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Abstract 

Combustion of fossil fuels is a significant source of carbon dioxide (CO2) emissions, which 
are proven to cause warming of the atmosphere. Transportation accounts for a high share 
of these emissions. Therefore, the energy consumption and CO2 emission levels of 
passenger vehicles are regulated in many countries. The regulations are becoming more 
and more stringent, forcing manufacturers to develop alternative technologies to meet the 
requirements. Furthermore, the consumers are showing more and more interest for less 
energy consuming vehicles. 
 
In Europe, CO2 emissions of passenger vehicles are measured on a dynamometer over the 
New European Driving Cycle (NEDC) as a part of the type approval procedure. NEDC has 
faced well founded criticism for poorly reflecting the general driving conditions. The 
European Union (EU) is planning to replace the NEDC test procedure with Worldwide 
Harmonized Light Vehicles Test Procedure (WLTP), which introduces Worldwide 
harmonized Light duty driving Test Cycle (WLTC) as the legislative dynamometer test 
cycle. 
 
The purpose of this thesis is to utilize vehicle simulation to examine the effects of 
transitioning from the NEDC to the WLTP. Particular focus is put on the energy 
consumption differences between the NEDC and WLTC driving cycles for same test 
vehicles.   
 
The vehicle simulations are performed for thirteen vehicle models. The models are based 
on reference vehicles and form a sample that can be considered to be representative of 
various drivetrain configurations available on the vehicle market. The models are 
simulated over the current European test procedures, corresponding procedures used in 
the United States and the new WLTP.  
 
In conclusion, the vehicle simulations indicate that the official consumption values of the 
passenger vehicles are going to increase in the transition to the WLTP. The increase can 
be seen for every drivetrain technology studied. The simulation results indicate that 
particularly hybrid electric (HEV) and plugin hybrid electric vehicles (PHEV) are facing 
significantly higher consumption results when measured according to the new test 
procedures. Vehicle manufacturers will be able to take this into account when developing 
the energy management strategies of the hybrid vehicles so that the hybrid system 
operation is well adapted to the new test cycle. 
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Tiivistelmä 

Fossiilisten polttoaineiden polttamisesta aiheutuvat hiilidioksidipäästöt ovat merkittävä 
syy ilmaston lämpenemiseen. Suuri osa näistä hiilidioksidipäästöistä aiheutuu liiken-
teestä. Tästä syystä henkilöautojen energiankulutusta ja hiilidioksidipäästöjen määrää 
säädellään useissa maissa laeilla. Lakien määräämät rajat ovat yhä tiukempia ja tiukem-
pia, jonka vuoksi ajoneuvovalmistajat joutuvat kehittämään vaihtoehtoisia ratkaisuja 
määräysten täyttymiseksi. Osaltaan valmistajien toimintaa ohjaa myös kuluttajien kas-
vava kiinnostus vihreämpiä ja vähemmän energiaa kuluttavia ajoneuvoja kohtaan.  
 
Euroopassa ajoneuvojen kulutuslukemat määritetään dynamometrillä ajettavan NEDC-
testiproseduurin mukaisesti. Mittaukset ovat osa ajoneuvojen tyyppihyväksyntää. Euroo-
pan Unioni on päättänyt korvata huonosti todellisia ajo-olosuhteita vastaavan NEDC-pro-
seduurin uudella, maailmanlaajuisella WLTP:llä, jonka tarkoitus on kaventaa laboratori-
ossa mitattujen ja todellisten kulutuslukemien välillä vallitsevaa eroa. WLTP:n mukana 
dynamometrillä ajettava testisykli vaihtuu WLTC-sykliin. 
 
Tämän diplomityön tarkoituksena on ajoneuvosimulointia hyödyntäen tarkastella uuden 
testiproseduurin käyttöönoton vaikutuksia ajoneuvojen virallisiin kulutuslukemiin. Eri-
tyisesti tutkitaan, millainen ero samojen ajoneuvomallien energiankulutuksissa on ajet-
taessa vanhalla ja uudella testisyklillä. Simuloitavana on kolmetoista ajoneuvoja, jotka 
muodostavat hyvän otoksen markkinoilla olevista erilaisista voimalinjatyypeistä. Ajoneu-
vomallit pohjautuvat todellisiin, markkinoilla oleviin referenssiajoneuvoihin. Ajoneuvo-
jen energiankulutus simuloidaan nykyisellä eurooppalaisella testiproseduurilla, Yhdys-
valloissa käytettävillä vastaavilla testiproseduureilla ja uudella WLTP:llä.  
 
Ajoneuvosimuloinnit osoittavat, että henkilöautojen viralliset kulutuslukemat tulevat 
WLTP:hen siirryttäessä kasvamaan. Energiankulutuksen kasvu on nähtävissä kaikilla si-
muloiduilla ajoneuvotyypeillä, mutta erityisen merkittävää sähköhybrideillä (HEV) ja la-
dattavilla sähköhybrideillä (PHEV). Toisaalta ajoneuvovalmistajat pystyvät ottamaan tä-
män huomioon kehittäessään energianhallintajärjestelmiä hybridiajoneuvoille, jolloin 
hybridijärjestelmien toiminta sopeutuu paremmin uuteen testisykliin.  
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CAFE Corporate Average Fuel Economy 

CO Carbon monoxide 
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CVT Continuously Variable Transmission 
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EREV Extend Range Electric Vehicle 

EV (Pure) Electric Vehicle 

FTP Federal Test Procedure 

GHG Greenhouse gas 

GVW Gross vehicle weight 

HEV Hybrid Electric Vehicle 

HFEDS Highway Fuel Economy Driving Schedule 

ICCT International Council of Clean Transportation 
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NEDC New European Driving Cycle 

NHTSA National Highway Traffic Safety Administration 

NMHC          Non-methane hydrocarbons 

NMOG Non-methane organic gas  

NOVC Not Off-Vehicle Chargeable 

NOx Oxides of nitrogen 

OVC Off-Vehicle Chargeable 

P Number of particles 

PM Particulate matter 

PWr Power-weight ratio 

SFTP Supplemental Federal Test Procedure 

SCT Single Cycle Test 

SOC State of charge 

THC Total Hydrocarbons 

UDDS Urban Dynamometer Driving Schedule 

UNECE The United Nations Economic Commission for Europe 

WLTC Worldwide harmonized Light duty driving Test Cycle 

WLTP Worldwide Harmonized Light Vehicles Test Procedure 

WNQ NEDC-WLTC conversion factors 
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1 Introduction 

1.1 Background 

Energy consumption is a significant factor in the ecologic and economic performance of 

a vehicle. With the raise of new vehicle technologies as a substitute for the conventional 

gasoline and diesel powered vehicles, the energy consumption has taken an ever growing 

role in the vehicle market. Not only are the more efficient vehicles healthier for the 

environment, but they also provide economic savings for customers. In the case of pure 

electric vehicles (EV), and to some extent with hybrid vehicles, the electric range of the 

vehicle can easily make or break the purchase decision.  

 

The transition to the more efficient vehicle technologies is heavily driven by laws and 

regulations, which are becoming increasingly stringent in terms of allowed fuel or energy 

consumption and emission levels of carbon dioxide (CO2). Fulfilling the new 

requirements with the conventional gasoline and diesel engines has become challenging 

for the vehicle manufacturers. However, the regulations are region wide, and vary a lot 

both in terms of measurement methods and stringency. For example, in the Europe the 

emissions of CO2 is the only measure used for the energy consumption regulation, 

whereas in the USA there is a set of standards defining the fuel economy (measured in 

miles per gallon) and allowed amounts of CO2 emissions. In addition to the varying 

regulations, the methods for acquiring the measurements vary in relation to things like 

preconditioning of the test vehicle, test environment conditions and measuring devices 

used. Energy consumption and CO2 emissions are typically measured on a dynamometer 

over a predefined driving cycle which differ depending on the region. The lack of 

worldwide consensus puts a strain especially on the manufacturers providing vehicles for 

the markets of multiple regions.  

 

The United Nations Economic Commission for Europe (UNECE), together with 

participants from several countries, has been developing a test procedure to harmonize 

energy consumption and exhaust emission testing across the world. The new procedure 

is called Worldwide Harmonized Light Vehicle Test Procedure (WLTP), and it introduces 

also a completely new driving schedule, Worldwide harmonized Light duty driving Test 

Cycle (WLTC). WLTC contains driving that is more aggressive and velocities are higher 

in comparison to the current legislative driving cycles (NEDC in Europe etc.).  

 

EU is planning to adopt the WLTP into its legislation with slight modifications in 2017. 

Past research has shown that the driving cycle characteristics have great impacts on the 

energy consumption. Therefore, there is a reason to assume that the introduction of 

WLTC as a legislative cycle will affect the official energy consumption and CO2 emission 

values.  

 

1.2 Research method 

In this thesis, vehicle simulation has been used for analyzing the energy consumption and 

CO2 emissions of passenger vehicles. Vehicle simulation provides a fast and inexpensive 

alternative for running actual tests on a dynamometer. Simulation as a tool also excels in 

repeatability. Official vehicle data from the dynamometer tests can be used for validating 

the models and parameters in the simulations.  

 

The research simulations were done with the Autonomie vehicle simulation software. 

Autonomie is based on MATLAB/Simulink software and can be used for creating and 
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simulating subsystem and component level vehicle models as well as full vehicle models. 

The models are simulated on time-velocity –defined driving cycles. 

 

This thesis also includes a literature review on current legislations and procedures that 

are used for providing the official energy consumption and CO2 emission values. This is 

to ensure that the simulations comply with the real test conditions as well as possible.  

 

1.3 Research objectives 

The main objective of this thesis is to analyze the difference in energy consumption and 

CO2 emission results between current legislative cycles and WLTC. Different powertrain 

architectures are taken into account in the vehicle selection to form a test group that covers 

widely represents the vehicle market. The selected vehicles include representatives for 

following powertrain architectures: diesel, gasoline, hybrid electric, plug-in hybrid 

electric, battery electric, and fuel cell. The simulation results of different vehicle 

technologies can be used for estimating the performance differences between powertrain 

architectures.  

 

In addition, this thesis aims to analyze the effect of replacing the standard test cycle on a 

larger scale. Energy consumption being an important factor for vehicle business, the 

change in the official energy consumption and CO2 emission results can alter the relative 

strength of the vehicle types and architectures on the market.  

 

The exhaust emissions other than CO2 are measured on the same driving cycles and test 

procedures. However, they are considered to be beyond the scope of this thesis.  

  



7 

 

2 Regulation and legislation 
Level and means of regulation of the fuel economy and CO2 emission vary for different 

regions. In general, methods for regulation can be categorized as strict limits for 

individual vehicles, fleet wide limits and taxes or premiums for exceeding given 

guidelines. 

 

2.1 Fuel Economy 

Fuel economy of a vehicle is measured as a distance travelled per a unit of fuel consumed. 

This unit depends on the region. In the United States, the unit for fuel economy is typically 

miles per gallon (mpg). In Japan, and rest of the Asia, kilometers per liter (km/l) is used 

as the measure of fuel economy. In Europe, fuel economy is often expressed as liters per 

100 kilometers (l/100km), even though it is the measure of fuel consumption. These 

different unit conventions are also used in a regulatory context, along with CO2/km. 

Amount of CO2 emissions and fuel consumption are directly proportional. To make 

comparison of the different regulations easier, Figure 1 shows a conversion chart for the 

relation between l/100km and mpg.  

 
Figure 1 Conversion chart for the relation of l/100km and mpg. 

 

 

2.1.1 United States 
In the United States, fuel economy of passenger cars is regulated with three parallel 

methods: Corporate Average Fuel Economy (CAFE) standards, fuel economy labeling 

and Gas Guzzler Tax [1], [2]. CAFE standards are a sales-weighted set of fuel economy 

and greenhouse gas (GHG) emission limits for manufacturers. Whole fleet of vehicles, 

sold by a manufacturer in the USA each model year, must comply with given standards. 

[3] CAFE standards are maintained by the National Highway Traffic Safety 

Administration (NHTSA) in close cooperation with the Environmental Protection 

Agency (EPA). [4] CAFE standards were first introduced in 1975. At the time of 

adoption, CAFE standards only included levels for required minimum fuel economy 

(mpg). These standards were reformed in 2007. The reformed CAFE standards, active 

from model year 2012, also introduced limitations for allowed GHG emissions. [3] 

Currently, most recent active set of CAFE standards applies for model years 2012-2016. 

