-emissions overall by about 
4 to 9 %, less in the smaller version, more in the larger-displacement version. The effect was 
stronger in the hot-started cycles than in the cold-started ones, and somewhat dependent on 
ambient temperature, as the reductions were larger in the normal ambient temperature tests 
than in the low-temperature tests. 
 



 

 

RESEARCH REPORT VTT-R-00892-16 

83 (104) 

  

 

 

Figure 95: NOx emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regu-
lar gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

In case of the alternative-fuelled engines the fuel alternatives, E85/E75 vs. regular gasoline 
or CNG vs. regular gasoline, were so much different that in these cases the fuel switch had 
more effects than the lowering of the temperature. Also, all the fuels had different responses 
to the ambient temperature. 

Overall, the 1.4 TSI MultiFuel (Figure 94) had much lower emissions than the 1.4 TSI Eco-
Fuel (CNG). The gasoline/ethanol engine emitted no more than 200 mg/km in any of the 
tested case, whereas the CNG-fuelled version showed abnormally high emissions (700 to 
800 mg/km) over cold-started ARTEMIS Urban cycle at +5 and -7 °C ambient temperatures. 
In this cycle the effect was the strongest, but overall the CNG setting of the engine seemed 
to produce two to over fourfold emission compared to running on normal gasoline. However, 
in normal ambient temperature, both fuels emitted NOx at very low levels, only 13 or 18 
mg/km. Quite positively, the cold-temperature calibration of this engine was far from opti-
mum. 

The results for remaining emissions are not depicted in this main part of the report, but pre-
sented in Appendix 3.  

 

5.7 Results – U.S.A. 

The test fleet in U.S. consisted of two gasoline-powered (SI-engine) vehicles, both either with 
an ICE only powertrain (with automatic transmission), or with an ICE-electric hybrid configu-
ration. Gasoline was the only fuel option tested, and results submitted were limited to fuel 
and energy consumptions, but with multiple duty-cycles in use. All testing was done at nor-
mal ambient temperature (+23 °C). 

The submitted results are depicted in Figures 96 and 97.  
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Figure 96: Fuel consumption of the two platforms of cars tested in U.S.  

 

Figure 97: Energy consumption of the two platforms of cars tested in U.S. 

Considering the fact that only one single fuel (gasoline) was used in all tested vehicles, in 
relative terms there is no difference between fuel consumption and energy use. Therefore, 
both are commented together. 
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Of the two platforms tested, the non-hybrid version of Hyundai Sonata was on average some 
12 % more efficient than the other, Ford Fusion. The difference was somewhat more accen-
tuated in urban driving cycles (+15 %) than in highway cycles (+8 %). Surprisingly, the net 
difference was only +4 % in NEDC, and 10 % over the new “world-harmonised” WLTP driv-
ing cycle.  

When comparing both platforms as non-hybrid vs. hybrid configuration, the “hybridisation” 
effect was greater in the case of Ford, as in the urban driving cycles the hybrid was as much 
as 48 % more efficient than its non-hybrid counterpart. This difference was less, only about 
20 % in the highway driving cycles. The corresponding figures for the other platform, the 
Hyundai Sonata, were -41 % (urban) and -18 % (highway).  

In addition, we must bear in mind that both hybrid versions were about 7 % heavier than their 
nom-hybrid counterparts, adding to the higher apparent efficiency of the powertrain. 

Even if the basic Ford Fusion was notably less efficient than the Hyundai Sonata in basic, 
non-hybrid configuration, the excellent hybridisation “boost” that Ford had managed to engi-
neer in the hybrid version, it was only about 1 % less efficient in urban driving than the corre-
sponding Hyundai Sonata hybrid. However, regarding highway driving, there was virtually no 
difference between these two hybrids. 

 
 
 

  



 

 

RESEARCH REPORT VTT-R-00892-16 

86 (104) 

  

 

6. Validation of results 

All measurement results and other data in this report have been treated in “as received” con-
dition, and each party is solely responsible for any errors and/or anomalies that it might con-
tain. However, during the finalisation of the report, each partner had the possibility to screen 
the results and double-check that no apparent error should remain. 

For some vehicle-related data VTT has - as the editor of the report - used other sources of 
information in order to fill-in some missing values e.g. describing the test vehicles. Those 
values that are not supplied by the participants are indicated in red text. 
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7. Synthesis of the results 

The results of measurement submitted by the partners entail altogether 243 different cases, 
based on vehicle, engine, fuel, duty cycle and ambient temperature. Table 1 summarises the 
values of these key parameters.  

Table 24 contains a break-down of the data, based on vehicle/fuel/engine and duty cycle to 
illustrate the coverage of the data. Some rare cases like FFV or CNG car on gasoline are 
excluded.  

Table 24: break-down of the tested cases on the basis of vehicle platform, fuel, engine type 
and size and duty cycle. The * denotes large vehicle platform. 

 

 

In this subdivision analysis we have identified that there were two categories of vehicle plat-
forms: medium and large. The medium encompassed all the passenger cars plus the small-
est of the LDTs tested by Canada. The large platform consisted of the two heavier LDTs. Of 
these 60 different cases, 40 are for SI-engine and 20 for diesel. We have also identified the 
engine size (displacement) as a parameter, using small/medium/large classes. The results 
for SI engines were representing gasoline (E0, E10), high-concentration ethanol (E85), LPG 
and CNG (or CBG). The diesel cases were for straight mineral-oil diesel (B0), or for small-
concentration of biodiesel (B5, B7), or 100 % renewable, HVO-type of fuel.  

The most common duty-cycle was NEDC with 28 cases, followed by ARTEMIS Urban, with 
10 cases. The rest of the cycles were less represented. 

Fuel consumption and/or CO2 emissions were reported from all of these cases. Furthermore, 
the dataset contains also results for the regulated pollutants (CO, THC, NOx, and TPM) in 
most cases. The following tables 25 to 31 contain a summary of these results. For each pol-
lutant, two tables are presented, one with actual emission values, and the other in relative 
scale, where the combination SI/E10/medium/NEDC was the reference case (=1).  

cycle # fuel # engine displ. FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 6

medium 2.0 1

large >2.0 1+1* 1 1

small 1.4-1.6 3 1 1

medium 2.0 2 1 1 1

large >2.0 1 1

small 1.4 1 1 1 1

medium 1.6 1 1 1 1

large 6 1

LPG 1 medium 2.0 1

small 1.4 1 1 1 1

medium 1.6-2.0 4

large >2.0

small 1.6

medium 2.0

large >2.0 1* 1* 1*

small 1.6 2 1 1 1

medium 2.0 1 1 1 1

large >2.0

small 1.6 1 1 1 1

medium 2.0 1 1 1 1

large >2.0

# 61 61 3 2 28 10 9 8

SI

gasoline 

(E0)

gasoline 

(E10)

CNG/CBG

CI

diesel (B0)

41

20
diesel (B5, 

B7)

HVO

E85

11

12

8

3

9

8

9
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In tables for absolute values, the lowest and the highest numerical value (or values) are high-
lighted with green and purple to help to identify the range of results. Furthermore, in the ta-
bles with relative values, the values that were lower than the reference case have a reading 
below 1, and those that were higher than the reference value, have a value more than 1. The 
extent of the deviation is also colour coded, so cases that are below the reference are shad-
ed in green, and the larger the deviation is, the darker is the green. And the other way round: 
those higher-than-reference values are shaded in red, and when the deviation is 10 or more, 
the cell has the darkest red colour.  

