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1 Introduction 
1.1 Context 
When purchasing a new passenger vehicle, there are several reasons why a consumer may be inclined to 

choose a fuel-efficient model. These reasons could include running costs, tax benefits, environmental 

impact, or resale value. Although vehicle manufacturers are obliged to supply official fuel consumption 

data, legislation dictates that the consumption must be measured over a standardised test cycle. This test 

cycle often has little relation to real world vehicle usage.  

As a result, the official fuel consumption numbers severely underestimate real-world fuel consumption, 

and consequently real-world CO2 emissions (RWCO2).  

Additional information about vehicle fuel consumption (as well as electricity consumption) and emission 

may be helpful when making vehicle purchasing decisions. In order to provide additional information, 

analysis of real-world consumption is necessary to give a better estimation of RWCO2 and real-world 

electricity consumption (RWe). Using this analysis, predictions for CO2 emissions and electricity 

consumption can also be made for new passenger vehicles, based on vehicle properties. Here we present 

a model, Model M1, for predicting RWCO2 and RWe based solely on vehicle properties. Model M1 will be 

expanded later, based on monitoring (Model M2) and physical principals (Model M3). 

Note that fuel consumption and CO2 emission are used interchangeably in this report for fuel combustion 

powered vehicles; Figure 1-1 shows the relation. 

 

Figure 1-1 Relation between fuel consumption, electricity consumption and CO2 emissions within 
the context of model M1 

This model is developed within the project ‘More Information Less Emissions – Empowering Consumers for 

a Greener 21st Century’ (MILE21,1 see also www.mile21.eu). MILE21 aims to develop a platform via which 

 
1  MILE21 is a project co-financed by the LIFE+ program of the European Union, agreement number LIFE17 

GIC/GR/000128 
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drivers can investigate the fuel consumption and emissions of vehicles on the European market. The values 

for fuel consumption and emission on the platform will be provided via quantitative models, type-approval 

vehicle property data, and (later in the project) large-scale real-world emission data. This large-scale data 

will be obtained via on-board measurement data, as well as by encouraging consumers to monitor and 

share their own vehicle’s fuel consumption via an online environment. 

  
 

1.2 Real-world consumption data 
TNO routinely analyses the real-world fuel consumption and real-world electricity consumption of Dutch 

passenger cars based on fuelling data and charging data provided by Travelcard Nederland BV (see also 

www.werkelijkverbruik.nl). 

These analyses have been done for some time (Gijlswijk et al., 2018, 2020; Ligterink et al., 2010, 2013, 

2014, 2015, 2016), and show that real-world fuel consumption and electricity consumption are consistently 

higher than type-approval figures provided by manufacturers. The creation of the Model M1 is based on 

data collected in the Travelcard database, which contains data for around 600,000 vehicles. For a discussion 

of the validity of extrapolating conclusions from this database to the Dutch fleet, see also (Gijlswijk et al., 

2018). 

Travelcard is a fuel card provider based in the Netherlands. The Travelcard fuel cards are used to purchase 

fuel at Dutch fuel stations, as well as at more than 43,000 fuel stations across Europe. Per fuel purchase, 

the amount of fuel purchased and the odometer setting is recorded. The average fuel consumption for 

each vehicle is then calculated by dividing the sum of the fuel purchased by the sum of the kilometres 

driven, as per (Gijlswijk et al., 2018). By matching Travelcard data to registration data from the Dutch road 

vehicle authority RDW, other relevant technical properties are recorded for each vehicle. The frontal area 

of a number of vehicles is included by Travelcard Nederland BV.  

The current scope for Model M1 is petrol, diesel, hybrid, plug-in hybrid and full electric passenger cars with 

a mass (in running order) less than 2200 kg and a build year of 2005 or later. In the Travelcard data there 

are around 226,000 petrol vehicles, 273,000 diesel vehicles, 26,000 petrol hybrid vehicles, 7,000 petrol 

plug-in hybrid vehicles, 2,000 diesel plug-in hybrid vehicles and 3,100 full electric vehicles. The initial model 

was expanded in a second model, delivered in 2021, which allows for further CO2 corrections dependent 

on the driving situation. 

  

http://www.werkelijkverbruik.nl/


2 Guideline for model use 
2.1 Reading guide 
The base model is described in Section 2.2. It can be used to predict the fuel consumption of petrol and 

diesel vehicles, hybrids and plug-in hybrids. Also, the electricity consumption of plug-in hybrids results from 

the same model. 

For full electric vehicles however, a separate model was developed to calculate the electricity consumption. 

This is explained in Section 2.4. 

2.2 Fuel consumption and RWCO2 
The Model M1 is based on the dependence of RWCO2 of mass, build year, and power-to-mass ratio of a 

vehicle. The three variables mass, build year and power-to-mass ratio can be combined to predict CO2 and 

for plug-ins kWh/100km. For each vehicle the vehicle mass 𝑀 may be multiplied by a mass factor 𝑎 (see 

Table 2-1), while a contribution dependent on build year 𝑏(𝑡) is added as a discrete value (for values see 

Table 2-2). Lastly, a correction is applied for vehicles with a power-to-mass ratio outside a certain range. 