A new, more stringent set of standards for model years 2017 and beyond has already been 

developed. [5] 
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CAFE standards are based on vehicle footprint. Footprint is defined as vehicle's 

wheelbase multiplied by its average track width. Target levels of fuel economy and CO2 

emissions are defined as curves of mpg and g/mile as a function of footprint as square 

feet (sf), respectively (Figure 2). Therefore, each manufacturer has its own unique GHG 

and CAFE average standard depending on the footprints and production volumes of the 

vehicle models. Measurements towards the CAFE regulations are performed on a 

dynamometer according to the EPA 2-cycle test. [6] 

 
Figure 2 CAFE Target curves [6] 

 

Fuel economy labeling aims for increasing consumer awareness about energy 

consumption and also easing comparison of vehicles in a purchase situation. [7], [8] Fuel 

economy labeling has been in use since 1970's. Originally, as also for CAFE standards, 

EPA 2-cycle test was applied for the measurements. Since 2011, EPA has been using a 

5-cycle test in order to take into account influence of additional factors, such as higher 

speeds, rapid acceleration, use of air conditioning and operating in cold temperatures. [7] 

However, the CAFE standards are still measured according to the 2-cycle test. Fuel 

economy labels provide a combined fuel economy value, which is a weighted average of 

city and highway mpg values. The weighting factors are 0.55 and 0.45, respectively. [9] 

Figure 3 Fuel economy labels for electric and gasoline vehiclespresents official fuel 

economy label examples for electric and gasoline vehicles. 
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Figure 3 Fuel economy labels for electric and gasoline vehicles [9]  

 

Gas Guzzler Tax is paid by manufactures of new cars that fail to achieve a fuel economy 

level of 22.5 mpg. The amount of tax depends on the fuel economy, varying from $1000 

to $7700 for fuel economy levels between 22.5 and 12.5 mpg, as can be seen from Table 

1. The Gas Guzzler Tax is determined based on the combined fuel economy of the vehicle, 

calculated from the results of an EPA 2-cycle test. Therefore, fuel economy levels used 

for determination of the tax are generally higher than the fuel economy levels visible in 

the fuel economy labels. [10] 

 
Table 1 Gas Guzzler Tax rates [10] 

Combined fuel economy of:  Amount 

at least 22.5 mpg  No tax 

at least 21.5, but less than 22.5 mpg $1000 

at least 20.5, but less than 21.5 mpg $1300 

at least 19.5, but less than 20.5 mpg $1700 

at least 18.5, but less than 19.5 mpg $2100 

at least 17.5, but less than 18.5 mpg $2600 

at least 16.5, but less than 17.5 mpg $3000 

at least 15.5, but less than 16.5 mpg $3700 

at least 14.5, but less than 15.5 mpg $4500 

at least 13.5, but less than 14.5 mpg $5400 

at least 12.5, but less than 13.5 mpg $6400 

less than 12.5 mpg  $7700 

 

 

2.1.2 Europe 
In Europe, fuel consumption is regulated by CO2 emission legislation. Regulations are 

administered by the European Parliament and the European Council. [1] CO2 emission 

standards are mainly set in regulation (EC) 443/2009, which is a regulation for "setting 

emission performance standards for new passenger cars as a part of the Community's 

integrated approach to reduce CO2 emissions from light-duty vehicles". This regulation 

set a fleet wide target of 120 g CO2/km, which was phased in between years 2012 and 

2015. In 2012, 65 % of the manufacturer's fleet had to meet the target value. The 

percentage was increased gradually in a way that for the years 2015-2019 the target covers 

the whole fleet. [11] In 2014, regulation 443/2009 was modified to also include a 95 g 

CO2/km target for years 2020 and beyond. In 2020, 95 % of the fleet must meet the target 

limit, increasing to 100 % in 2021. [12] In addition to the actual fleet wide standards, 
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regulation 443/2009 also defines formulas to calculate CO2 amounts for every new 

vehicle (Table 2). These formulas take into account mass of the vehicle as a parameter, 

which is compared to a reference mass. Magnitude of the reference mass depends on the 

model year. [11] 

 

Currently, CO2 emissions are measured based on the New European Driving Cycle 

(NEDC). Introduction of Worldwide Harmonized Light Vehicle Test Procedure (WLTP) 

has been planned for 2017. As of 2020, WLTP will alone be used for CO2 measurements. 

Manufacturers have the possibility to earn super-credits for low consumption vehicles. 

The present legislation defines cars with CO2 emissions under 50 CO2/km to be eligible 

for earning the super-credits. As of 2016, super-credits no longer apply to the 120 g 

CO2/km target. Super-credits towards the 95 g CO2/km target are present in the Table 3. 

Manufacturers can also apply for compensation on the grounds of developing certain eco-

innovations. Maximum reduction of CO2 emission targets from eco-innovations is 7 g 

CO2/km. On the other hand, excess emission premiums have been defined for 

manufacturers failing to meet the average emission limits. [1], [11] 

 

 
Table 2 Formulas for determining CO2 standards for every new vehicle in Europe [11] 

Model Year   a [-] M0 [kg] Formula 

2012 - 2015 0.0457 1372.0 130 + a ∗ (M – M0) 

2016 - 2019  0.0457 1392.4 130 + a ∗ (M – M0) 

2020 -  0.0333 to be adopted  95 + a ∗ (M – M0) 

 

 
Table 3 Supercredits for cars emitting less than 50g CO2/km (95g target) [11] 

Year One car counts as 

2020 2 cars 

2021 1.67 cars 

2022 1.33 cars 

as of 2023 1 car 

 

 

2.1.3 Japan 
In Japan, fuel economy regulation is based on law concerning "Rational Use of Energy". 

Regulations are administered by the Ministry of Economy. Fuel economy target levels 

are divided into categories based on the gross vehicle weight (GVW) of the car and 

expressed as km/l. Every year, average fuel economy of the manufacturer's cars in each 

category has to meet the corresponding standard level. Target levels have been revised 

every five years. [1], [3] Currently active set of fuel economy targets has a target year of 

2015. Since 2015, JC08 test procedure has been used for establishing the fuel economy 

values. [1], [13] Same standards apply for diesel and gasoline passenger cars, but the 

difference in the heating value of gasoline and diesel is taken into account in the 

measurements. Japan has already introduced a new set of standards, which have a target 

year of 2020. In the new fuel efficiency standards, a method for obtaining corporate 

average fuel economy values was adopted. [14] Both the 2015 and 2020 fuel economy 

targets are presented in the Table 4. 
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Table 4 FY2015 and FY2020 fuel economy target levels for passenger cars in Japan (Gasoline and 

diesel) [13] 

FY2015 FY2020 

GVW [kg] FE [km/l] GVW [kg] FE [km/l] 

< 601 22.5     

601-741 21.8 <741 24.6 

741-856 21.0 741-856 24.5 

865-971 20.8 865-971 23.7 

971-1081 20.5 971-1081 23.4 

1081-1196 18.7 1081-1196 21.8 

1196-1311 17.2 1196-1311 20.3 

1311-1421 15.8 1311-1421 19.0 

1421-1531 14.4 1421-1531 17.6 

1531-1651 13.2 1531-1651 16.5 

1651-1761 12.2 1651-1761 15.4 

1761-1871 11.1 1761-1871 14.4 

1871-1991 10.2 1871-1991 13.5 

1991-2101 9.4 1991-2101 12.7 

2101-2271 8.7 2101-2271 11.9 

>= 2271 7.4  >=2271 10.6 

 

 

2.2 Emissions 

2.2.1 United States 
Currently, passenger car exhaust emissions must comply with EPA Tier 2 emission 

standards, which were introduced in 2000 and phased in 2004-2007. [15] Same emission 

standards apply to all passenger vehicles regardless of the fuel they use. In addition to the 

tailpipe emission standards, Tier 2 regulations also cover standards for diesel and gasoline 

fuel quality in terms of sulfur levels. Exhaust emission standards are composed of eight 

certification bins (Table 5) and a fleet wide average limit. Each vehicle must fall into one 

of the certification bins, and the average of the whole fleet must fall below NOx limit of 

0.07 g/mi. In addition to limits for full vehicle useful life, cars certified for bins 5-8 are 

also required to meet the standards for intermediate useful life. [3], [15] Full useful life is 

defined as the first occurrence of either 120000 miles or ten years. The intermediate useful 

life has been defined in the same way based on either the driven miles or the vehicle age, 

but the corresponding values are 50000 miles or 5 years. Manufacturers have the 

possibility to certify the vehicle for extended emission standards of 150000 miles or 15 

years to either gain NOx credits or to opt out of intermediate useful life standards. [3] 
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Table 5 EPA Tier 2 exhaust emission standards (full useful life) [15] 

Bin 
NOx 

[g/mi] 
NMOG 
[g/mi] 

CO 
[g/mi] 

HCHO 
[g/mi] 

PM 
[g/mi] 

8 0.20 0.125 4.20 0.018 0.02 

7 0.15 0.090 4.20 0.018 0.02 

6 0.10 0.090 4.20 0.018 0.01 

5 0.07 0.090 4.20 0.018 0.01 

4 0.04 0.070 2.10 0.011 0.01 

3 0.03 0.055 2.10 0.011 0.01 

2 0.02 0.010 2.10 0.004 0.01 

1 0.00 0.000 0.00 0.000 0.00 

 

 

Tier 2 emission standards will be replaced by more stringent but fundamentally similar 

Tier 3 standards. Tier 3 standards will be phased in from 2017 to 2025. Certification bins 

in Tier 3 exhaust emission standards are expressed as a sum of NMOG and NOx 

emissions, ranging from 0 to 160 mg/mi. The new certification bins are presented in the 

Table 6Vehicle useful life has been increased from 120000 to 150000 miles. NMOG and 

NOx emission standards are fleet wide. They are measured over FTP and SFTP 

procedures and have separate limits. After the phase-in period, fleet wide average 

NMOG+NOx limit is 30 mg/mi for FTP and 50 mg/mi for SFTP procedure. Tier 3 

standards also define PM emission standards, which are measured for each vehicle 

separately over FTP test procedure. Limit for PM emissions is 3 g/mi for all vehicles and 

all model years. [16] 

 
 Table 6 EPA Tier 3 exhaust emission standards [16]  

Bin 
NMOG+NOx 

[mg/mi] 
PM 

[mg/mi] 
CO 

[g/mi] 
HCHO 

[mg/mi] 

Bin 160 160 3 4.2 4 

Bin 125 125 3 2.1 4 

Bin 70 70 3 1.7 4 

Bin 50 50 3 1.7 4 

Bin 30 30 3 1.0 4 

Bin 20 20 3 1.0 4 

Bin 0 0 0 0.0 0 

 

 

2.2.2 Europe 
Exhaust emission limits are defined in the ECE 715/2007 directive. For passenger cars 

(class M1), Euro VI standards have been required for new vehicle type approvals since 1 

September 2014, and as of 1 September 2015 Euro VI standards will also apply for 

registration, sales and entry into service. Standards specify separate limits for masses of 

carbon monoxide (CO), total hydrocarbons (THC), non-methane hydrocarbons (NMHC), 

oxides of nitrogen (NOx), combined mass of total hydrocarbons and oxides of nitrogen, 

and particulate matter (PM). The Euro VI emission limits are shown in the Table 7. The 

PM limit for positive ignition vehicles applies only for vehicles with direct injection. 

Emission levels are measured over NEDC test procedure. [17] 
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Table 7 Euro VI emission standards for Class M vehicles [17] 

 

 

EU is planning on replacing NEDC with Worldwide Harmonized Light Vehicle Test 

Procedure (WLTP) in order to more accurately reflect real world driving situations. 

Planned schedule for introducing WLTP in emission testing is September 2017 for new 

models and September 2018 for new cars. [1] 

 

2.2.3 Japan 
Japan's most recent set of exhaust emission standards is called Post New Long Term 

Standards. These standards have been in effect since 2009. Standards define separate 

limits for diesel vehicles and vehicles powered with gasoline or liquefied petroleum gas 

(LPG). Limit values for these standards are presented in the Table 8. Exhaust emission 

measurements are a weighted average from the cold and hot start JC08 test procedures. 

Weighting factors are 0.25 and 0.75, respectively. [18] Japan is planning to replace JC08 

with the WLTP in 2018 for the exhaust emission testing, extending the current CO, 

NMHC, NOx and PM values to also apply for WLTP as of 2019. [3] 

 
Table 8 Japan’s New Long Term Standards for passenger cars [18] 

Category CO [g/km] NMHC [g/km] NOx [g/km] PM [g/km] 

Passenger car (Diesel) 0.63 0.024 0.08 0.005 

Passenger car (Gasoline,LPG) 1.15 0.05 0.05 0.005 

 

 

2.3 Related research 

The current legislative driving cycles have faced criticism for poorly reflecting driving in 

the general traffic conditions. Studies have shown large differences between the official 

fuel economy values and measurements performed in general traffic conditions. For 

example in Europe, ICCT has conducted three studies that compare official CO2 emission 

values measured in the vehicle type-approval procedure with real-world data that has been 

collected into several databases. The studies done in 2001, 2011 and 2013 presented a 

divergence of 7%, 23% and 30%, respectively. [19], [20] 

 

The different legislative driving cycles each have their advantages and disadvantages. 