When assessing the figures, one should keep in mind that FTP, JC08, NEDC and ARTEMIS 
Urban are run with a cold start, the other ARTEMIS road cycles are with hot engine start.  

 

Table 25: Summary of the CO emissions for different test cases. 

 
Table 26: CO emissions for different test cases, relative (SI/E10/medium/NEDC=1) 

 

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 440

medium 2.0 468 610

large >2.0 516 956 1583

small 1.4-1.6 622 1567 210

medium 2.0 374 682 485 496

large >2.0 526 1431

small 1.4-1.6 240 602 205 133

medium 2.0 373 1642 153 214

large 6 582

LPG medium 2.0 143

small 1.4 471 249 253 145

medium 1.6-2.0 167

small 1.6 222 441 8 3

medium 2.0 108 54 3 5

small 1.6 122 135 8 4

medium 2.0 29 26 5 5

SI gasoline (E0) large >2.0 573

CI diesel (B0) large >2.0 228 318 1100

E85

Carbon Monoxide (CO, mg/km)

large

CNG/CBG

gasoline (E0)

medium

SI

gasoline E10

CI

diesel (B5, B7)

HVO

Duty Cycle

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 1.2

medium 2.0 1.3 1.6

large >2.0 1.4 2.6 4.2

small 1.4-1.6 1.7 4.2 0.6

medium 2.0 1.0 1.8 1.3 1.3

large >2.0 1.4 3.8

small 1.4-1.6 0.6 1.6 0.5 0.4

medium 2.0 1.0 4.4 0.4 0.6

large 6 1.6

LPG medium 2.0 0.4

small 1.4 1.3 0.7 0.7 0.4

medium 1.6-2.0 0.4

small 1.6 0.6 1.2 0.02 0.01

medium 2.0 0.3 0.1 0.01 0.01

small 1.6 0.3 0.4 0.02 0.01

medium 2.0 0.1 0.1 0.01 0.01

SI gasoline (E0) large >2.0 1.5

CI diesel (B0) large >2.0 0.6 0.8 2.9

E85

Duty CycleCarbon Monoxide (CO, mg/km)

large

CNG/CBG

gasoline (E0)

medium

SI

gasoline E10

CI

diesel (B5, B7)

HVO
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Regarding CO, large gasoline-fuelled SI engines are susceptible to high emissions, especial-
ly in cold-started cycles. Had we taken into this table also results from low ambient tempera-
tures, the figures would have been much higher, at worst almost 10 times to these values. 
On the other hand, diesel engines can show extremely low CO values, below 10 mg/km, in 
hot-start road cycles.  

 

Table 27: Summary of the THC emissions for different test cases. 

 
 

Table 28: THC emissions for different test cases, relative (SI/E10/medium/NEDC=1) 

 
 

What comes to THC, the high-concentration ethanol fuel (E85) in SI engine gave the lowest 
figures in hot-start cycles, but diesel engines were also very close, all below 10 mg/km. In 
cold-start cycles the diesels were mostly better than E85 or gasoline. Highest reading was 

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 31

medium 2.0 28 63

large >2.0 38 83 119

small 1.4-1.6 47 176 14

medium 2.0 39 150 10 15

large >2.0 39 107

small 1.4-1.6 47 112 3 2

medium 2.0 57 198 1 4

large 6 42

LPG medium 2.0 15

small 1.4 70 245 15 18

medium 1.6-2.0 49

small 1.6 22 51 5 2

medium 2.0 23 19 4 2

small 1.6 15 13 4 1

medium 2.0 12 20 4 1

SI gasoline (E0) large >2.0 30

CI diesel (B0) large >2.0 28 29 81

E85

Total Hydrocarbons (THC, mg/km) Duty Cycle

medium

SI

gasoline (E0)

gasoline E10

CI

diesel (B5, B7)

HVO

CNG/CBG

large

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 0.8

medium 2.0 0.7 1.6

large >2.0 1.0 2.1 3.0

small 1.4-1.6 1.2 4.5 0.3

medium 2.0 1.0 3.8 0.2 0.2

large >2.0 1.0 2.7

small 1.4-1.6 1.2 2.9 0.1

medium 2.0 1.4 5.0 0.0 0.1

large 6 1.1

LPG medium 2.0 0.4

small 1.4 1.8 6.2 0.4 0.3

medium 1.6-2.0 1.3

small 1.6 0.6 1.3 0.1 0.03

medium 2.0 0.6 0.5 0.1 0.03

small 1.6 0.4 0.3 0.1 0.02

medium 2.0 0.3 0.5 0.1 0.02

SI gasoline (E0) large >2.0 0.8

CI diesel (B0) large >2.0 0.7 0.7 2.1

E85

Duty CycleTotal Hydrocarbons (THC, mg/km)

medium

SI

gasoline (E0)

gasoline E10

CI

diesel (B5, B7)

HVO

CNG/CBG

large
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recorded for CNG in cold-start ARTEMIS Urban cycle, but that might be due to high methane 
release in cold-start.  

Considering the emissions of all nitrogen oxides (NOx, Tables 29 and 30), the lowest result 
was for SI engine on LPG. However, gasoline SI engines were also below 10 mg/km, espe-
cially in hot-start tests. Clearly, diesel engines have high emission rates for NOx, and now 
high values are also recorded in hot-start tests. E85 and CNG are between these two. 

 

Table 29: Summary of the NOx emissions for different test cases. 

 
 

Table 30: NOx emissions for different test cases, relative (SI/E10/medium/NEDC=1) 

 
  

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 13

medium 2.0 4 6

large >2.0 9 14 5

small 1.4-1.6 18 54 16

medium 2.0 18 90 8 8

large >2.0 12 4

small 1.4-1.6 18 112 100 60

medium 2.0 49 136 29 25

large 6 7

LPG medium 2.0 16

small 1.4 13 238 28 6

medium 1.6-2.0 58

small 1.6 169 1052 738 859

medium 2.0 169 999 738 617

small 1.6 168 1049 716 763

medium 2.0 163 913 640 501

SI gasoline (E0) large >2.0 8

CI diesel (B0) large >2.0 84 116 199

E85

Oxides of Nitrogen (NOx, mg/km) Duty Cycle

gasoline (E10)

CI

diesel (B5, B7)

HVO

CNG/CBG

medium

SI

gasoline (E0)

large

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 0.7

medium 2.0 0.2 0.3

large >2.0 0.5 0.8 0.3

small 1.4-1.6 1.0 3.0 0.9

medium 2.0 1.0 5.0 0.4 0.5

large >2.0 0.7 0.2

small 1.4-1.6 1.0 6.3 5.6 3.4

medium 2.0 2.7 7.6 1.6 1.4

large 6 0.4

LPG medium 2.0 0.9

small 1.4 0.7 13.3 1.6 0.3

medium 1.6-2.0 3.2

small 1.6 9.5

medium 2.0 9.4 56 41 34

small 1.6 9.4 59 40 43

medium 2.0 9.1 51 36 28

SI gasoline (E0) large >2.0 0.5

CI diesel (B0) large >2.0 4.7 6.5 11

E85

Duty CycleOxides of Nitrogen (NOx, mg/km)

gasoline (E10)

CI

diesel (B5, B7)

HVO

CNG/CBG

medium

SI

gasoline (E0)

large
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Table 31: Summary of the NO2 emissions for different test cases. 