An example for this calculation is given later in this section.2 

 𝐶𝑂2 =  𝑎 𝑀 + 𝑏(𝑡) + 𝑐1

𝑃

𝑀
+ 𝑐2. (2.1) 

 

NOTE - changes from previous issue of this report: 

A model for electric vehicles was developed. Paragraphs 2.3, 2.4.2 and 3.6 were added to 
describe this model. 

The power-to-mass factors are a new addition. The implementation was necessary to 
correctly characterize vehicles with relatively high and low power, i.e. outside to the ‘normal’ 
range. The implementation of the additional variable has also made the mass and build year 
factors slightly more accurate for vehicles within the ‘normal’ range. 

The mass factors and build year factors have been updated to include real driving data in the 
period 2018-2020. 

As a result, the numbers in Table 2-1 and Table 2-2 (Table 1 and 2 in the previous issue) have 
changed. Furthermore Table 2-3 has been added which includes the power-to-mass factors. 

 

  

 
2 A worksheet for this calculation is given in the Appendix. 



Table 2-1: Mass factor a for petrol, diesel, petrol hybrid, and petrol plug-in hybrid passenger cars. Note 
that for plug-ins, the electricity factors can be used to calculate the energy consumption in kWh/100km. 

 Petrol Diesel Petrol 
Hybrid 

Petrol 
 Plug-in 

(Combustion) 

Petrol 
Plug-in 

(Electricity) 

Diesel 
Plug-in 

(Combustion) 

Diesel  
Plug-in 

(Electricity) 

Mass 
factor 

𝒂 

0.0812 0.1194 0.0646 0.0760 0.0109 0.074 0.0134 

 

The mass factor shows the difference in engine efficiency between a petrol and diesel car. Per gram of CO2 

both petrol and diesel fuel deliver about the same amount of energy: 73 g/MJ. For the same vehicle mass 

the CO2 emissions for petrol vehicles are 11% higher than diesel, which is related to the engine efficiency.  

Table 2-2: Build year 𝒃(𝒕)  contribution for petrol, diesel, petrol hybrid, and petrol plug-in hybrid 
passenger cars. Note that for plug-ins, the electricity factors can be used to calculate the energy 
consumption in kWh/100km. 

Build 
year 
𝒃(𝒕) 

Petrol Diesel Petrol 
Hybrid 

Petrol  
Plug-in 

(Combustion) 

Petrol  
Plug-in 

(Electricity) 

Diesel  
Plug-in 

(Combustion) 

Diesel  
Plug-in 

(Electricity) 

2005 78.7 -16.6  

    

2006 76.2 -17.8 39.3 
    

2007 74.0 -18.0 41.8 
    

2008 71.4 -17.5 46.8 
    

2009 67.7 -20.3 46.6 
    

2010 62.8 -22.5 40.0 
    

2011 59.8 -24.3 39.7 
    

2012 54.8 -25.1 37.2 
    

2013 53.6 -24.0 40.2 2.77 1.72 -6.16 1.25 

2014 54.9 -21.2 42.7 9.95 2.57 -3.97 1.24 

2015 57.1 -21.5 39.1 10.78 2.58 0.18 0.32 

2016 57.0 -19.1 38.0 11.23 2.44 1.31 0.26 

2017 58.8 -17.7 43.7 10.9 2.44 1.29 0.25 

2018 55.2 -21.2 43.4 9.29 2.39 
  

2019 54.3 -21.2 44.1 8.01 2.09 
  

2020 53.8 -18.3 46.2 9.02 2.11 
  

 

The offset shows substantial improvements of the engine efficiency of especially petrol cars in 2005-2011, 

independent of the mass, i.e., related to the generic efficiency at low load. The offset decreases by 17.9 

g/km for petrol, and 8.6 g/km for diesel. For hybrids and plug-in hybrids, the relation between mass and 

CO2, and therefore the offset, is rather complex (mass also plays a role in brake energy recovery). 

Moreover, the results for hybrids are based on fewer car models than the results for petrol and diesel, and 

the hybrid technology implementations vary among these models as well. Therefore, few conclusions can 

be drawn on possible trends, but the stability of the results over the years does suggest the presence of 

underlying principles. 



In the case of cars with power-to-mass ratios outside of the range 55-90 kW/tonne, normal driving can lead 

to additional engine efficiency loss due to a very high or a very low average engine load. This results in a 

higher CO2 emissions. In the abovementioned formula (Equation (2.1)), 𝑐1 and, c2 are constants as given in 

Table 2-3. Note that for vehicles within the common range of 55-90 kW/tonne, both c1 and c2 are zero. 

Most passenger cars fall within this range, and therefore will not have a P/M contribution. 

Table 2-3: Power-to-weight ratio contribution for petrol and diesel passenger cars. We note that the 
addition of these terms will not be relevant for most passenger cars. 