NEDC, which is the driving cycle used in the European vehicle type-approval procedure, 

has been discussed to be gentle in terms of accelerations and vehicle speeds to correctly 

reflect the present driving conditions. Two thirds of the 1200s test is driven on the ECE 

urban driving cycle, which is characterized by low vehicle speed, low engine load and 

low exhaust gas temperature [21]. Urban driving conditions with long and frequent idle 

phases favor vehicles equipped with a start/stop functionality. Also, hybrid vehicles 

generally perform better on low speed driving conditions [22]. In addition, the flexibilities 

in the test procedure can be exploited by manufacturers to perform unrealistically well in 

the tests. In the case of NEDC, one possibility to affect the test results is the procedure of 

determining the road load coefficients [19]. The road load coefficients are measured by 

manufacturer in a coast down test. The test procedure allows some optimization for the 

Class Type Ref. mass 
[kg] 

CO 
[mg/km] 

THC 
[mg/km] 

NMHC 
[mg/km] 

NOx 
[mg/km] 

THC+NOx 
[mg/km] 

PM 
[mg/km] 

M PI All 1000 100 68 60 - 5 

M CI All 500 - - 80 170 5 
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vehicle configuration, for example in terms of selection of tires and lubricants or wheel 

alignment [23]. The road load coefficients are used in simulating the driving resistances 

on the chassis dynamometer. Therefore, manipulating the coefficients may drastically 

decrease the fuel consumption during the test.  

 

Different research groups have performed studies for the effect of transitioning from 

NEDC to the WLTP. International Council of Clean Transportation (ICCT) produced a 

report where they presented and analyzed vehicle simulation results from two different 

datasets and laboratory test results. The first set of simulations was performed by Ricardo. 

The simulations included conventional and hybrid vehicles from vehicle segments B, C, 

D and J. Vehicles with manual transmission were excluded from the ICCT report, because 

they were not simulated with the most recent gear shift strategy. [22] Ricardo simulation 

results are presented in Figure 4. 

 
Figure 4 Ricardo vehicle simulation results for transition from NEDC to WLTC 
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Second set of simulations was performed by AVL, and featured conventional and hybrid 

vehicle models from C-segment. All the non-hybrid vehicles in AVL’s simulations have 

manual transmissions. [22] AVL results are presented in Figure 5.  

 

 
Figure 5 AVL vehicle simulation results for transition from NEDC to WLTC 

 

Vehicle models in both simulations were not based on actual vehicles on the market, but 

represented typical specifications. Both results are given in terms of WNQ, which is the 

ratio between NEDC and WLTC consumptions in a way that WNQ lower than one means 

that the vehicle consumes less fuel on the WLTC. In this thesis, all the conventional 

vehicles featured a start-stop system. In the simulations by AVL and Ricardo, WNQ of 

the conventional vehicles varied between 0.93 and 1.04. Vehicles with a manual 

transmission were generally performing slightly better on the WLTC.   
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3 Present testing procedures 
Testing procedures define how the emission, carbon dioxide and fuel economy tests are 

carried out. They exist to ensure that the test results are representative and reproducible. 

In addition to specifying the driving cycles used in a test, the procedures define the 

requirements for the condition of the tested vehicle and testing environment and 

equipment, tolerances for the tests to remain valid and how the test results are treated. 

There may for example be some correctional factors to be used in certain situations. An 

established practice is to correct the results to reflect a zero energy balance, in case the 

SOC at the end of the test differs from the initial SOC. It is also up to the testing procedure 

how the fuel economy is calculated from the amount of CO2 emissions.  

 

Vehicle testing is usually performed on a chassis dynamometer in laboratory conditions. 

Although some legislations define alternative test procedures to perform the tests on an 

outdoor test track, laboratory testing provides a more consistent testing environment. 

Wind, road condition, road slope and ambient temperatures are examples of conditions 

that may vary during outdoors testing. Consistent testing environment increase the 

repeatability of the test results. [23] 

 

The vehicle testing can generally be broken down into three main operations. First, the 

road load coefficients are determined in order to simulate a real driving conditions on the 

dynamometer. The coefficients can either be measured on a test track or calculated from 

the vehicle characteristics. These coefficients are then used to produce a speed dependent 

load on the dynamometer, corresponding for air resistance, rolling resistance and the 

vehicle mass. Finally, a test cycle is driven on the dynamometer. Test cycles are standard, 

second-by-second speed traces, which are driven by a human driver [24]. Therefore, 

certain tolerances have been determined for the amount the vehicle may be off the trace. 

Exhaust emissions are collected to one or more sample bags during driving. Fuel 

consumption is usually not measured directly, but calculated from the amount of CO2 

emissions. [23] 

 

3.1 Europe 

3.1.1 NEDC 
The NEDC driving cycle has been developed by UNECE to represent typical driving 

conditions and is defined in the regulation ECE R101. The cycle consists of two parts, 

Part One and Part Two. The Part One is composed of four elementary urban driving cycles 

(UDC), each one lasting for 195 seconds. Maximum vehicle speed during UDC is 50 

km/h and acceleration varies between -0.97 and 1.04 m/s2, resulting in an average speed 

of 18.77 km/h. The Part Two of the NEDC cycle is an extra urban driving cycle (EUDC), 

which is driven once and lasts for 400 seconds. It introduces higher vehicle speeds, 

maximum vehicle speed being 120 km/h. The combination of parts One and Two results 

in a theoretical total distance of 11024 meters. The speed trace of the combined NEDC 

driving cycle is presented in Figure 6. [25] 
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Figure 6 The speed profile of the NEDC driving cycle. 

 

The NEDC driving cycle comes with predefined gear shifting points for vehicles with 

manual or semi-automatic transmissions. These constant shifting points are presented in 

the tables in Figure 7 and Figure 8 for urban and extra-urban parts of the NEDC, 

respectively. During the urban part, only first three gears are used. The extra-urban part 

has been defined to utilize five first gears. However, if the vehicle has more than five 

forward gears, additional gears may be used at certain phases according to manufacturer 

recommendations.  

 

 
Figure 7 Phases and gear shifting points of the elementary urban cycle. [26] 
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Figure 8 Phases and gear shifting points of the extra-urban cycle. [26] 

 

 

3.1.2 Conventional and fuel cell vehicles 
Measurement of carbon dioxide emissions (CO2) and fuel consumption of ICE vehicles 

is defined in the annex 6 of the regulation ECE R101 [25]. The amendment 3 from June 

2014 extends the test for ICE vehicles to also cover hydrogen fuel cell vehicles. The CO2 

emissions and fuel consumption are determined in the Type I test of vehicle type approval 

procedure. The Type I test, as well as the rest of the type approval procedure, is defined 

in the regulation ECE R83 [26]. In the Type I test, a cold start NEDC cycle is driven on 

a dynamometer. Exhaust emissions are measured for Part One and Part Two of the test 

separately, and fuel consumption is calculated from the amounts of hydrocarbons, carbon 

monoxide and carbon dioxide. The following precondition criteria apply for the test 

vehicle: 

 

 Only the equipment necessary for the normal operation of the vehicle shall be in 

use.  

 All the lubricants shall be those recommended by the manufacturer. 

 If there are two or three tire sizes, the widest ones shall be used. In the case of 

more than three tire sizes, the second widest tires shall be used. [25] 

In addition to the mentioned precondition criteria, the Type I test itself has several 

requirements for the test vehicle. The vehicle must be in good mechanical condition, been 

run-in and driven at least 3000 km. There shall also be no leaks in the exhaust or air intake 

systems. [26] As only the equipment necessary for the normal operation is required, 

additional devices e.g. air conditioning is usually turned off or even disconnected.  

 

3.1.3 Electric vehicles 
The test procedure for electric vehicles is defined in the annex 7 of the regulation ECE 

R101. The test is based on the NEDC driving cycle, with gear shifting being executed 

according to manufacturer's specification. The test is preceded with discharging and 

charging the battery according to a defined procedure. First, the vehicle is driven on a test 
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track or a chassis dynamometer at a steady speed of 70 ± 5 per cent of the maximum thirty 

minutes speed of the vehicle until one of the following occurs: 

 

 Vehicle is not able to run at 65 per cent of the maximum thirty minutes speed 

 Indication to stop is given by the standard on-board instrumentation 

 A distance of 100 km has been covered. 

Maximum thirty minutes speed means the maximum speed the vehicle can maintain for 

30 minutes. After one of the listed criteria is met, the battery is charged according to a 

procedure called normal overnight charge procedure. The charge is carried out with the 

on-board charger if fitted, or with an external charger recommended by the manufacturer 

in an ambient temperature between 20 °C and 30 °C. Battery is considered fully charged 

after a charging time of 12 hours, unless an indication is given by the standard 

instrumentation that the battery is not yet fully charged. In that case, the maximum 

recharge time is calculated from the following equation: 

 

 
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 =

3 ∗ 𝑐𝑙𝑎𝑖𝑚𝑒𝑑 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑊ℎ)

𝑚𝑎𝑖𝑛𝑠 𝑝𝑜𝑤𝑒𝑟 𝑠𝑢𝑝𝑝𝑙𝑦 (𝑊)
 

(3.1) 

 

End of charging time is reported as t0 and the actual test must begin within four hours of 

plugging off the charger. The NEDC driving cycle is driven twice, and, within 30 minutes 

of the end of the test, the battery is charged to full. Energy required to recharge the battery 

is used for determining the energy consumption. The required energy is measured 

between the mains socket and vehicle charger, therefore taking into account the charging 

losses that happen during the charging. The formula for calculating the energy 

consumption (Wh/km) is:  

 

 
c =

E

Dtest
 

(3.2) 

 

where c is the energy consumption of the vehicle, E is the energy taken from the power 

outlet during the recharging in Wh and Dtest is the distance travelled during the test in 

kilometers. [25] 

 

3.1.4 Hybrid electric vehicles 
The test procedure for measuring the emissions of carbon dioxide and fuel consumption 

of hybrid electric vehicles (HEV) has the same general principles as the test for vehicles 

with ICE. HEVs are categorized into four groups for testing. The first two categories are 

Off-Vehicle Chargeable (OVC) vehicles with and without an operating mode switch. The 

next two categories are Not Off-Vehicle Chargeable (NOVC) vehicles with and without 

an operating mode switch. NOVC is commonly known as HEV and OVC as PHEV.  

 

For all OVC hybrid electric vehicles, the test is performed under conditions A and B. The 

test performed under condition A is a charge depleting test. It starts with a fully charged 

electrical energy storage system. The condition B test is charge sustaining and starts with 

an electrical energy storage system discharged to the minimum state of charge (SOC). 

The test procedure for OVCs with an operating mode switch includes principles for 

selecting the correct operating mode. Also, on the request of the manufacturer, the 

condition A test may be carried out in a pure electric mode. In that case, emissions of CO2 

(M1) and fuel consumption (C1) are equal to zero.  
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Execution of the condition A test depends on the vehicle operation. For vehicles with an 

initial pure electric mode, the combined NEDC test cycle is driven once. If the 

combustion engine and battery work in a blended mode, the NEDC driving cycle is 

repeated until the battery minimum state of charge criteria is met. The minimum state of 

charge has been reached on the cycle N when the electricity balance measured during the 

cycle N+1 is not more than a discharge of three percent of the battery nominal capacity. 

At the request of the manufacturer, additional cycles may be driven and included into 

calculations, provided that each additional cycle shows less discharge than the previous 

one. For every combined cycle driven, the amount of CO2 emissions (mi) and fuel 

consumption (ci) are recorded. The total amount of CO2 emissions and fuel consumption 

are the sums of mi and ci, respectively. Within 30 minutes of the conclusion of the test, 

the electrical energy storage of the vehicle is charged to full. The energy required for 

charging e1 is measured, and it represents the electric energy consumption during the test.  

 

The condition B test starts with discharging the electrical energy storage system to the 

minimum SOC. The NEDC driving cycle is driven once, and the test results of CO2 

emissions (m2) and fuel consumption (c2) are recorded. Within 30 minutes of the test, the 

electrical energy storage system is charged back to full SOC while measuring the energy 

required (e2). Then, the electrical energy storage system is discharged to minimum SOC 

and, again within 30 minutes, charged to full while measuring the energy required (e3). 