 

 

Table 32: NO2 emissions for different test cases, relative (SI/E10/medium/NEDC=1) 

 
 

If we look at the NO2 portion of the sum (Tables 31 and 32 ), which has direct negative im-
pact on local air quality, we see that in SI engines, either with gasoline or CNG, the values 
are very low, below 5 mg/km in all shown cases. E85 comes close, but again, diesel engines 
are emitting very high amounts of NO2, up to 300 mg/km and more, both in cold-start as well 
as hots-start tests.   

 
  

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6

medium 2.0

large >2.0

small 1.4-1.6 3 2

medium 2.0 1 1 1

large >2.0

small 1.4-1.6 8 2 3 31

medium 2.0 19 31 13 8

LPG medium 2.0

small 1.4 1 1 0

medium 1.6-2.0

small 1.6 64 191 99 361

medium 2.0 40 327 108 233

small 1.6 40 300 232 323

medium 2.0 42 226 179 197

SI gasoline (E0) large >2.0

CI diesel (B0) large >2.0

diesel (B5, B7)

 Nitrogen Dioxide(NO2, mg/km) Duty Cycle

gasoline (E0)

gasoline E10

E85
medium

SI

CNG/CBG

CI

HVO

large

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6

medium 2.0

large >2.0

small 1.4-1.6 2.8 1.5

medium 2.0 1.0 0.5 0.6

large >2.0

small 1.4-1.6 6.7 1.4 2.6 26

medium 2.0 16 26 11 6.4

LPG medium 2.0

small 1.4 0.9 1.1 0.2

medium 1.6-2.0

small 1.6 54 162 84 306

medium 2.0 34 277 92 198

small 1.6 34 255 196 274

medium 2.0 36 192 152 167

SI gasoline (E0) large >2.0

CI diesel (B0) large >2.0

Duty Cycle

large

diesel (B5, B7)

 Nitrogen Dioxide(NO2, mg/km)

gasoline (E0)

gasoline E10

E85
medium

SI

CNG/CBG

CI

HVO
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Table 33: Summary of the TPM emissions for different test cases. 

 

 

Table 34: TPM emissions for different test cases, relative (SI/E10/small/NEDC=1)* 

 
 

*In this table the reference is SI/E10/small/NEDC, because the basic reference 
SI/E10/medium/NEDC had no measurement value for TPM. 

 

Regarding particulate matter (TPM, Tables 33 and 34), the overall image has changed since 
diesels became fitted with diesel particulate filters (DPF). DPF reduces particulates very effi-
ciently, and thus SI-engines, in particular those of direct-injection GDI-type (SIDI), emit now 
more particulates, especially in cold-start occasions. Therefore, since Euro 6c level, the Eu-
ropean emissions legislation is setting a limit value for SIDI engines, but it is a number-based 
standard (PN#), and not PM. Similar restriction is also applied to CI engines. 

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6

medium 2.0

large >2.0 0.70 0.35

small 1.4-1.6 2.6 11.5 5.8

medium 2.0

large >2.0 0.28 0.10

small 1.4-1.6

medium 2.0 0.16 0.38 0.23 1.44

large 6 2.25

LPG medium 2.0

small 1.4

medium 1.6-2.0

small 1.6 0.28 1.03 0.30 1.30

medium 2.0 0.18 0.51 0.54 3.04

small 1.6 0.22 0.33 0.31 1.42

medium 2.0 0.11 0.15 0.32 3.09

SI gasoline (E0) large >2.0 1.9

CI diesel (B0) large >2.0 0.4 0.80

E85

Total Particulate Mass (TPM, mg/km) Duty Cycle

medium

SI

gasoline (E0)

gasoline E10

CI

diesel (B5, B7)

CNG/CBG

HVO

large

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6

medium 2.0

large >2.0 0.27 0.14

small 1.4-1.6 1.0 4 2

medium 2.0

large >2.0 0.11 0.04

small 1.4-1.6

medium 2.0 0.06 0.15 0.09 0.56

large 6 0.88

LPG medium 2.0

small 1.4

medium 1.6-2.0

small 1.6 0.11 0.40 0.12 0.51

medium 2.0 0.07 0.20 0.21 1.2

small 1.6 0.09 0.13 0.12 0.56

medium 2.0 0.04 0.06 0.13 1.2

SI gasoline (E0) large >2.0 1

CI diesel (B0) large >2.0 0.14 0.31

E85

Duty CycleTotal Particulate Mass (TPM, mg/km)

medium

SI

gasoline (E0)

gasoline E10

CI

diesel (B5, B7)

CNG/CBG

HVO

large
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The reference case in Table 34 was the small SI-engine, as the medium SI-engine by a mis-
hap with instrumentation lacked the particulate measurement value. We foresee, though, that 
the TPM level would be at the same level, as both the small and the medium SI engines 
were of GDI type.  

Thus, the level of the particulates from the small SI-engine were the highest of all cases, es-
pecially in the cold-start ARTEMIS Urban cycle. This level was about 10 to 60 times higher 
than the levels of TPM from CI-engines, and also about 25 times higher than the level of 
TPM from the large SI engine that was of conventional port fuel injection (PFI) type, that is 
less prone to particulate emissions.  

 

Table 35: Summary of the CO2 emissions for different test cases. 

 

 

Table 36: CO2 emissions for different test cases, relative (SI/E10/medium/NEDC=1) 

 

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 157

medium 2.0 189 189

large >2.0 280 341 312

small 1.4-1.6 167 262 129

medium 2.0 189 336 151 164

large >2.0 298 345

small 1.4-1.6 158 261 129 148

medium 2.0 192 318 153 178

large 6 443

LPG medium 2.0 180

CNG/CBG small 1.4 121 208 96 109

medium 1.6-2.0 125

small 1.6 126 234 108 124

medium 2.0 160 280 128 148

small 1.6 131 223 104 119

medium 2.0 152 271 119 140

SI gasoline (E0) large >2.0 481

CI diesel (B0) large >2.0 533 557 542

E85

HVO

large

Duty CycleCarbon Dioxide (CO2, g/km)

medium

SI

gasoline (E0)

gasoline E10

CI

diesel (B5, B7)