The electric energy consumption during the condition B test can then be calculated from 

the equation  

 

 𝑒4  =  𝑒2 − 𝑒3. (3.3) 
 

For both conditions, distance averaged values of the CO2 emissions, fuel consumption 

and electric energy consumption are calculated for both parts of the test separately 

according to the following formulas: 

 

 𝑀1  =
𝑚1

𝐷𝑡𝑒𝑠𝑡1
 (3.4) 

 𝑀2  =
𝑚2

𝐷𝑡𝑒𝑠𝑡2
 (3.5) 

 𝐶1 =
𝑐1

𝐷𝑡𝑒𝑠𝑡1
 (3.6) 

 𝐶2 =
𝑐2

𝐷𝑡𝑒𝑠𝑡2
 (3.7) 

 𝐸1 =
𝑒1

𝐷𝑡𝑒𝑠𝑡1
 (3.8) 

 𝐸4 =
𝑒4

𝐷𝑡𝑒𝑠𝑡2
 (3.9) 

 

In the case of an OVC HEV with an initial electric mode, weighted CO2 emissions, fuel 

consumption and electric energy consumption are calculated from the following 

formulas:  

 

 
𝑀 =

𝐷𝑒𝑀1 + 𝐷𝑎𝑣𝑀2

𝐷𝑒 + 𝐷𝑎𝑣
 

(3.10) 

 
𝐶 =

𝐷𝑒𝐶1 + 𝐷𝑎𝑣𝐶2

𝐷𝑒 + 𝐷𝑎𝑣
 

(3.11) 
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𝐸 =

𝐷𝑒𝐸1 + 𝐷𝑎𝑣𝐸4

𝐷𝑒 + 𝐷𝑎𝑣
 

(3.12) 

 

In the formulas De is the electric range of the vehicle and Dav is a constant 25 km, 

representing the average distance travelled between two battery recharges. For OVC 

HEVs without an initial electric mode (blended mode), the formulas are the same, but 

instead of the electric range De ovc range Dovc is used. Ovc range is the distance travelled 

during the charge depleting (condition A) test. [26] 

 

For NOVC HEVs, the testing is done according to the ICE test procedure. If the vehicle 

has an operating mode switch, the test is performed in a hybrid mode. In the case of more 

than one hybrid mode, the one that is being selected by default is used. The test results 

for fuel consumption C and CO2 emissions M are determined separately for both parts of 

the NEDC and corrected in function of the energy balance ΔEbatt. If the energy storage 

system of the vehicle is other than electric battery, then ΔEbatt represents ΔEstorage. The 

corrected values should correspond to a zero energy balance ΔEbatt = 0. Electricity balance 

Q (Ah) represents the difference in the energy content of the energy storage system 

between the beginning and end of a driving cycle. It is determined separately for parts 

One and Two of the NEDC cycle. The uncorrected values can be used only in following 

situations: 

 

 The manufacturer can prove that no relation between energy balance and fuel 

consumption exists. 

 ΔEbatt always corresponds to a battery charging. 

 ΔEbatt always corresponds to a battery discharging and is at most one percent of 

the energy content of the total fuel consumption.  

 

The correction coefficients are determined by manufacturer, separately for both the fuel 

consumption and CO2 emissions. The change in the energy content of the battery is 

calculated based on the measured electricity balance Q according to following formula: 

 

 Δ𝐸𝑏𝑎𝑡𝑡  = Δ𝑆𝑂𝐶(%) ∗ 𝐸𝑇𝐸𝑏𝑎𝑡𝑡 ≅  0.0036 ∗ |Δ𝐴ℎ| ∗ 𝑉𝑏𝑎𝑡𝑡  (3.13) 
                              =  0.0036 ∗ 𝑄 ∗ 𝑉𝑏𝑎𝑡𝑡 (𝑀𝐽)  

 

 

In the equation, ETEbatt is the total energy storage capacity of the battery, and Vbatt is the 

nominal battery voltage.  

 

3.1.5 Electric and OVC range 
Electric range can be measured for both electric and OVC hybrid electric vehicles. In 

addition to measuring the electric range, OVC range is also measured for OVC HEVs.  

The tests can be performed either outdoors or indoors. For outdoors testing, the ambient 

temperature must be between 5 °C and 32 °C and indoors between 20 °C and 30 °C. 

 

For pure electric vehicles, the NEDC cycle is repeated until the end of test criteria is met. 

The end of the test criteria has been reached if the vehicle is not able to meet the target 

curve up to 50 km/h, or an indication to stop the vehicle is given from the standard 

onboard equipment. After reaching the end of the test criteria, the vehicle speed is lowered 

to 5 km/h before the brake pedal is used.  If the vehicle is not able to follow the target 

curve at a speed of over 50 km/h, the accelerator pedal is held fully depressed until the 
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target curve has been reached again. The electric range of the vehicle is the whole distance 

covered in the test. 

  

For OVC HEVs, the same NEDC driving cycle is used. However, hybrid vehicles are also 

required to follow the predefined gear shifting points. If the vehicle has an operating mode 

switch, the same operating mode as for the CO2 emissions and fuel consumption testing 

is used. The end of the test criteria is identical as for electric vehicles. The electricity 

balance (QESi) is being measured continuously during the test. On the start of the fuel 

consuming engine, the vehicle speed (VESi) and the electric distance (Dei) shall be 

recorded and the accumulation of the Dei shall be stopped. The accumulation of the 

electric distance may continue when all of the following criteria are met: 

 

 The fuel consuming engine has stopped running 

 VESi has returned to the same or lower level as before the engine started 

 QESi has returned to the same or lower level as before the engine started, or 

where applicable, to the same or lower level of QSAi 

QSAi is the energy at the battery at the moment of the further accumulation of De. During 

the first deceleration phase following a start of the fuel consuming engine, if the vehicle 

speed is lower than at the moment when the fuel consuming engine started, the following 

apply: 

 

 The distance covered with engine off is counted as Dei. 

 The increase in electricity balance during this period (ΔQrbi) is recorded. 

 The electricity balance is corrected with ΔQrbi (QSAi = QESi+ ΔQrbi) 

The electric range of the hybrid vehicle therefore is the sum of all the distances where the 

propulsive energy was not produced by the ICE.  

The OVC range is determined using the same driving sequence and the same gear shifting 

points. The minimum state of charge criteria for the battery used for OVC hybrid vehicles 

in the CO2 emissions and fuel consumption testing is used as the end of the test criteria 

for the OVC range test. When the criteria is met, the current cycle is driven to the final 

idling period. The OVC range of the vehicle is the total distance covered in the test. [25] 

 

3.2 United States 

3.2.1 Driving cycles 
In the United States, there are five different legislative tests that are used in the fuel 

economy testing. A set of all the five tests is often referred as the 5-cycle test. For vehicles 

of model year up to 2007, only the first two test cycles are used. These two test cycles 

represent driving on city and highway conditions. Rest of the tests are a high speed test, 

an air conditioning (A/C) test and a cold temperature test. [27] In the 2-cycle testing, the 

fuel economy result is a weighted average of the city and highway tests. The weighting 

factors are 55% for the city driving and 45% for the highway driving test.  [28] 

 

The city test, also known as FTP-75 test, is a variant of Urban Dynamometer Driving 

Cycle (UDDS). It consists of three phases and a hot soak between phases II and III. These 

phases can be seen in Figure 9. Phases I and III are identical, but phase III begins with a 

hot start. Phases I and III last for 505 seconds and phase II lasts for 864 seconds. 

Therefore, total duration without the soak is 1874 seconds, and total length of the driving 

cycle is 17.77 kilometers. The soaking period between phases II and III lasts from 540 to 
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660 seconds.  [18] Exhaust emissions for each phase are sampled to their own separate 

bags and weighted with factors 0.43, 1.0 and 0.57. [40CFR1066.815] 

 

 
Figure 9 FTP-75 driving cycle.  

 

The highway cycle is also known as Highway Fuel Economy Driving Schedule (HFEDS). 

It has a duration of 765 seconds and total distance of 16.45 kilometers. HFEDS can be 

seen in the Figure 10. 

 
Figure 10 Highway Fuel Economy Driving Schedule  
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The A/C test is driven on SC03 driving cycle. SC03 is one of the two driving cycles 

introduced under the name Supplementary Federal Test Procedure (SFTP). [1] The A/C 

test is performed in an ambient temperature of 35° C. The length of the driving cycle is 

5.8 kilometers and the duration is 595 seconds. [3] SC03 driving cycle is presented in 

Figure 11. 

 

 

Figure 11 SC03 driving cycle used in air conditioning test 

 

US06 driving cycle is the other of the two SFTP driving cycles. It was developed to take 

into account more aggressive driving and higher vehicle velocities. Maximum vehicle 

velocity during the US06 cycle is 129.2 km/h. The cycle lasts for 596 seconds and the 

distance travelled during the test is 12.8 kilometers. [3] US06 cycle can be seen in Figure 

12. 
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Figure 12 US06 driving cycle 

  

Gear shifting points during the driving cycles are specified by the manufacturers 

themselves. The gears must be shifted in a way that represents reasonable shifting patterns 

for in-use operation, in terms of variables such as vehicle speed, engine speed etc. The 

shifting schedule used in the tests must be specified in the certification application. If the 

manufacturer in the owner’s manual recommends the customer shifting guidance that 

differs from the way the vehicle is driven in the tests, EPA is allowed to test the vehicle 

according to the guidance of the owner’s manual.  

 

3.2.2 HEVs and PHEVs 
Hybrid electric vehicles are, with slight modifications, tested over the same five tests as 

conventional vehicles. All the tests are charge sustaining, and PHEVs are in addition 

tested over charge depleting tests. Apart from the cold temperature test, the tests are 

performed in the ambient temperature of 20-30° C.  

 

Urban driving is tested on the regular UDDS cycle, whereas conventional vehicles are 

tested on the FTP-75 variant. The UDDS cycle is driven twice, with a 10 ± 1min soak 

between the cycles. The measurements are taken during both cycles.   

 

In the highway tests, the HFEDS driving cycle is driven twice. First cycle is for vehicle 

preconditioning, and therefore exhaust emissions are measured only during the second 

cycle. US06 and SC03 tests are also conducted in the same manner.  

 

The charge sustaining cold start UDDS test consists of following parts: a cold UDDS 

(phases 1 and 2), a 10-min soak with engine off and a 505s hot-start phase (phase 3). The 

measurements are taken during all the three phases. [29] 
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3.2.3 BEV 
Two different test methods exist for electric vehicle testing. They are both defined in the 

SAE standard J1634. In a Single Cycle Test (SCT), vehicle is driven on same, repeated 

driving cycle until the EOT criteria is met. The SCT is the recommended test method for 

vehicles with electric range less than 97 km. For modern BEVs with longer electric 

ranges, a Multi Cycle Test (MCT) has been developed as a less time consuming 

alternative.  

 

In the MCT, a sequence of different standard driving cycles is driven once. The driving 

cycles driven in the MCT are UDDS, HFEDS and a Constant Speed Cycle (CSC). 

Complete MCT sequence with inter-test pauses is present in Figure 2Figure 13. Distance 

driven in the CSCM phase varies on a vehicle basis. The purpose of the constant speed 

phase in the middle of the test is solely to deplete battery energy. Distance of the CSCM 

phase is calculated in a way that CSCE ends up accounting for a maximum of 20 % of the 

total distance of the MCT test. Therefore, for vehicles with lower range capabilities, 

CSCM may be even omitted. In addition to lowering the total time required for the test, 

CSC phase also makes it possible to measure the vehicle performance on both high and 

low SOC levels.  

 

 
Figure 13 Complete MCT sequence 

 

3.3 Japan 

3.3.1 Driving cycle 
JC08 driving cycle was first introduced in the emission and fuel economy testing in 2005. 

After a phase-in period, it has been the only driving cycle used in the tests since 2011. 

The speed trace of the JC08 cycle represents driving in a city environment. The duration 

of the driving cycle is 1204 seconds. Distance covered in this time is 8.171 km, resulting 

in an average velocity of 24.4 km/h. There are several idling periods during the JC08 

driving cycle, and average velocity excluding the idling periods is 34.8 km/h. [3] The 

speed trace of the cycle is presented in Figure 14. 
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Figure 14 The speed trace of the JC08 driving cycle.  

 

3.3.2 Test procedure 
The JC08 driving cycle is driven twice on two separate runs, once with a cold start and 

once with a hot start of the engine. The fuel economy results is a weighted average of the 

two tests. The cold start test is weighted with 25% and the hot start with 75%. Vehicles 

with manual transmission are subject to a predefined gear shifting strategy. [28] 
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4 Worldwide Harmonized Light Vehicles Test 
Procedure (WLTP) 

4.1 Development 

Worldwide Harmonized Light Vehicles Test Procedure (WLTP) has been developed by 

World Forum for the Harmonization of Vehicle Regulations (WP.29) of the UNECE. The 

goal of the development process was to more accurately represent typical real world 

driving conditions around the world.  The development process was based on real world 

in-use data, which was collected from EU countries, Switzerland, India, Japan, Korea and 

USA. The amount of data, number of vehicles and the method of data acquisition varies 

between regions. Also, the collected data was weighted based on current and foreseen 

traffic volumes of each region. Information about the collected data is represented in 

Table 9. Result of the project was a global technical regulation No. 15 (GTR15). [21] [30] 

GTR15 serves as a framework and basis for legislation. Setting of worldwide emission 

limit values was not done, due to the varying conditions in different regions, such as 

different ambient temperatures or population densities.  

 
Table 9 Breakdown of the collected reference data for the WLTP development.  

 
 

4.2 Test procedure 

The WLTP uses power-weight ratio (PWr) to categorize vehicles into classes one, two 

and three. Unladen mass is used as the vehicle weight in the PWr calculations [31]. The 
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specific criteria for categorization can be seen in the Table 10. Furthermore, vehicles 

falling into class three are divided into subclasses a and b, depending on the maximum 

velocity of the vehicle. Hybrid and electric vehicles are automatically considered as class 

3 vehicles regardless of their actual PWr. [1] 

 
Table 10 WLTP vehicle categorization. [31] 

Class PWr Maximum velocity 

Class 1 PWr <= 22 W/kg   

Class 2 22 W/kg < PWr <= 34 W/kg   

Class 3a PWr > 34 W/kg vmax < 120 km/h 

Class 3b PWr > 34 W/kg vmax >= 120 km/h 

 

 

GTR15 currently provides three different methods for determining the road load 

coefficients that are used for simulating the driving resistance on the chassis 

dynamometer. In addition to the usual method of measuring the total resistance on a 

vehicle coast down test, a torque meter may be used to measure the torque on the driven 

wheels at various constant speeds. As an alternative for the measurement methods, it is 

also allowed to calculate estimates for the coefficients based on vehicle parameters. In 

the calculation method the road load force is determined from the following equation: 

 

 𝐹𝑐 = 𝑓0 + 𝑓1 ∗ 𝑣 + 𝑓2 ∗ 𝑣2 (4.1) 
 

For a given vehicle velocity v, the coefficients f0, f1 and f2 are determined according to 

Table 11 below. In the equations TM is the vehicle test mass in kg, v is the vehicle velocity 

in km/h and width and height are vehicle parameters determined according to 6.2 and 6.3 

of ISO 612:1978 standard. [31] 

 
Table 11 Formulae of the road load coefficients [31] 

f0 0.140*TM 

f1 0 

f2 2.8*10^-6*TM+ 0.0170 * width * height 

 

 

If the calculation method is used for determining the coefficients, a coast down test must 

be conducted on the chassis dynamometer to verify the dynamometer settings. [31]  

 

WTLP uses two different values for the vehicle test mass: test mass high (TMH) and test 

mass low (TML). The test masses are calculated according to following formulae: 

 

 𝑇𝑀𝐻 = 𝑀𝑅𝑂 + 𝑂𝑃𝑇 + 25 𝑘𝑔 + 𝑅𝑉𝐿 (4.2) 
 𝑇𝑀𝐿 = 𝑀𝑅𝑂 + 25 + 𝑅𝑉𝐿 (4.3) 

 

In the equations MRO is the mass in running order, OPT is the mass of optional equipment 

and RVL is a representative of vehicle load. For light-duty vehicles, the representative of 

vehicle load is calculated from the equation 

 

 𝑅𝑉𝐿 = 0.15 ∗ (𝐿𝑀 − (𝑀𝑅𝑂 + 25 𝑘𝑔 + 𝑂𝑃𝑇)), (4.4) 

 

where LM is the maximum laden mass of the vehicle. [31] 
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Equations 4.2 and 4.3 show, that the difference between the high and low test masses is 

the weight of optional equipment. Whereas NEDC allowed calculating the vehicle 

reference mass for the vehicle family based on the vehicle model version with the lowest 

weight, the two-mass system takes into account both the worst and best case scenario in 

terms of the required energy to drive the cycle. Generally, the highest cycle energy 

corresponds to the vehicle model version with the highest mass, rolling resistance and 

aerodynamic drag and vice versa. The road load parameters are determined separately for 

both scenarios. Individual vehicles can be interpolated based on these best and worst case 

scenarios, using individual mass, rolling resistance and aerodynamic parameters as 

inputs. [31] 

 

Gear shifting schedule in the WLTP for vehicles with manual transmission is vehicle 

specific. Contrary to the predefined, fixed shifting schedule and gear numbers in the 

NEDC, WLTP provides formulas and a set of rules that are used for calculating the 

shifting schedules for specific vehicles based on vehicle and engine characteristics.  

Ambient temperature of the laboratory test cell has to be 23 ° C, with a tolerance of ± 5   

° C. The target ambient temperature for the soaking area is the same, but with a tolerance 

of ± 3 ° C.  [31]  

 

4.2.1 Electric and hybrid electric vehicles 

All the hybrid and electric vehicles are considered as class 3 vehicles. HEVs are tested 

on the 4-phase WLTP in charge-sustaining mode. PHEVs are tested for three different 

tests. The original 4-phase WLTP is used for both charge-depleting and charge-sustaining 

mode testing. In addition, they are also tested on a charge-depleting city test, which 

consists of only the first two phases. On the charge-depleting test WLTP, consecutive 

WLTCs are driven until the break-off criteria of net energy change (NEC) less than 4 per 

cent is met. Formula for calculating the NEC is 

 

 
𝑁𝐸𝐶 (%) =

𝑅𝐶𝐵 ∗ 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑅𝐸𝐸𝑆𝑆 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑐𝑦𝑐𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑
∗ 100, 

(4.5) 

 

where RCB is the charge balance of the rechargeable electric energy storage system 

(REESS). All-electric range (AER) and AERcity are calculated from the corresponding 

charge-depleting tests as the total distance travelled from the beginning of the test until 

the combustion engine starts to consume fuel. Charge-sustaining test results are corrected 

to correspond to a zero energy balance i.e. RCB = 0.  

 

Pure electric vehicles are tested on both the full WLTC and the 2-phase city test. Electric 

range and consumption is measured on both tests.  

 

4.3 WLTC 

The driving cycle driven in the test depends on vehicle classification and maximum 

velocity of the vehicle. A complete WLTC driving cycle is always a sequence of different 

phases, but this sequence varies. The phases are identified according to the maximum 

velocity during the phase. Generally there are four phases: low, medium, high and extra 

high speed phase. However, these phases also differ between vehicle classes, meaning 

that the low speed phase for class 1 vehicles does not have the same speed trace as the 

low speed phases for class 2 or 3 vehicles. Therefore, in GTR15 the phase names also 

include a subscript indicating the corresponding vehicle class. For example the low speed 
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phase for class 1 vehicles is called Low1. Even though the speed trace of the 

corresponding phases varies, duration of the phases in a same speed group is constant. 

Low speed phases last 589 seconds, medium speed phases 433 seconds, high speed phases 

455 seconds and extra high speed phases 323 seconds. [31] 

 

Class 1 test cycle consists of a phase sequence low-medium-low. Driving cycles for 

classes 2 and 3 include all the four phases i.e. the whole sequence low-medium-high-extra 

high is driven. However, the extra high phase may be excluded. [31] Figure 15 presents 

the speed traces of Class 3a and 3b WLTC.  

 

 
Figure 15 Speed trace of a Class 3a and 3b WLTC [1] 
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5 Simulation setup 
5.1 Software 

All the vehicle simulations were performed with Autonomie[32], a MATLAB-based 

software environment and framework for automotive control system design, simulation 

and analysis. Autonomie has been developed by Argonne National Laboratory, in 

collaboration with General Motors. It has been designed to function as a single tool for 

automotive engineering through the development process from modeling to control. It is 

capable of simulating the energy consumption of various, user configurable powertrain 

configurations and has been widely used both in automotive engineering and research. 

[32], [33]  

 

The vehicle models in Autonomie consist of four systems: 

 

 Environment (ENV) 

 Driver (DRV) 

 vehicle propulsion controller (VPC) 

 vehicle propulsion architecture (VPA) 

 

The VPA system contains the actual powertrain configuration and all the components of 

the vehicle with their own controllers. The VPC system is a vehicle level controller, which 

is mainly used in hybrid and plug-in hybrid models. However, it is also required for 

conventional vehicles to provide start-stop-functionality and regenerative braking. [34] 

The relationship between the main systems is shown in Figure 16.  
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Figure 16 Vehicle model top-level layout in Autonomie [34] 

 

5.2 Selected vehicles 

Thirteen vehicles were chosen as reference vehicles for the vehicles modeled in the 

Autonomie for the simulations. All the simulated vehicle models have been built based 

on actual vehicles available on the European vehicle market. Another option would have 

been to use made up vehicle models that would have represented typical, average vehicle 

configurations. However, using specific vehicle references and basing the models on the 

real data makes it possible to verify the simulation results on actual dynamometer tests. 

Also, using real vehicles in the simulations may make the simulation results more 

intuitive from the reader’s perspective. Most of the vehicle data and specifications were 

collected from the data presented by the different vehicle manufacturers or retailers. Data 

availability set some limitations for the vehicle selection. On some cases, some parts of 

missing data has been collected from online databases. The vehicle selection was also 

somewhat guided by utilizing the already existing component models in the Autonomie. 

This was mostly affecting the selection of conventional vehicles, which were selected in 

a way that a representative engine model existed. The vehicles were selected in a way that 

all the major powertrain architecture concepts are represented. The set of vehicle models 

is composed of four diesel vehicles, three gasoline vehicle, two HEVs, two PHEVS, one 

electric vehicle and one fuel cell vehicle. Most of the selected vehicles are medium size 

cars, i.e. they represent the C-segment of the European vehicle market. Respective 

category in the US market would be compact cars. Three vehicles are smaller cars from 

the B-segment and three vehicles are from the D-segment. Some of the selected vehicles 



34 

 

were available equipped with a manual or an automatic transmission. When possible, both 

configurations were selected to compare how the transmission affects the energy 

consumption. The simulated vehicles including their corresponding vehicle model of 

reference data are present in the Table 12 below. 

 
Table 12 List of the selected reference vehicles 

Vehicle Type Simulation model Segment 

Conventional Automatic Diesel 2.0L DI_DCT_C C 

Conventional Manual Diesel 2.0L DI_M_C C 

Conventional Automatic Diesel 1.6L DI_DCT_B B 

Conventional Manual Diesel 1.6L DI_M_B B 

Conventional Manual Gasoline 1.0L G_M_C2 C 

Conventional Automatic Gasoline 2.0L G_A_C C 

Conventional Manual Gasoline 2.0L G_M_C C 

HEV HEV_D D 

HEV HEV_B B 

PHEV PHEV_C C 

PHEV PHEV_D D 

EV EV_C C 

FCV FCV_C C 

 

 

5.2.1 Parametrization 
In order for the simulation results to realistically represent the energy consumption 

differences between the current legislative driving cycles and the WLTC, the behavior of 

the vehicle models must be similar to the behavior of the real vehicles on the driving 

cycles. Two key elements in ensuring this are parametrization of the vehicle models 

according to the technical data presented by the manufacturers and including all the 

required fuel consumption related technologies, such as auto start-stop or regenerative 

braking, into the models.  

 

Most of the vehicle parameters are directly from data sheets and brochures that are 

available on the websites of the manufacturers and retailers. Some data had to be gathered 

from different online catalogues or estimated. When it comes to aerodynamics, vehicle 

data sheets tend to only provide the drag coefficient. Therefore, most of the vehicle frontal 

areas have been estimated. According to an analysis by EPA, the frontal area of a vehicle 

can be estimated with the following formula: 

 

 𝐴 = 0.8 ∗ ℎ𝑒𝑖𝑔ℎ𝑡 ∗ 𝑤𝑖𝑑𝑡ℎ [35] (5.1) 
 

As all the selected vehicles are available or to be available at the European vehicle market, 

the official vehicle type approval consumption values on the NEDC were chosen to be 

the reference for the vehicle target performance. In addition to combined consumption 

over the whole NEDC, for most of the vehicles separate consumption values were also 

available for the city and urban phases. This was valuable information for observing the 

behavior of the simulation models and helpful for fine tuning the parametrization.  
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Parameters such as rolling resistance and the power required by electric accessories 

allowed some flexibility for the vehicle modeling, although the effect of the constant 

power loss from only necessary electric accessories is minimal. Vehicle type approval 

testing is usually performed with low rolling resistance tires. However, none of the 

manufacturers specified the actual rolling resistance of the tires used. The rolling 

resistances of the tires are also dependent on the tire pressure. Rolling resistance used in 

the simulations was decided to be 0.008, which corresponds to a fuel efficiency class C 

[36]. Exception was made with the B-class HEV, which features smaller tires. Therefore, 

it was simulated with a rolling resistance of 0.007. Tire models in Autonomie suggest 

also using a velocity dependent component of the rolling resistance. However, rolling 

resistance can be considered to be quite constant up to a velocity of 100 to 120 km/h 

before it starts to slowly increase [37]. Because the highest speed on the NEDC is 120 

km/h, and the highest speed on the WLTC is also only slightly over 130 km/h, the velocity 

dependent increase of the rolling resistance was considered insignificant and therefore 

the parameter was omitted.  

 

Test weight for each vehicle was determined according to the R83 regulation. The NEDC 

test weight look-up table is presented in the Figure 17. The weight category is selected 

based on a vehicle reference mass, which has been defined to be unladen mass of the 

vehicle increased by 100 kg. Unladen mass is the mass of the vehicle in running order, 

without driver, passengers or load but with the fuel tank 90 per cent full.  
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Figure 17 Vehicle test weight lookup table for European test procedures. [26] 

 

There are several factors affecting the energy consumption of a vehicle on the NEDC test 

cycle. The way these factors affect the consumption varies. Some of them affect only the 

city driving phase, whereas some of them have a stronger effect on the extra-urban phase.  

All the idle periods in the NEDC are during the city driving. Therefore, the start-stop 

system can only be utilized during the city driving part. Also, the idling periods increase 

the share of accessories in the energy consumption. Fuel consumption during the 

relatively long constant speed phases of the ECE is highly dependent on the engine 

efficiency. For vehicles with automatic transmissions this is not an issue, as the vehicle 

controller is allowed to freely select the best gear. However, vehicles with manual 

transmissions are to be driven using the predefined shifting schedule. Therefore, the 

powertrain is forced into a specific gear ratio and engine can not necessarily be used in 

the area of best efficiency.  