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 0.83

medium 2.0 1.0 1.0

large >2.0 1.5 1.8 1.6

small 1.4-1.6 0.88 1.4 0.68

medium 2.0 1.0 1.8 0.80 0.86

large >2.0 1.6 1.8

small 1.4-1.6 0.8 1.4 0.7 0.8

medium 2.0 1.0 1.7 0.8 0.9

large 6 2.3

LPG medium 2.0 0.95

CNG/CBG small 1.4 0.64 1.1 0.51 0.58

medium 1.6-2.0 0.66

small 1.6 0.67 1.2 0.57 0.66

medium 2.0 0.84 1.5 0.67 0.78

small 1.6 0.69 1.2 0.55 0.63

medium 2.0 0.80 1.4 0.63 0.74

SI gasoline (E0) large >2.0 2.5

CI diesel (B0) large >2.0 2.8 2.9 2.9

E85

Duty Cycle

HVO

large

Carbon Dioxide (CO2, g/km)

medium

SI

gasoline (E0)

gasoline E10

CI

diesel (B5, B7)
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Tailpipe CO2 emissions are directly proportional to fuel consumption, but the carbon contents 
of the fuel sets the ratio. According to the synthesis in Table 35, in all tested cases here, the 
highest reported CO2 was measured for the large LDT with gasoline SI-engine. On the con-
trary: the lowest value was associated with a small CNG engine in rural driving. Due to the 
advantageous C to H ratio, it outperformed even the small diesel. However, if we only take 
into account the energy use, a small diesel is the best, and a large gasoline-SI the worst. In 
this comparison the range is about 1 to 5, between the lowest and the highest readings.  

Table 37: Summary of the energy use results for different test cases. 

 

 

Table 38: Energy use for different test cases, relative (SI/E10/medium/NEDC =1) 

 

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 575

medium 2.0 736 688

large >2.0 1066 1296 1193

small 1.4-1.6 615 962 470

medium 2.0 709 1281 575 624

large >2.0 1127 1171

small 1.4-1.6 610 1009 498 571

medium 2.0 766 1273 608 705

large 6 1704

LPG medium 2.0 759

small 1.4 610 1057 489 553

medium 1.6-2.0 506

small 1.6 480 899 412 475

medium 2.0 610 1071 489 567

small 1.6 480 819 382 435

medium 2.0 560 991 437 512

small 145

medium 198 300 199 268

SI gasoline (E0) large >2.0 1819

CI diesel (B0) large >2.0 1961 2077 2023

E85

SI

gasoline (E0)

gasoline E10

CNG/CBG

CI

diesel (B5, B7)

HVO

medium

electricityEL

large

Energy Use (Wh/100 km) Duty Cycle

platform cycle fuel engine FTP JC-08 NEDC ART Urb ART Rural ART Mwy

small 1.4-1.6 0.81

medium 2.0 1.0 1.0

large >2.0 1.5 1.8 1.7

small 1.4-1.6 0.87 1.4 0.66

medium 2.0 1.0 1.8 0.81 0.88

large >2.0 1.6 1.7

small 1.4-1.6 0.86 1.42 0.70 0.81

medium 2.0 1.08 1.80 0.86 0.99

large 6 2.4

LPG medium 2.0 1.1

small 1.4 0.86 1.5 0.69 0.78

medium 1.6-2.0 0.71

small 1.6 0.68 1.3 0.58 0.67

medium 2.0 0.86 1.5 0.69 0.80

small 1.6 0.68 1.2 0.54 0.61

medium 2.0 0.79 1.4 0.62 0.72

small 0.20

medium 0.28 0.42 0.28 0.38

SI gasoline (E0) large >2.0 2.6

CI diesel (B0) large >2.0 2.8 2.9 2.9

E85

Duty Cycle

SI

gasoline (E0)

gasoline E10

CNG/CBG

CI

diesel (B5, B7)

HVO

medium

electricityEL

large

Energy Use (Wh/100 km)
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Table 37 summarises the energy use for various tested options. In this table we have also 
the electric-powered options (highlighted in blue), and clearly they outperform even the best 
ICEs by “a country mile”, as their net energy use was only some 30 % in the urban cycles 
and some 40 to 50 % in the road cycles of the figures for comparable diesels. However, this 
comparison is not all “fair”, because we need to take into account the energy use and emis-
sions of electric generation. This question is further discussed in the next chapter, dealing 
with “well-to-tank” (WTT), “tank-to-wheels” (TTW) and well-to-wheels” (WTW) analysis. 

With argument we can claim that in a way NOx and CO2 are the “most critical emissions”, as 
by large the air quality problems are in some way or another associated with high NOx emis-
sions, either directly (high ambient NO2 concentrations) or indirectly (high ground-level ozone 
concentrations, due to atmospheric chemistry reactions with HC). Furthermore, CO2 is re-
garded as the primary greenhouse gas that needs to be abated. Therefore, we have made a 
graph NOX vs. CO2, shown as Figure 98. 

This Figure clearly shows the distinct difference between SI and CI engines, as the NOx lev-
els for CI-cases were all manifold compared to the SI-engine cases. Also the typical range 
for CO2 was not so much different between CI and SI, if we exclude the large platform cases. 
In the mid-sized platform cases CO2 was between 115 and 160 g/km for CI, but from 140 to 
193 g/km for SI/gasoline, and between 120 and 161 g/km for SI/CNG -cases. Thus we can 
say that the lower CO2 emissions usually associated with CI-engines come with a “high 
price”, as the higher NOx (and especially NO2) emissions are a definitive drawback.  

However, we need to bear in mind that all of the tested cars represented Euro 5 or equivalent 
emissions levels, and the latest Euro 6 (and especially U.S. Tier 3/Californian LEV III) im-
pose much stricter control to NOx emissions. Therefore, this statement may not be as strong 
anymore in the future. This belief is corroborated with the result from an early Euro 6 homol-
ogated VW Passat 2.0 TDI with SCR-type of emission control tested in another (public) pro-
ject at VTT. Its NOx value (70 mg/km is much closer to the cluster of the SI-engine cars. 
Nevertheless, based on results published for Euro 5 and Euro 6 cars, we believe that there 
will still be a noteworthy disparity between these basic concepts regarding NOx emissions. 

 
Figure 98: NOx vs. CO2 emissions for the cases tested over NEDC cycle at normal ambient 
temperature (+23 °C). *Denotes an EU 6 car that was tested in another study, but added as a reference.  
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8. Full Fuel Cycle Data for Different Passenger Vehicles 

One of the main objectives of this study was to perform a balanced and transparent “tank-to-
wheels” (TTW) analysis of different passenger vehicle options regarding powerplant and en-
ergy. When this is combined with the data found in literature on “well-to-tank” (WTT) figures, 
we are able to calculate aggregated “well-to-wheels” (WTW) figures that represent co called 
“full fuel cycle” of each option. This chapter summarises the outcome of this type of analysis. 

Table 39 summarises the “tank-to-wheels” (TTW) portion of the assessment. It is taken from 
the best available source, the "Well-to-Tank Report” Version 4.a, JEC Well-To-Wheels Anal-
ysis, (Report EUR 26237 EN - 2014), released in April, 2014 /1/. This study is very extensive 
about different fuel production and pathway options, but in this context we have chosen only 
a few examples representing “best” and “worst” cases. In case of fossil fuels, an average 
figure is reported, as in this source study. 

 

Table 39: “Well-to-tank” (WTT) energy use and CO2 emissions of fuels used in this study. 