 

EUDC part of the test introduces higher velocities compared to the city driving. 

Therefore, the velocity dependent factors are more important. The most significant 

velocity dependent factor is the effect of aerodynamic drag. Magnitude of the 

aerodynamic drag depends on the frontal area of the vehicle and the drag coefficient. For 
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all the simulated vehicles, the values of frontal area have been estimated based on the 

outer dimensions of the chassis. Also, some of the drag coefficients are estimates as well.  

 

5.2.2 Models 
All of the simulated conventional vehicles featured a start-stop functionality and were 

capable of energy regeneration. Therefore, they should be considered as micro-hybrids. 

The drivelines are powered by either a diesel or a gasoline ICE. Automatic models 

DI_DCT_C and DI_DCT_B feature dual clutch transmissions. The G_A_C has an 8-

speed automatic transmission. An example of the propulsion architecture of a simulated 

conventional vehicle is presented in Figure 18.  

 

Figure 18 Vehicle propulsion architecture of a conventional (micro-hybrid) vehicle with manual 

transmission. First row: ICE, mechanical accessories, clutch, gearbox, final drive, wheels, chassis. 

Second row: battery, motor (generator). Third row: power converter, electric accessories. 

 

The simulated HEVs were representatives of two vehicle segments: D-segment and 

significantly smaller B-segment. Although the component specifications between them 

vary, they share the same powertrain configuration in principle, both featuring a 

transmission fundamentally resembling a continuously variable transmission (CVT). 

 

 
Figure 19 Vehicle propulsion architecture of a hybrid electric vehicle. First row: battery, power 

converter, motor. Second row: engine, mechanical accessories, planetary gear, final drive, wheels, 

chassis. Third row: motor, torque coupler. Fourth row: power converter, electric accessories.  
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The EV_C model represents the electric vehicles in the simulations. As the drivelines of 

all electric vehicles are very similar and the performance on the tests is highly dependent 

on the battery, having only one EV representative was considered sufficient. The driveline 

of the EV is presented in Figure 20. 

 

 
Figure 20 Vehicle propulsion architecture of an electric vehicle. First row: battery, motor, torque 

coupler, final drive, wheels, chassis. Second row: power converter, electric accessories. 

 

PHEVs represented two different driveline configurations. Driveline of the PHEV_D is 

technically similar to the HEV driveline, which is presented in Figure 19. Figure 21 

presents the driveline of the other PHEV, which is an Extended Range EV (EREV). 

 

 
Figure 21 Vehicle propulsion architecture of an E-Rev configuration. First row: battery, motor. 

Second row: engine, mechanical accessories, planetary gear, final drive, wheels, chassis. Third row: 

motor. Fourth row: power converter, electric accessories. 

 

Driveline of a fuel cell vehicle resembles closely the EV drivetrain. The electric motor is 

responsible for the vehicle propulsion alone. The electric power for the motor is supplied 

by the battery and the fuel cell unit charging the battery. The FCV drivetrain is presented 

in Figure 22. 
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Figure 22 Vehicle propulsion architecture of a fuel cell vehicle. First row: Fuel cell, power converter, 

battery, motor, torque coupler, final drive, wheels, chassis. Second row: power converter, electric 

accessories. 

 

Vehicle parameters for all the simulated vehicles are presented in Appendix A1. 

 

5.3 Procedures and cycles 

In Autonomie, driving cycles and procedures are defined as processes. A driving cycle 

process itself just simulates the corresponding driving cycle. Procedures include 

additional process steps, such as calculating correct test weights or driving a sequence of 

different cycles. Driving cycles are Matlab arrays containing corresponding speed and 

time vectors. For manual transmission vehicles, a predefined gear shifting schedule may 

be included as well.  

 

Each of the vehicle models was simulated through the test procedure required for type 

approval in Europe, the corresponding fuel economy test procedure in the United States 

and the WLTP. All three test procedures were simulated using the NEDC test mass of the 

vehicle in order to highlight the effect of the driving cycle. Official NEDC results were 

used in vehicle parametrization, which is why NEDC was chosen to be the baseline. For 

vehicles with manual transmission, the gear shifting points provided in the UN regulation 

R83 were used. They have been earlier presented in the tables of Figure 7 and Figure 8. 

PHEVs were simulated, in compliance with the procedures, in charge sustaining and 

charge depleting tests. Electric vehicles were also simulated with appropriate different 

procedures for determination of the electric consumption and electric range. 

 

All of the test vehicles had a power-to-weight ratio higher than 34 W/kg and the top speed 

of the vehicles exceeded 120 km/h. Therefore, the class 3b version of the WLTC was 

used for all the WLTP simulations. At the time of simulations, the latest version of class 

3 WLTC was 5.3, which is the version defined in the GTR 15 [31]. Vehicles with manual 

transmission were simulated with appropriate, calculated gear shift schedules. 

 

Although the 5-cycle test has already been implemented to be used with fuel economy 

labels of new passenger cars in the United States, the simulations in this thesis were run 

on the older 2-cycle test. 2-cycle test is still the regulatory test for CAFE values. 5-cycle 

test procedure would have introduced a cold weather test performed in -7 ° C, and 

extending the cold start estimates was not considered meaningful. 2-cycle test features a 
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city and a highway test, and therefore serves the purpose of comparing the fuel 

consumption values on different driving cycles.  

5.3.1 Reference fuels 

Fuel consumption is dependent of attributes of the fuel used. In Europe, reference fuels 

to be used in the fuel consumption testing are specified in the UN regulation R83. Out of 

the fuel attributes, two parameters had to be defined for the simulations: heating value 

and density. Fuel consumption is first calculated as mass of the fuel required to produce 

the required amount of energy, using the corresponding heating value. To convert the 

mass of the fuel into volume, it is then divided by the fuel density. The R83 regulation 

specifies the density of gasoline to be in a range from 743 kg/m3 to 756 kg/m3. For diesel 

fuel, the allowed range is from 833 kg/m3 to 837 kg/m3. The values in the reference fuel 

specification are given in the temperature of 15° C. [26] However, in this thesis the effect 

of temperature on the fuel density is assumed to be insignificant. As the reference values 

are specified as ranges of allowed values, the specific densities for simulations are 

assumed to be in the middle of the set range. Therefore, the densities used in the 

simulations are 749.5 kg/m3 for gasoline and 835 kg/m3 for diesel fuel. European 

legislation does not provide the heating values for diesel or gasoline. Therefore, the 

heating values for EPA Tier 2 standards are used. To simplify the comparison of the 

simulations, the same densities and heating values are used for all the simulated test 

procedures.  

 

5.3.2 Cold start 

All of the test procedures (NEDC, WLTP, FTP) feature a cold start of the vehicle.  

However, the engine models used in the simulations do not include modeling of the 

thermal behavior of the engine. Cold start of the engine increases fuel consumption by 

increasing friction in the engine and interfering with the combustion [38]. The lack of 

thermal models can be compensated in the fuel economy with a cold start penalty. 

However, there is no consensus about the amount of the penalty and whether it should be 

applied for the whole duration of the driving cycle or only on a specific portion.  

 

Effect of the cold start over a driving cycle depends on two factors: the length of the 

driving cycle and the starting temperature of the engine. The longer the driving cycle is, 

more the effect of warming up the engine evens out. Therefore, the relative effect of the 

cold start is lower for the longer driving cycles. The effect of start-up temperature can be 

considered equal for both the NEDC and WLTC, as the ambient temperatures are 20-30 

° C for the NEDC and 23 ° C for the WLTC. Length of the WLTC is approximately twice 

the length of NEDC. A report by ICCT suggests defining a fuel economy penalty of 12 

% for the whole NEDC (run in the temperature of 23 ° C) and using the ratio of the cycle 

lengths to derive the corresponding percentage for the WLTC. [22] When comparing just 

the total consumptions over the driving cycles, that kind of approach is meaningful. 

However, in this thesis the parametrization of the vehicle models was based on the 

separate fuel consumption values for the city and highway parts of the NEDC. Therefore, 

it has to be accounted for that the warming up of the engine, or at least most of it, happens 

in the city phase. Therefore, the approach used in this thesis was to select one vehicle as 

the baseline for cold start penalty calculation, and use the equal amount of energy for 

warming up all the other engines. We estimated the additional amount of fuel consumed 

due to the cold start to be 10 % for the G_M_C2 vehicle model during the city driving of 

the NEDC. We assumed that the engine has reached the operating temperature in the end 

of the city phase. Based on the 10 per cent total increase of fuel consumption, the amount 
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of gasoline required for the heating of the engine could be calculated. As the heating 

values of gasoline and diesel differ, separate cold start fuel amounts were used for 

gasoline and diesel vehicles. Cold start fuel addition for diesel vehicles was calculated 

from the amount of gasoline with following formula: 

 

 
Δ𝐷𝑖𝑒𝑠𝑒𝑙𝐶𝑆 = Δ𝐺𝑎𝑠𝑜𝑙𝑖𝑛𝑒𝐶𝑆 ∗

𝐿𝐻𝑉𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒

𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙
∗

𝜌𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒

𝜌𝑑𝑖𝑒𝑠𝑒𝑙
, 

(5.2) 

 

 

where LHV is the corresponding lower heating value and ρ is the density of the fuel. 

Constant values used in the calculations are presented in Table 13. 

 

For hybrid vehicles, the cold start fuel amount was calculated separately because their 

engine operation strategy can be independent of the driving situation. The calculation 

method was similar to the calculation of the cold start fuel amount for the baseline 

conventional model, and the calculated values reflect a total consumption increase of 10 

%. 
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5.3.3 Constants and environmental variables 

 
Table 13 Constants and variables used in the simulations and calculations. 

Ambient pressure Pa 1.013*10^5 

Gravity m/s2 9.81 

Gasoline Heating Value MJ/kg 41.9[39] 

Gasoline Density kg/m3 749.5 

Diesel Heating Value MJ/kg 42.9[39] 

Diesel Density kg/m3 835 

EV Charger Eff. % 85 

EV Battery Charging Eff. % 96 

 

Driving resistances in the simulations follow the standard road load equation on even 

ground: 

 

 𝐹𝑟 = 𝐹𝑟𝑟 + 𝐹𝑎𝑖𝑟, (5.3) 
 

Where 𝐹𝑟𝑟 = 𝜇𝑚 and 𝐹𝑎𝑖𝑟 = 0.5𝜌𝐶𝑑𝐴𝑣2.  
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6 Results and discussion 
 

Results for all the simulations are presented in this chapter. First, a comparison of the 

WLTP and NEDC driving cycles is presented. Then, the NEDC results of the simulation 

models are compared to the official European type approval values of the reference 

vehicles. Finally, the simulation results for the NEDC, WLTP and US applicable test 

procedures are presented.  

 

Figure 23 shows the differences between the NEDC and WLTC driving cycles. NEDC is 

synthetic and features a high stop-share. Majority of the cycle consists of phases where 

either acceleration, deceleration or velocity is constant. On the other hand, WLTC is very 

dynamic. It is based on real world driving data and features a peak velocity of 131 km/h, 

whereas peak velocity of the NEDC is only 120 km/h. Although the difference in velocity 

is only 11 km/h, the effect on the aerodynamic drag is significant. Length of the WLTC 

is 23 km, which is over twice as long as the 11 km long NEDC. The key parameters of 

the NEDC and the WLTC are present in Table 14. 

 

 

Figure 23 Comparison of the NEDC and WLTC driving cycles. 

 
Table 14 Key parameters of NEDC and WLTC driving cycles. [40] 

  NEDC WLTC 

duration [s] 1180 1800 

distance [km] 11.03 23.27 

average speed [km/h] 33.6 46.5 

maximum speed [km/h] 120 131.3 

stop duration [%] 23.7 12.6 

constant driving [%] 40.3 3.7 

acceleration [%] 20.9 43.8 

deceleration [%] 15.1 39.9 

average positive acceleration [m/s2] 0.59 0.41 

maximum positive acceleration [m/s2] 1.04 1.67 

average positive “speed·acceleration” [m2/s3] 1.04 1.99 

maximum positive “speed·acceleration” [m2/s3] 9.22 21.01 

average deceleration [m/s2] −0.82 −0.45 

minimum deceleration [m/s2] −1.39 −1.50 
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6.1 Comparison of simulation results to reference vehicles 

For conventional and fuel cell vehicles, separate results are provided for city, highway 

and combined consumptions. Hybrid and plug-in hybrid vehicles are observed only in 

terms of combined consumption, as variating strategies have a strong effect on how the 

consumption spreads over the city and highway phases.  

 

The obtained simulation results are, in respect to all the possible error sources, great. The 

average error in terms of combined consumption is only 0.89 % for all the simulation 

models in comparison to the reference values. Average errors for the conventional vehicle 

models are 1.1 % for the city consumption, 0.2 % for the highway consumption and 0.9 

% for the combined consumption. NEDC simulation results for the conventional vehicles 

are presented in Figure 24 and Table 15. Corresponding reference values are also shown 

in the same table. Fuel consumption of the G_M_C (gasoline, manual, C-class) model 

deviated 5.2 % from the corresponding reference vehicle for the combined NEDC cycle. 

The city consumption was 7.2 % higher. For rest of the models the combined 

consumptions varied in between -1.1 % and 2.6 %. Consumptions for the separate city 

and highway phases varied in between -3.5 % and 3.2 %.  

 

 

 
Figure 24 Reference comparison for the conventional models. 
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Table 15 Reference comparison results for conventional vehicles. L/100km. 

  Reference vehicle Simulation model Difference 

Model ECE EUDC NEDC ECE EUDC NEDC ECE EUDC NEDC 

DI_DCT_C 5.5 4.4 4.8 5.31 4.48 4.78 -3.5 % 1.8 % -0.3 % 

DI_M_C 5.0 4.0 4.4 5.13 3.90 4.35 2.7 % -2.6 % -1.1 % 

DI_DCT_B 4.0 3.4 3.6 3.96 3.33 3.56 -1.0 % -2.2 % -1.1 % 

DI_M_B 4.0 3.1 3.4 3.97 3.03 3.38 -0.7 % -2.3 % -0.7 % 

G_M_C2 5.8 4.2 4.8 5.98 4.25 4.89 3.1 % 1.2 % 1.8 % 

G_A_C 7.0 4.7 5.5 7.01 4.85 5.64 0.1 % 3.2 % 2.6 % 

G_M_C 7.9 5.1 6.1 8.47 5.22 6.42 7.2 % 2.4 % 5.2 % 

 

 

Figure 25 and Table 16 present the NEDC reference values and simulate consumptions 

for the HEV and PHEV models. Combined consumptions for both HEV models are 5-

6% higher than the corresponding reference values, whereas the C-class PHEV consumes 

8.9 % less fuel in comparison to the reference. The D-class PHEV falls in between with 

a consumption difference of -2.5 %. The higher consumption of the HEV models is 

probably due to the energy management strategy of the simulation models. The strategy 

used in simulations is a general, rule-based power-split control strategy which is not 

specifically tuned for these specific vehicles. The lower consumption of the PHEV_C 

(PHEV, C-class) can be explained by the different drivetrain technology. PHEV_C 

features an E-Rev drivetrain, where the combustion engine is always driven on the area 

of best efficiency.  

 

Figure 25 Reference comparison of the hybrid vehicles (HEV and PHEV). 
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Table 16 Reference comparison results for the hybrid vehicles (HEV and PHEV). L/100km. 

  Reference Simulation Difference 

Model NEDC NEDC NEDC 

HEV_D 3.9 4.12 5.6 % 

HEV_B 3.3 3.48 5.6 % 

PHEV_D 2.1 2.05 -2.5 % 

PHEV_C 1.2 1.09 -8.9 % 

 

 

NEDC results for the EV are present in Table 17. The C-class EV simulation model 

consumes 6 Wh more energy per driven kilometer compared to the reference vehicle, 

resulting in a 4.0 % higher consumption. However, despite the higher electric 

consumption, the measured electric range is 3.5 % longer. This discrepancy can be 

explained by the procedure of the energy consumption calculation in which e.g. charging 

efficiency is taken into account. 

 

In the type approval procedure, the electric range and electric consumption are measured 

from two separate tests. When testing the electric range, multiple consecutive NEDCs are 

driven, whereas the electric consumption is tested over a single NEDC. In the beginning 

of a full charge test, a portion of the regenerative energy could be lost if the battery current 

is limited in high SOC (state-of-charge) levels. Furthermore, the charging of the battery 

is less efficient near full SOC. For a single cycle, the effect is more significant, which 

results in the measured electric consumption to be higher than what calculations based on 

the battery capacity and electric range would give. Also, it must be noted that the type 

approval consumption values take into account charging losses, both from the battery 

charger itself and the battery being charged. 

 

 
Table 17 Reference comparison of the EV model. 

  Reference vehicle Simulation Difference 

Range [km] 199 206 3.5 % 

Electric consumption [Wh/km] 150 156 4.0 % 

 

 

NEDC consumption of the FCV simulation model is shown in the Table 18. The 

simulation results were close to the reference value, simulation resulting only in a 1.3 % 

higher consumption compared to the specified reference. 

 

 
Table 18 Reference comparison of the FCV. Kg/100km. 

  Reference vehicle Simulation Difference 

FCV_C 0.76 0.77 1.3 % 

 

 

6.2 Sensitivity analysis 

Sensitivity analysis was conducted to analyze the effect of estimated model parameters. 

The simulations were carried out in the NEDC cycle and the combined fuel consumption 

was used as the reference result value. Parameters covered in the analysis were constant 

power of the electric accessories, rolling resistance and frontal area. These parameters 

were altered one parameter at a time for two vehicle models, first one representing a C-
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class gasoline powered vehicle with a manual transmission and the second one being a 

D-class HEV. The simulations were performed with the engine being warm. Power of the 

electric accessories was tested on two fixed values, 400W and 800W. Rolling resistance 

and frontal area were decreased and increased by 10 % from the corresponding baseline 

values. Values for the parameters are present in the  

Table 19 below. 

 
 

Table 19 Sensitivity analysis parameters and their values. 

Model Parameter Base Value 1 Value 2 

G_M_C2 

Elec. Accessories [W] 240 400 800 

Rolling Resistance [-] 0.008 0.0072 0.0088 

Frontal Area [m2] 2.14 1.926 2.354 

HEV_D 

Elec. Accessories [W] 300 400 800 

Rolling Resistance [-] 0.008 0.0072 0.0088 

Frontal Area [m2] 2.08 1.872 2.288 

 

 

Figure 26 presents the change of fuel consumption relative to the base model fuel 

consumption for each of the parameters. The absolute consumption values can be seen in 

Table 20. A 10 % change in either rolling resistance or frontal area resulted in fuel 

consumption varying in range of ± 3 %. For conventional powertrain, increasing the 

constant power of the electric accessories results in smaller increase in consumption in 

comparison to the hybrid powertrain.  

 

The effect of both rolling resistance and frontal area is relatively small for both powertrain 

configurations. The estimates used for rolling resistances and frontal areas in the 

simulations are well in line with assumptions in other published reports. For example, 

Argonne National Laboratory has estimated a typical midsize vehicle to have a rolling 

resistance of 0.008, frontal area 2.372 m2 and a drag coefficient of 0.311 [41]. The effect 

of drag coefficient is identical to the effect of frontal are, as can be seen from the formula 

of driving losses (equation 5.3). 

 

The impact of accessory load is significant for the hybrid configurations. Accessory load 

of 400 watts resulted in an increase of fuel consumption of 0.5 % for the conventional 

powertrain and 2.4 % for the hybrid powertrain. The increase of accessory load was 67 

% for conventional, and 34 % for hybrid powertrain in relation to the reference accessory 

loads.  The baseline accessory load was already slightly higher for the hybrid model. 

Accessory load of 800 watts resulted in an increase of almost 9 % for the conventional 

nearly 16 % for the hybrid powertrain. However, especially in a test environment where 

the manufacturers strive for small consumption and all the non-necessary components are 

generally disconnected, it should be safe to assume that the accessory load will always be 

a lot lower. The 800-watt accessory load would correspond to a driving in harsh 

conditions e.g. hot weather conditions when air conditioning would be needed. 

 

In general, the impact of the parameters of the sensitivity analysis is on a level that should 

there be small inaccuracy in the parameter estimations, the simulation results will 

regardless remain reliable. The vehicle models are, even though modeled in accordance 

to specific reference vehicles, in the end of the day representatives of various vehicle 

types and segments. Also, the effect of different driving cycles is analyzed for each 
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vehicle model separately. Therefore, the impact of small systematic errors can be 

considered to be minimal.  

 

Figure 26 Sensitivity analysis results in relation to the baseline. 

 
Table 20 Absolute results of the sensitivity analysis 

Model Base EA1 EA2 
RR 
-10% 

RR 
+10% 

FA  
-10% 

FA 
+10% 

G_M_C2 4.45 4.47 4.83 4.38 4.54 4.35 4.56 

HEV_D 3.75 3.85 4.35 3.62 3.84 3.64 3.84 

 

 

6.3 Comparison of results between NEDC, WLTP and US tests 

Conventional vehicles, HEVs and the FCV were simulated on NEDC, WLTP and the US 

2-cycle test, which is the regulatory test used for CAFE values. EV was simulated on 

NEDC, WLTP and MCT. Simulations of the PHEVs on US test procedures were omitted, 

because the final results for the PHEV simulations are highly dependent on the weighting 

system used. For comparison, NEDC and WLTP results were weighted using the NEDC 

calculation formulas, as utility factors for the WLTP are still under development.  

 

All the simulations were performed with a warm engine and with an engine coldstart. 

However, for EV and FCV the effect of coldstart was assumed to be negligible.  

Conventional and HEV results are shown in the Figure 27 and Figure 28. Results for EV 

and FCV simulations are presented in Table 21 and Table 22, respectively. PHEV results 

are discussed in the next chapter.   
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Figure 27 Simulation results for NEDC, WLTP and the US 2-cycle test for warm engine. 

 

 
Figure 28 Simulation results for NEDC, WLTP and the US 2-cycle test for with a coldstart of the 

engine. 
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Table 21 presents the simulation results for the NEDC, WLTP and US MCT. The longest 

driving range was achieved in the US test procedure, which also corresponded for the 

lowest electric consumption. WLTP resulted in a lower electric range in comparison to 

the NEDC, but the electric consumption was also lower. 

 

NEDC and WLTP test procedures are fundamentally different, which is why it is possible 

to achieve a higher range on the NEDC with a higher consumption. As already mentioned 

before, NEDC test results for the range and electric consumption are derived from two 

separate tests. As the consumptions is measured from only one cycle, the increased energy 

losses for a full or nearly full battery more significant. If the EV is only driven for short 

distances between full recharges, this consumption is more accurate. In the WLTP the 

electric consumption is measured from the range test. All of the consumption values 

include charging losses, which are due to the battery charging efficiency and charger 

efficiency.  

 
Table 21 Simulation results for NEDC, WLTP and the US MCT for the EV. 

  NEDC WLTP US (MCT) 

Range [km] 206 182 217 

Electric consumption [Wh/km] 156 152 131 

 

 

FCV results are shown in the Table 22. WLTP consumption was 7.8 % higher than the 

NEDC consumption, whereas the US 2-cycle simulation resulted in a 3.9 % lower 

consumption.  

 
Table 22 Simulation results for NEDC, WLTP and the US 2-cycle test for the FCV. 

  
NEDC 

[kg/100km] 
WLTP 

[kg/100km] 
US 2-cycle 

[kg/100km] 

FCV_C 0.77 0.83 0.74 

 

 

6.4 Moving from NEDC to WLTP 

Figure 29 shows that the majority of the conventional vehicle models consumes around 5 

% more fuel on the WLTC compared to the NEDC. However, this increase evens out 

when the engine is started cold. HEVs and PHEVs, in general, tend to consume 

significantly more fuel on the WLTC. The highest increase of consumption from NEDC 

to WLTC is for the D-segment PHEV, which consumed over 35 % more. For reference, 

Figure 30 presents the corresponding consumption differences for the comparison 

between the US driving cycles and the NEDC. The comparison shows that in general all 

the vehicle models consume less energy on the US test cycles. Although the weighting 

factors used in the US test procedures make comparing the results impractical, the results 

clearly emphasize the role of the driving cycle.  

 

There are several factors causing difference in the consumptions. NEDC features more 

frequent and longer idle phases. This means that the start-stop of the engine can be utilized 

more, lowering the NEDC consumption. The reason for the cold start simulations to 

generally yield lower results lies in the distance difference of the driving cycles. As the 

WLTC is longer than NEDC, the additional fuel that is consumed in order to heat up the 
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engine gets divided for a longer distance, resulting in the consumption values favoring 

the WLTC.  

 

Both of the HEVs consume significantly more fuel on the WLTC, but the smaller C-

segment HEV is especially inefficient consuming 24 % more. One of the main reasons 

why the HEVs perform worse on the WLTC is that the hybrid vehicles generally have 

smaller combustion engines. The more aggressive driving cycle and higher peak velocity 

are pushing the small engines to the limit. In addition, the benefits of the hybridization 

can be utilized better on the NEDC, which widens the cap between the consumptions on 

NEDC and WLTC. 

 

The PHEV results are indicating that there clearly is an increase of consumption when 

moving from NEDC to WLTC. It is important to notice, however, that the calculation 

method for defining the consumptions from the two-stage test procedures may treat the 

driving cycles unequally. The charge-sustaining consumptions are out of hand 

comparable, but the charge-depleting consumptions need to be taken with a grain of salt. 