 

Source: JRC Study, Report EUR 26237 EN - 2014 

We can then use energy consumption figures measured to calculate “Well-to-tank” (WTT) 
CO2 emissions for each of our study case. The results of this calculation are presented in 
Table 40, both for the “best” and the “worst” fuel pathway cases. 

After this we can combine the “Well-to-tank” (WTT) fuel emissions with the “tank-to-wheels” 
(TTW) results, and the outcome will be the full “well-to-wheels” (WTW) figures. When com-
bining the WTT and TTW, we have used the measured TTW CO2, but for fuels containing 
renewable biocomponent (E5, E10, E85, CBG, HVO) we have assumed their combustion to 
be carbon-neutral (i.e. zero), for the part of the biocomponent. Therefore, in the case of E85, 
we have used measured TTW CO2, but multiplied it by 0.15, corresponding the 15% part of 
fossil fuel. In addition CBG and HVO are considered fully renewable with zero TTW emis-
sions. 

Engine Fuel case

Energy 

expended 

(MJ/MJ final 

fuel)

WTT GHG 

emitted 

(gCO2eq/MJ 

final fuel)

best 0.26 13.7

worst 0.29 15.8

best 1.08 12.9

worst 1.40 36.8

best 0.1 7.8

worst 0.29 22.6

best 2.01 16.0

worst 1.28 39.0

best 0.21 15.3

worst 0.26 17.7

best 0.16 12.4

worst 1.12 44.0

best 0.12 0.0

EU, avg 2.07 141

worst 1.81 292

avg

avg

B0

SI

CI

EL

E0 avg 0.18 13.8

0.12 8.0

0.2 15.4

LPG

E10

E85

CNG

CBG

B5,B7

HVO

EL
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Table 40:  “Well-to-tank” (WTT) CO2 emissions for the “best” and the “worst” fuel pathway 
cases relevant to this study. 

 

 

Table 41 shows the outcome of this aggregation. Again, separate values are for the “best” 
and the “worst” fuel pathway cases. 

Table 41:  Combined “Well-to-wheels” (WTW) CO2 emissions for the “best” and the “worst” 
fuel pathway cases relevant to this study. 

 

NB: for electricity the best case is of course fully renewable, carbon free electricity with (close to) zero CO2 emis-
sions. Therefore, we have chosen to use EU28 average values for electricity “best” case, values with blue shad-
ing. 

Considering the figures in Table 41, we can conclude that with the average emissions for 
electricity production, electricity can deliver low-carbon emissions that are about 50 to 60 % 
lower than with gasoline, about 50 % lower than comparable diesels and 30 to 50 % lower 
than CNG-fuelled cars. Additionally, using CBG (compressed biogas) instead can further 

platform cycle fuel engine FTP JC-08 NEDC ART Urb FTP JC-08 NEDC ART Urb

small 29.3 29.3

medium 37.7 34.2 37.7 34.2

large 53.0 64.4 59.3 53.0 64.4 59.3

small 30.4 47.5 35.0 54.6

medium 35.0 63.3 40.3 72.8

large 57.8 66.5

small 28.2 46.7 80.8

medium 35.4 58.9 101.5

large 78.8 225.8

LPG medium 21.2 14.6 21.2 14.6

small 17.1 29.7 49.6 86.0

medium 14.2 29.1

small 17.1 29.7 49.6 86.0

medium 14.2 29.1

small 26.4 37.5 30.6 53.6

medium 33.6 47.8 39.0 68.4

small 21.4 36.6 76.0 129.8

medium 25.0 44.3 88.7 157.0

SI gasoline (E0) large 90.4 90.4

CI diesel (B0) large 108.7 115.1 112.2 108.7 115.1 112.2

E85

diesel (B5, B7)

medium

SI

gasoline (E0)

gasoline (E10)

large

CBG

CI

HVO

WTT GHG emitted (gCO2eq) (best)

CNG

WTT GHG emitted (gCO2eq) (worst)

platform cycle fuel engine FTP JC-08 NEDC ART Urb FTP JC-08 NEDC ART Urb

small 191 191

medium 226 223 226 223

large 333 405 371 333 405 371

small 181 283 185 290

medium 205 366 211 376

large 368 377

small 52 86 105 39

medium 64 107 130 48

large 145 292

LPG medium 202 202
small 138 238 171 294

medium 139 154
small 35 61 86 148

medium 29 71
small 147 246 151 263

medium 186 313 191 334
small 21 37 76 130

medium 25 44 89 157

small 74 153

medium 101 152 209 316

SI gasol (E0) large 572 572

CI diesel (B0) large 641 672 654 641 672 654

E85

large

gasoline (E0)

gasoline (E10)

CI

SI

diesel (B5, B7)

medium

electricity 

(combustion)
EL

HVO

CNG

CBG

TOTAL CO2 (g/km) (best fuel) TOTAL CO2 (g/km) (worst fuel)
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reduce carbon emissions. Furthermore, for CI engines HVO type of fuels offer considerable 
reductions to fossil carbon emissions, especially if the raw materials are side-streams or 
waste from various industries. At best the emissions are the lowest for the non-electric op-
tions, and at worst about equal to CBG or combustion-based electricity, bettering also the 
high-concentration ethanol (E85). 

The complete dataset for NEDC cycle that was most relevant common cycle is depicted in 
Figure 99. However, as LPG was tested only using the Japanese JC-08 cycle, we chose to 
use it for the sake of complicity Aggregated values are presented for the “best” and the 
”worst” fuel pathways. The part of emission reduction that is due to the use of renewable fuel 
(or fuel component) is denoted separately. 

Figure 99. Aggregated well-to-wheels (WTW) CO2 values for the “best” and the ”worst” fuel 
pathways. 
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9. Summary and Conclusions 

The results of the study clearly indicate that there is no single solution that could solve all the 
challenges of road transport. Instead, the tested fuel and powertrain alternatives seem to 
have pros and cons depending on target-setting and the operating environment. Today the 
most common target is to reduce CO2 emissions, but despite stringent emission control legis-
lation, the alternatives still differ from each other in terms of local emissions implicating to air 
quality. Furthermore, energy use and CO2, as well as emissions of harmful components 
seemed to suffer from lowering of the ambient temperature, but the options had different mul-
tiplication factors. Therefore, the best suitable option seems to vary with driving conditions 
and user needs. 

In trying to look all options from as many standpoints and perspectives as possible, but with-
out overcomplicating the analysis, we have come up with a scoring scheme with five (5) di-
mensions, those being 1) energy efficiency, 2) well-to-wheel (WTW) CO2 emissions, 3) 
(harmful) local exhaust emissions, 4) sensitivity to cold ambient temperatures and 5) driving 
range with one fill-up of fuel/energy. In each dimension the best alternative gets a score of 5 
and the rest are adjusted to this according to their relative values against the best option. 

In this exercise, the values used for the options are those presented in Tables 25, 27, 29, 31, 
33, 35 and 37, but only using data from NEDC, because that was the only cycle that was 
adequately populated with cases. When scoring the WTW CO2 emissions, calculated to in-
clude both upstream (WTT) and downstream (TTW) portions, the average of the best and the 
worst options for each option was used (see Table 41). Furthermore, we have also assumed 
that if renewable biomass was used as raw material, the resulting CO2 can be counted as 
zero for the share of the renewable energy.  

For energy efficiency the measured values were used as such, but for the ambient tempera-
ture sensitivity, a “good engineering judgement” was used to rate the alternatives. Scoring for 
range was also somewhat simplified, and not directly based on any data in this study.  

Tables 42, 43, 44, 45 and 46 present the scoring we have given to the options regarding 
each of the above-mentioned dimensions. 

 

Table 42: Scoring of the energy efficiency. 

 

Regarding Table 42 for energy efficiency, based on the measured energy use electric vehi-
cle was clearly the most efficient option for various driving conditions, but they suffer from 
limited driving range due to the immatureness of the present-day battery technology. It goes 

Fuel

alternative

weighting 5

% 25 %

gasoline (E0) 1.2

gasoline (E10) 1.1

E85 1.2

LPG 1.1

methane (CNG) 1.5

biomethane (CBG) 1.5

diesel (B5, B7) 1.5

HVO 1.7

EU28 average 5.0

fully renewable 5.0

Energy efficiency

Score

type

SI

CI

EL
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without saying that the production type of electricity is not accounted, so regardless of the 
source of power, an equal rating is used, as we consider only the TTW part of the energy 
use. When we gave the energy consumption rate of electricity a relative value of 5, all ICE 
options fell between 1.1 and 1.7, where the lowest score was for SI/gasoline (or SI/LPG), and 
highest for CI/HVO. The SI/CNG or SI/CBG scored 1.5, but SI/E85 only 1.2.  

If we then consider Table 43 for WTW CO2 emissions, calculated to include both upstream 
(WTT) and downstream (TTW) portions, the best option was electricity, with zero carbon 
emissions, but the next-best was CI/HVO with a score of 4.0, closely followed by SI/CBG at 
3.9, whereas both EU28 average electricity and SI/E85 yielded to the same level of 3.3. Fos-
sil methane in SI-engine scored at 2.1, and CI with B7 fuel at 1.7, whereas SI/LPG and 
SI/gasoline options fell below 1.  

 

Table 43: Scoring of the full fuel cycle (well-to-wheels) CO2 emissions. 

 

 

Because electricity can also be at best totally carbon-free, we have chosen to use for elec-
tricity both a zero-emission value as well as the EU28 average containing somewhat over 
50% of combustion-based production as references. We feel that this is the most honest way 
of comparing the options. The scores are then calculated so that the best option (zero carbon 
emissions) got 5, the worst option was given the score of 0, and intermediate values were 
calculated based on their aggregated CO2 value. Then, e.g. the best combustion based op-
tion CI/HVO with 53 g/km CO2 got 4.0, and electricity with EU28 average carbon footprint 
(equalling 87 g/km CO2) scores at 3.3. 

For exhaust emissions, presented in Table 44, we have made a combined score, calculat-
ed as a composite of five emissions, being CO, THC, NOx, PM and non-reg pollutants, 
where each option was first scored component by component, and then a composite score 
was calculated, using weighting factors to reflect the importance of each pollutant in the 
composite. Such a weighting was chosen that NOx and TPM had the highest rank (5), fol-
lowed by non-regs (3), THC (2), and finally CO (1). In calculating the individual ranks, each 
pollutant was scored so that the best option got a score of five (5), and the others got a pro-
portional score according to the values of their respective composite score.  

As Table 44 shows, CI/HVO had the highest score, 3.3, mainly due its good performance in 
lower-than regular PM, as well as CO and THC emissions. Due to low NOx, SI/Gasoline or 
SI/LPG became next, but in this comparison the methane-fuelled options (CNG or CBG) 
were the least successful. However, due to the fact that this analysis was based on the re-
sults of a limited number of vehicles, this may reflect more the performance and adaptation 

Fuel

alternative

weighting 5

% 25 %

gasoline (E0) 0.0

gasoline (E10) 0.3

E85 3.3

LPG 0.9

methane (CNG) 2.1

biomethane (CBG) 3.9

diesel (B5, B7) 1.7

HVO 4.0

EU28 average 3.3

fully renewable 5.0

WTW

CO2

Score

type

SI

CI

EL
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of the given engines – all not perhaps fully optimised for CNG - rather than the overall per-
formance of methane fuel. 

 

Table 44: Scoring of exhaust emissions and composite score. 

 

 

According to Table 45, the highest rank on (in)sensitivity to cold ambient conditions was 
awarded to engines using CNG or CBG, as they suffer less from the lowering of the tempera-
ture. LPG was given a lower score, because it consists of gases having higher boiling points 
than methane. Normal diesel was considered equal, but HVO has very good cold properties, 
hence the 0.5 addition. The score for electricity should be high, because electric motors do 
not suffer from cold conditions practically at all. However, we have also taken into considera-
tion the fact that due to the increase in driving resistances with falling temperature, electric 
cars suffer as much as the regular cars, and shortening of the range is inevitable. Further-
more, cold ambient conditions call for cabin heating and ventilation, and this may have even 
stronger negative impact on range. In this respect the ICE powerplants have an upper hand, 
due to the surplus heat provided by the recovery of heat losses in the combustion process.  

 

Table 45: Scoring of sensitivity to cold ambient temperatures. 

 

 

CO THC NOx PM non-reg

fuel  rank 1 2 5 5 3

weight 0.31 0.63 1.56 1.56 0.94 5

% 6 % 13 % 31 % 31 % 19 % 100 % 5

2.8

2.6

2.7

2.8

2.1

2.1

2.4

3.3

EL EL n/a n/a n/a n/a n/a n/a n/a

Emissions of

composite score

gasoline (E0)

gasoline (E10)

E85

LPG

emissions

type alternative

SI

CI

CNG

CBG

diesel (B5, B7)

HVO

Fuel

alternative

weighting 3

% 15 %

gasoline (E0) 2.5

gasoline (E10) 2.5

E85 1.0

LPG 3.0

methane (CNG) 4.5

biomethane (CBG) 4.5

diesel (B5, B7) 3.0

HVO 3.5

EU28 average 3.0

fully renewable 3.0

type

SI

CI

EL

Cold

ambient

Score
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Based on the tests at -7 °C, the option that was most heavily affected was high concentration 
ethanol (E85). Due to the high demand of temperature and energy for evaporation, ethanol 
suffers from lowering of the cold-start temperature. Therefore, the concentration of ethanol is 
usually adjusted to a lower level during the cold months.  

The last dimension in our assessment was driving range, presented in Table 46, which was 
taken in to reflect the differences in energy density of the fuels and their respective storages.  

In practice a normal diesel car with a ca. 60 litre fuel tank can be driven around 1000 km with 
one fill-up, and a gasoline-fuelled one about 850 km. Due to the lower energy density of the 
ethanol, an FFV with similar fuel tank capacity, using E85 has a range of 650 km. So, in 
practice all the liquid fuels offer sufficient range, because even at worst the range is far long-
er than a normal driver is willing to drive non-stop. However, longer range is more of a “com-
fort feature”, as frequent fill-ups can be considered as a nuisance. 