In both cases, NEDC and WLTP, the charge-depleting test is ended when a certain criteria 

is met, and the results are calculated to the end of the last complete cycle. Therefore, the 

charge-depleting consumption that is used in the weighting calculations not only on the 

use of the combustion engine but also on how the data gets cut. In addition, cutting of the 

data into full cycles may result in a lower OVC range, which is as well used for the 

weighting. The longer the OVC range is, the higher weight is on the charge-depleting 

consumption. 

 

Simulation results showed heavy variance within PHEVs, as the C-segment PHEV 

consumed only 11 % more on the WLTC. One explanatory factor is the drivetrain 

configuration, as the PHEV_C is an EREV, meaning that there is no physical connection 

between combustion engine and the driving wheels. The combustion engine is always 

driven on the area of best efficiency and the more aggressive driving cycle therefore does 

not have as drastic effect as for other hybrids. 
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Figure 29 WLTP consumptions as a percentage relative to the NEDC values. 

 

 

 
Figure 30 US consumptions relative to the NEDC values.  
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7 Conclusions 
In this chapter, conclusions are drawn based on the conducted simulations, information 

from literature and the related studies. 

 

Transition from the current NEDC-based test procedure to the WLTP will alter the current 

regulatory consumption values because of two factors. First, the change of the driving 

cycle from the synthetic NEDC to the more dynamic WLTC. The simulation results 

indicate that the effect of the different driving cycle is highly dependent on the drivetrain 

configuration of the tested vehicle.  

 

 For conventional vehicles with start-stop and regenerative braking, the effect of 

the driving cycle is only moderate. Vehicles with manual transmissions will 

benefit the change of the cycle slightly more than their automatic counterparts. 

 HEVs will face significantly higher consumption values on the WLTC. The 

increase is furthermore dependent on component sizing, and the results suggest 

that the increase is more drastic for HEVs with smaller ICEs.  

 PHEVs will also suffer from the new driving cycle. Simulations indicate that the 

consumption increases less for EREV technology. 

 

The second factor in the transition is that the new test procedure will introduce more 

realistic weights for the tested vehicles. NEDC has made it possible to test the vehicle in 

the lightest available configuration, whereas in WLTP the vehicles will be tested with the 

actual optional equipment equipped. Also, an additional weight proportional to the 

maximum allowed load will be included. Therefore, the test weights will in general 

increase, inevitably increasing consumption. Simulations for this thesis were all 

performed according to the NEDC test weight. A report by ICCT estimates the average 

increase of test mass to be 125 kg, which would result in a 3.5 % increase in consumption. 

Combining the effects of the new driving cycle and increased test weight, one can assume 

that the consumption will increase for all vehicle configurations.  

 

The achieved simulation results are similar to the results other studies have suggested. 

The conventional models are especially well in line with other simulations. The HEV 

consumptions on the WLTC are slightly higher compared to the results from other 

sources, but they are subject for high variation from slightly different strategies and 

differences in configurations. Overall, in respect to the previous studies, the obtained 

results in this study can be considered reliable and well founded. 

 

Vehicle simulation is a powerful tool for studying the various factors affecting the fuel 

consumption. However, the results must always be treated carefully. The simulation 

results are strongly dependent on the input data, and all the uncertainties in the input is 

reflected in the results. Although the simulation results are accurate for the given vehicle 

models, extrapolating the results for other vehicles must be done with caution. It is also 

important to notice that although the simulated vehicle models are parametrized 

according to specific reference vehicles, they feature certain assumptions. These 

assumptions were well in line with other related studies and their effect was studied with 

a sensitivity analysis. However, the vehicle models should be viewed as typical example 

vehicles, and the results are indicative. HEVs and especially PHEVs feature complicated 

strategies, which are to full extent known only by the manufacturer and can strongly affect 

the performance of the vehicle on different situations.  
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Although the new test procedure is expected to widen the gap between consumptions 

measured in a laboratory and consumptions faced in general traffic conditions, neither the 

test measurements taken in a laboratory or these simulations take into account driver 

interaction. Driver behavior is a major factor affecting energy consumption of a vehicle, 

and therefore assumptions about consumption values in general traffic conditions should 

not be made based on the obtained simulation results. 

 

For future research, simulations with the actual WLTP test masses should be conducted. 

This would require more examination of actual vehicles to get information about the 

masses of the different optional equipment. Along with these simulations, supporting the 

simulations with actual dynamometer tests of the same vehicles as used in the simulations 

would provide valuable information and allow even better verification of the models. 

Furthermore, studying the manual transmission vehicles after the introduction of WLTP 

could provide interesting results. As the NEDC featured fixed gear shifts and long 

constant speed periods, it has been possible to optimize the gear ratios to reach optimal 

engine efficiency on these periods. On the WLTP, the optimization has to be considered 

overall, and not only on specific operation points.  
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Appendix A1: Autonomie vehicle model parameters  
Parameters marked with gray have been estimated. 

 

Model G_M_C 

Test mass [kg] 1590 

Engine   

Power [W] 185000 

Displacement [cm^3] 1998 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 240 

Battery   

Number of cells 42 

Number of modules 1 

Initial SOC [%] 58.1817 

Maximum SOC [%] 100 

Minimum SOC [%] 30 

Motor   

Maximum power [W] 12000 

Clutch/Torque converter   

Lock threshold [rad/s] 5 

Gearbox   

Gear ratios 0 4.551 2.548 1.659 1.23 1 0.83 

Final Drive   

Ratio 3.385 

Wheels   

Size 225/50 R17 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.3284 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.29 

Frontal area [m^2] 2.07 
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Model G_A_C 

Test mass [kg] 1590 

Engine   

Power [W] 185000 

Displacement [cm^3] 1998 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 240 

Battery   

Number of cells 42 

Number of modules 1 

Initial SOC [%] 70.3569 

Maximum SOC [%] 100 

Minimum SOC [%] 30 

Motor   

Maximum power [W] 12000 

Clutch/Torque converter   

Lock threshold [rad/s] 40 

Gearbox   

Gear ratios 0 5 3.2 2.143 1.72 1.314 1 0.822 0.64 

Final Drive   

Ratio 2.813 

Wheels   

Size 225/50 R17 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.3284 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.29 

Frontal area [m^2] 2.07 
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Model G_M_C2 

Test mass [kg] 1360 

Engine   

Power [W] 92000 

Displacement [cm^3] 1000 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 240 

Battery   

Number of cells 42 

Number of modules 1 

Initial SOC [%] 58.2723 

Maximum SOC [%] 100 

Minimum SOC [%] 30 

Motor   

Maximum power [W] 12000 

Clutch/Torque converter   

Lock threshold [rad/s] 5 

Gearbox   

Gear ratios 0 3.727 2.048 1.357 1.032 0.821 0.69 

Final Drive   

Ratio 4.07 

Wheels   

Size 205/55 R16 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.31595 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.3 

Frontal area [m^2] 2.14 
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Model DI_M_B 

Test mass [kg] 1130 

Engine   

Power [W] 66000 

Displacement [cm^3] 1422 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 240 

Battery   

Number of cells 42 

Number of modules 1 

Initial SOC [%] 77.9202 

Maximum SOC [%] 100 

Minimum SOC [%] 30 

Motor   

Maximum power [W] 12000 

Clutch/Torque converter   

Lock threshold [rad/s] 5 

Gearbox   

Gear ratios 0 3.78 1.94 1.19 0.82  0.63 

Final Drive   

Ratio 3.688 

Wheels   

Size 185/60 R15 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.3015 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.316 

Frontal area [m^2] 2.03 
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Model DI_DCT_B 

Test mass [kg] 1250 

Engine   

Power [W] 66000 

Displacement [cm^3] 1422 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 240 

Battery   

Number of cells 42 

Number of modules 1 

Initial SOC [%] 81.4834 

Maximum SOC [%] 100 

Minimum SOC [%] 30 

Motor   

Maximum power [W] 12000 

Clutch/Torque converter   

Lock threshold [rad/s] 5 

Gearbox   

Gear ratios 
0 3.5 2.09 1.34 0.93 0.70568 0.56745 

0.47288 

Final Drive   

Ratio 4.44 

Wheels   

Size 185/60 R15 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.3015 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.316 

Frontal area [m^2] 2.03 
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Model DI_M_C 

Test mass [kg] 1470 

Engine   

Power [W] 110000 

Displacement [cm^3] 1997 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 240 

Battery   

Number of cells 42 

Number of modules 1 

Initial SOC [%] 58.1395 

Maximum SOC [%] 100 

Minimum SOC [%] 30 

Motor   

Maximum power [W] 12000 

Clutch/Torque converter   

Lock threshold [rad/s] 5 

Gearbox   

Gear ratios 0 3.583 1.864 1.156 0.816 0.644 0.536 

Final Drive   

Ratio 3.688 

Wheels   

Size 205/55 R16 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.31595 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.31 

Frontal area [m^2] 2.35 
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Model DI_DCT_C 

Test mass [kg] 1590 

Engine   

Power [W] 110000 

Displacement [cm^3] 1997 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 240 

Battery   

Number of cells 42 

Number of modules 1 

Initial SOC [%] 80.0000 

Maximum SOC [%] 100 

Minimum SOC [%] 30 

Motor  

Maximum power [W] 12000 

Clutch/Torque converter   

Lock threshold [rad/s] 5 

Gearbox   

Gear ratios 0 3.583 1.864 1.194 0.829 0.674 0.54 

Final Drive   

Ratio 3.933 

Wheels   

Size 205/55 R16 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.31595 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.31 

Frontal area [m^2] 2.354 
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Model HEV_B 

Test mass [kg] 1130 

Engine   

Power [W] 57000 

Displacement [cm^3] 1479 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 300 

Battery   

Number of cells 72 

Number of modules 1 

Initial SOC [%] 64.6229 

Maximum SOC [%] 90 

Minimum SOC [%] 50 

Motor   

Maximum power [W] 45000 

Motor 2   

Maximum power [W] 10100 

Final Drive   

Ratio 2.64 

Wheels   

Size 175/65 R15 

Rolling resistance coeff1 [-] 0.007 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.3177 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.286 

Frontal area [m^2] 2.05 
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Model HEV_D 

Test mass [kg] 1360 

Engine   

Power [W] 73000 

Displacement [cm^3] 1798 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 300 

Battery   

Number of cells 168 

Number of modules 1 

Initial SOC [%] 63.1125 

Maximum SOC [%] 90 

Minimum SOC [%] 20 

Motor   

Maximum power [W] 58000 

Motor 2   

Maximum power [W] 45000 

Final Drive   

Ratio 4.059 

Wheels   

Size 195/65R15 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.31725 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.25 

Frontal area [m^2] 2.08 
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Model PHEV_C 

Test mass [kg] 1700 

Engine   

Power [W] 63000 

Displacement [cm^3] 1497 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 400 

Battery   

Number of cells 288 

Number of modules 3 

Initial SOC [%] 90.0000 

Maximum SOC [%] 100 

Minimum SOC [%] 20 

Motor   

Maximum power [W] 86000 

Motor 2   

Maximum current [A] 764.0878701 

Maximum power [W] 80000 

Final Drive   

Ratio 2.161 

Wheels   

Size 215/55 R17 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.317 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.3 

Frontal area [m^2] 2.25084066 
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Model PHEV_D 

Test mass [kg] 1470 

Engine   

Power [W] 73000 

Displacement [cm^3] 1798 

Mech. Accessories   

Additional engine speed [rad/s] 10 

Power [W] 0 

Minimum speed of rotation [rad/s] 52.35 

Elec. Accessories   

Power [W] 300 

Battery   

Number of cells 56 

Number of modules 1 

Initial SOC [%] 100.0000 

Maximum SOC [%] 100 

Minimum SOC [%] 20 

Motor   

Maximum power [W] 60000 

Motor 2   

Maximum power [W] 42000 

Final Drive   

Ratio 4.059 

Wheels   

Size 195/65 R15 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.31725 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.25 

Frontal area [m^2] 2.08 
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Model EV_C 

Test mass [kg] 1590 

Elec. Accessories   

Power [W] 400 

Battery   

Number of cells 192 

Number of modules 2 

Initial SOC [%] 100.0000 

Maximum SOC [%] 95 

Minimum SOC [%] 10 

Motor   

Maximum power [W] 80000 

Final Drive   

Ratio 8 

Wheels   

Size 205/55 R16 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.31595 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.3 

Frontal area [m^2] 2.1948 
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Model FCV_C 

Test mass [kg] 1810 

Elec. Accessories   

Power [W] 400 

Battery   

Number of cells 204 

Number of modules 1 

Initial SOC [%] 69.5740 

Maximum SOC [%] 90 

Minimum SOC [%] 20 

Motor   

Maximum power [W] 113000 

Final Drive   

Ratio 3.478 

Wheels   

Size 215/55 R17 

Rolling resistance coeff1 [-] 0.008 

Rolling resistance coeff2 [1/(m/s)] 0 

Rolling resistance coeff3 [1/(m/s)^2] 0 

Rolling resistance coeff4 [1/(m/s)^3] 0 

Theoretical radius 0.345 

Radius correction factor 0.95 

Chassis   

Coefficient of drag 0.29 

Frontal area [m^2] 2.22 
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