In some sense this score also adjusts to the availability of the fuel and coverage of the refuel-
ling infrastructure. Therefore, we have given bio-methane (CBG) a slightly lower score than 
for fossil methane, as the bio-option is not always available. The same applies to LPG, which 
is usually linked with areas of strong presence by petroleum industry, and has not a conti-
nent-wide supply chain. We have penalised also E85 with a 0.25 score reduction due to the 
fact that this fuel is not found everywhere, even in countries where it is available.  

In this dimension, electricity is by far the “underdog”, because of the immature battery tech-
nology, short driving range is a problem as least for a while, and 200 km can be considered 
as typical value for today’s offerings that is available in most climatic conditions. The score 
will then be 1.0 in this scale. In the future we can expect the range to be longer, but still the 
long recharging time required to replenish the energy storage remains. 

Table 46: Scoring of driving range on one fill-up or full charge. 

 

 

When compiling the combined score based on these five dimensions, we have assumed 
also a weighting. The score for energy efficiency, WTW CO2 and exhaust emissions (compo-
site value) are all 20% each of the combined score. The remaining 20 % was divided be-
tween the sensitivity cold ambient temperature (12 %) and driving range (8 %). In case of 
electricity, in cases that were not directly applicable to this form of energy (i.e. CO2 and ex-
haust emissions), we assumed the score to be 5. Regarding total WTW CO2 we must, how-
ever, bear in mind that even if there is no emissions while driving, the well-to-wheel CO2 
emissions of electric vehicles appear to be most sensitive to the upstream energy production 
among the available powertrain options. Therefore, the score for non-renewable electricity is 
lower, reflecting the true WTW CO2 levels presented in Tables 41 and 43.  

Fuel

alternative

weighting 2

% 10 %

gasoline (E0) 4.3

gasoline (E10) 4.3

E85 3.0

LPG 1.8

methane (CNG) 2.0

biomethane (CBG) 1.8

diesel (B5, B7) 5.0

HVO 5.0

EU28 average 1.0

fully renewable 1.0

type

SI

CI

EL

Driving

range

Score
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Table 47 presents the final outcome of this synthesis and analysis. 

 

Table 47: Synthesis and scoring of the options. 

 

 

Based on the combined score, electric vehicle powered with carbon-free electricity 
seemed to be the overall winner, with a score of 4.3. A few notches lower is an electric car 
running on electricity having the average EU28 carbon footprint (score=3.9). However, the 
best ICE was CI-engine with HVO-type of fuel with a score of 3.3, closely followed by SI/CBG 
at 2.8 and SI/CNG at 2.3. The SI/E85 option scored also 2.3. Furthermore, the score for 
CI/B7 was slightly better (2.4), but SI/gasoline and SI/LPG options were all at the low end 
with scores of 1.8 to 1.9.  

Furthermore, when addressing the effect of fuel quality we can see that for SI/gasoline, there 
was no apparent difference between E0 and E10, but E85 had some 25% better score, main-
ly due to the low carbon emissions provided by the high amount of renewable component. 
The same way using renewable bio-methane (CBG) instead of fossil-only methane CNG, the 
score was improved by nearly 20%. Even greater impact was seen in CI, where the HVO 
option scored 37% higher than the regular B7 diesel quality. Even the type of electricity gen-
eration has an impact to the score of the electric vehicle, as with fully carbon-free electricity 
the combined score was 10% better for fully renewable, zero-emission electricity compared 
to EU28-mix with carbon emissions.  

This gives us rights to claim that use of more sophisticated fuels may still be well justi-
fied, not only as they help to reduce tailpipe emissions even from all traditional vehicles, in 
spite of effective emission control technology employed in all cars, but fuels with high 
amounts of renewable contents also help to reduce well-to-wheel (WTW) CO2 emissions in a 
meaningful way.  

However, it is fair to mention that since the technology in this study was limited to Euro 5, the 
newest and most stringent Euro 6 level may change this claim, at least somewhat. 

 

Fuel WTW Cold Driving

alternative CO2 ambient range

weighting 5 5 5 3 2 20

% 25 % 25 % 25 % 15 % 10 % 100 %

gasoline (E0) 1.8

gasoline (E10) 1.8

E85 2.3

LPG 1.9

methane (CNG) 2.3

biomethane (CBG) 2.8

diesel (B5, B7) 2.4

HVO 3.3

EU28 average 3.9

fully renewable 4.3

SI

CI

n/aEL

Combined scoretype
Energy 

efficiency

Exhaust 

emissions
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DUTY-CYLES USED     1 (7) 
 

 

 
In the Following figures, driving cycles used in this investigation are depicted. 

 
 

Figure 1-1: European type approval cycle (NEDC, Euro3 version, no pre-sampling idle) 

 

Figure 1-2: ARTEMIS Urban cycle (ART URB, with a 72 sec run-in cycle without sampling). 
Total duration 993 sec, total driven distance 4.87 km (4.47 km in bag), average speed 17.6 
km/h.  
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DUTY-CYLES USED     2 (7) 
 

 

 

Figure 1-3: ARTEMIS Rural road cycle (ART RUR), with a 101 sec run-in cycle without sam-
pling. Total duration 1082 sec, total driving distance 17.272 km (16.441 km in bag), average 
speed 57.5 km/h. 

 

 
 

Figure 1-4: ARTEMIS Motorway cycle (ART MWY), with a 176 sec run-in cycle without sam-
pling. Total duration driving distance 29.545 km (26.975 km in bag), average speed 96.9 
km/h. 
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DUTY-CYLES USED     3 (7) 
 

 

 

Figure 1-5: U.S. FTP 75 cycle: consist of cold-start phase (0-505 s), stabilised phase (506-
1372 s), pause (10 min) and a re-run of the first 505 s after a warm restart (hot transient). 

 

 

Figure 1-6: U.S. Highway Fuel Economy cycle (HWFET):Duration 765 sec, total driven dis-
tance 16.45 km, average speed 77.7 km/h. Usually, a warm-start cycle (Graph: courtesy of 
www.dieselnet.com). 
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DUTY-CYLES USED     4 (7) 
 

 

 

Figure 1-7: U.S.SFTP-06 cycle: total driving distance 12.8 km, average speed 77.9 km/h, 
max speed 129.2 km/h.Usually, a warm-start cycle. 

 
 

 
 

Figure 1-8:California Unified Cycle (LA-92): duration 1435 sec, total driving distance 15.7 km, 
average speed 39.6 km/h. (Graph: courtesy of www.dieselnet.com).  
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DUTY-CYLES USED     5 (7) 
 

 

 
 

 

Figure 1-9: Current Japanese Type Approval driving cycle (JC08): duration 1204 sec, total 
driving distance 8.171 km, average speed 24.4 km/h, max. speed 81.6 km/h. (Graph: courte-
sy of www.dieselnet.com).  

 
 

 

Figure 1-10: Former Japanese Type Approval driving cycle (10-15 mode): duration 892 sec, 
total driving distance 6.34 km, average speed 25.6 km/h, max. speed 70 km/h. (Graph: cour-
tesy of www.dieselnet.com).  
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DUTY-CYLES USED     6 (7) 
 

 

 

 

 

Figure 1-11: (Former) Japanese 11-mode driving cycle: duration 480 sec, total driving dis-
tance 4.084 km, average speed 30.6 km/h, max. speed 60 km/h. (Graph:courtesy of Dephi).  

 

 
 

Figure 1-13: (upcoming) Global harmonised driving cycle for light-duty vehicles: duration 
1800 sec, total driving distance 23.262 km, average speed 46.5 km/h, max. speed 131.6 
km/h. (Graph:courtesy of Wikipedia).  

  

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=0ahUKEwiW4aPrp7bLAhVnb5oKHSPBDlwQjRwIBw&url=https://en.wikipedia.org/wiki/Worldwide_harmonized_Light_vehicles_Test_Procedures&psig=AFQjCNFVyleL28nb_oixixjDgxC6Oj1OSA&ust=1457705914807300
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DUTY-CYLES USED     7 (7) 
 

 

 

Table 1-1: Main characteristics of the various driving cycles used in this study. 

 

CYCLE FTP HWFET US06 LA92 
11 

mode 
10.15 
mode 

JC08 NEDC 
ART 
URB 

ART 
RUR 

ART 
MWY 

WLTP 

start 
(typical) 

cold/hot hot hot cold cold hot cold cold cold hot hot cold 

Origin USA USA USA USA/CA JPN JPN JPN EU 
EU 
res. 

EU res. EU res. ECE 

Duration 
(s) 

2477 765   1435 480 892 1204 1180 
993 

 (-72) 
1082 
(-101) 

1068 
(-176) 

1800 

Total 
Distance 

(km) 
17.763 16.45 12.8 15.7 4.084 6.34 8.171 11.087 4.87 17.272 29.545 23.26 

Effective 
Distance 

(km) 
17.763 16.45 12.5 15.7 4.084 6.34 8.171 11.087 4.47 16.441 26.975 23.26 

Avg. 
Speed 
(km/h) 

34.2 77.7 77.9 39.6 30.6 25.6 24.4 31.6 17.6 57.5 96.9 46.3 

Max.speed 
(km/h) 

91.2 96.4 129.2   60 70 81.6 120 57.7 111.5 150 131.6 
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Results for HCHO 

    

Platform Vehicle Fuel 
Ambient 

temp. 

Test Cycle 

NEDC Cycle 

cold Start 

        mg/km 
 

E 

A (1.6L, 
M) 

#93 +25 °C 0.323 

 E10 +25 °C 0.288 

 M15 +25 °C 0.382 

 
B (1.6L, 

A) 

#93 +25 °C 0.163 

 E10 +25 °C 0.152 

 M15 +25 °C 0.286 

 
C (2.0L, 

A) 

#93 +25 °C 0.259 

 E10 +25 °C 0.226 

 M15 +25 °C 0.394 

 

F 

D (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 E  (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 F (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 G (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 
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RESULTS IN NUMBERS    26 (27) 

 
 

 

 
 

Results for Benzene 
    

Platform Vehicle Fuel 
Ambient 

temp. 

Test Cycle 

NEDC Cycle 

cold Start 

        mg/km 
 

E 

A (1.6L, 
M) 

#93 +25 °C 6.51 

 E10 +25 °C 3.21 

 M15 +25 °C 3.57 

 
B (1.6L, 

A) 

#93 +25 °C 5.49 

 E10 +25 °C 3.18 

 M15 +25 °C 3.47 

 
C (2.0L, 

A) 

#93 +25 °C 5.94 

 E10 +25 °C 3.08 

 M15 +25 °C 4.65 

 

F 

D (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 E  (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 F (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 G (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 
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Results for Toluene 
    

Platform Vehicle Fuel 
Ambient 

temp. 

Test Cycle 

NEDC Cycle 

cold Start 

        mg/km 
 

E 

A (1.6L, 
M) 

#93 +25 °C 17.4 

 E10 +25 °C 10.8 

 M15 +25 °C 12.3 

 
B (1.6L, 

A) 

#93 +25 °C 24.0 

 E10 +25 °C 10.6 

 M15 +25 °C 13.5 

 
C (2.0L, 

A) 

#93 +25 °C 24.2 

 E10 +25 °C 9.7 

 M15 +25 °C 16.7 

 

F 

D (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 E  (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 F (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 

 G (1.6L, 
M) 

#93 +25 °C n/a 

 CNG +25 °C n/a 
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 Additional graphs of results from testing in Finland. 
 

 

 

 

Figure 1: CO2 emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

Figure 2: CO2 emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 3: CO2 emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles.

 

Figure 4: CO2 emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 5: CO2 emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

 

Figure 6: CO2 emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regular 
gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 7: CO emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 8: CO emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 



 

Appendix 3 to  

RESEARCH REPORT VTT-R-00892-16 

5 (23) 

 Additional graphs of results from testing in Finland. 
 

 

 

Figure 9: CO emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

Figure 10: CO emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 11: CO emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

 

Figure 12: CO emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regular 
gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 13: HC emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 14: HC emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 15: HC emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

 

Figure 16: HC emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 17: HC emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

 

Figure 18: HC emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regular 
gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles.  
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 Additional graphs of results from testing in Finland. 
 

 

 
 

Figure 19 NO2 emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

Figure 20: NO2 emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 21: NO2 emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

Figure 22: NO2 emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 23: NO2 emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

 

Figure 24: NO2 emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regu-
lar gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles.  
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 25: N2O emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 26: N2O emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles.  
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 27: N2O emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

Figure 28: N2O emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 29: N2O emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

 
 

Figure 30: N2O emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regu-
lar gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 31: CH4 emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 32: CH4 emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

Figure 33: CH4 emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

 

Figure 34: CH4 emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 35: CH4 emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 

 

Figure 36: CH4 emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regular 
gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 37: TPM emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 38: TPM emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 39: TPM emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

 

Figure 40: NH3 emissions from the 1.4 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

Figure 41: NH3 emissions from the 2.0 TSI (SI-engine) car tested in Finland with regular and 
“biogasoline”, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 

 

 

Figure 42: NH3 emissions from the 1.6 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 43: NH3 emissions from the 2.0 TDI (CI-engine) car tested in Finland with regular 
EN590 diesel and fully paraffinic fuel (HVO), at +23, +5 and -7 °C ambient temperature; 
NEDC and ARTEMIS cycles. 

 

Figure 44: NH3 emissions from the 1.4 TSI FFV (SI-engine) car tested in Finland with regular 
gasoline and with E85, at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cy-
cles. 
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 Additional graphs of results from testing in Finland. 
 

 

 

Figure 45: NH3 emissions from the 1.4 TSI CNG (SI-engine) car tested in Finland with regular 
gasoline and CNG at +23, +5 and -7 °C ambient temperature; NEDC and ARTEMIS cycles. 


	IEA_Annex43_CARPO_coverpage(2p)
	IEA-AMF_Key_Messages_from_AMF_Research_CARPO_final+corr
	IEA CARPO-Final.report.VTT
	CARPO-Final-report.cover
	IEA_Annex43_CARPO_Final

	CARPO-Summary.page.w.signatures
	CARPO-Final-report.pages
	IEA_Annex43_CARPO_Final