  P/M factor c1 P/M factor c2 

Petrol 
𝑷

𝑴
 < 90 0 0 

 90 ≤ 
𝑃

𝑀
 ≤ 220 0.389 -28.8 

 220 ≤ 
𝑃

𝑀
 0 56.7 

Diesel 0 ≤ 
𝑃

𝑀
 ≤ 30 0 39.2 

 30 ≤ 
𝑃

𝑀
 ≤ 55 -1.51 84.4 

 55 < 
𝑷

𝑴
 < 100 0 0 

 100 ≤ 
𝑃

𝑀
 ≤ 160 0.02 -6.6 

 160 ≤ 
𝑃

𝑀
 0 -4.1 

 

As shown in Table 2-3, c1 is set to zero for extreme values; in these cases, a CO2 emission surcharge c2 is 

applied, regardless of the actual P/M ratio. 

2.3 RWe of electric vehicles 
For electric cars, model M1 predicts the real-world electricity consumption RWe using three factors: mass, 

aerodynamic drag area and battery capacity. Each one is to be multiplied with their respective factor 𝑎, 𝑏, 

and 𝑐. Factor 𝑑 is added as a constant. An example for the calculation is given later in this section. 

 𝑅𝑊𝑒 =  𝑎 𝑀 + 𝑏 𝐶𝑑𝐴 + 𝑐 𝑃𝐶 + 𝑑 (2.2) 

 

𝑹𝑾𝒆: real-world electricity consumption, including charging losses (kWh/100 km) 
𝑴: vehicle mass in running order (kg) 
𝐶𝑑𝐴: aerodynamic drag area (m2) 

𝑃𝐶: net (usable) power capacity of the battery (kWh) 

Table 2-4: Factors for electric vehicles 

Factor Value 

𝒂 0.01180 

𝒃 8.27 

𝒄 -0.0982 

𝒅 -0.44 

 



The aerodynamic drag area is a value provided by some manufacturers. In other cases, the 𝐶𝑑 value as 

reported needs to be multiplied by the frontal area (A in m2) of the car. The frontal area can be estimated 

using the following formula: 

𝐴𝑒𝑠𝑡 = ℎ ∙ 𝑤𝑒𝑥𝑐𝑙.𝑚𝑖𝑟𝑟𝑜𝑟𝑠 ∙ 0.85, 

where ℎ = height in m and 𝑤 = width in m. 𝐶𝑑𝐴 values for present electric vehicles are listed in Appendix 

Error! Reference source not found.. 

  



2.4 Example calculation using Model M1 

2.4.1 Calculation RWCO2 
Here we calculate an approximation of the CO2 emissions for a diesel vehicle, built in 2017, with an empty 

weight of 1354 kg. 

Essential Vehicle Parameters 

Vehicle mass in running order (in kg) Mass in running order is the mass of 
the empty vehicle plus 100 kg. 

1454 (1) 

   

Vehicle type (petrol, diesel, hybrid, plug-in) Diesel (2) 

   

Build year  2017 (3) 

   

Engine power (in kW) 110 (4) 

Calculated power-to-mass ratio (engine power divided by vehicle mass in 
tonnes) 

110/1.454 = 
75.7 

(5) 

 

Model factors 

Mass factor 𝒂 Look up value for vehicle type from Table 2-1 0.0830 (6) 

   

Build year factor 𝒃(𝒕) Look up value for year and vehicle type from Table 2-
2 

-17.7 (7) 

   

Power to mass factor c1 For fuel diesel and power-to-mass 75.7, look up 
value in Table 2-3. If not in the table, take 0 

0 (8) 

   

Power to mass factor c2 For fuel diesel and power-to-mass 75.7, look up 
value in Table 2-3. If not in the table, take 0 

0 (9) 

 

Calculation 

Mass term Multiply Box (1) by Box (6): 𝑎 × 𝑀 173.6 (10) 

   

Approximation CO2 (g/km) Add Box (6) and Box (7): 𝑎 𝑀 + 𝑏(𝑡)  156 (11) 

   

Power-to-mass corrected CO2 (g/km) Multiply Box (5) by Box (8) and add 
Box (9) 

156 (12) 

   

Approximation fuel consumption (L/100 km) Divide Box (12) by 23.7 for 
petrol, or 26.5 for diesel fuel equivalent 

5.9 (13) 

 

  



2.4.2 Calculation RWe 
An approximation of the electric energy consumption of an electric vehicle can be made as shown in the 

tables below. As an example, a Tesla Model 3 standard range plus is used. 

Essential Vehicle Parameters 

Vehicle mass in running order (in kg) Mass in running order is the mass of 
the empty vehicle plus 100 kg. 

1843 (1) 

   

𝑪𝒅𝑨 value (in m2). 𝐶𝑑 = 0.23, 𝐴 ~ 2.27 m2 0.52 (2) 

   

Usable power capacity of the battery (in kWh) 47.5 (3) 

 

Model factors 

Mass factor 𝒂 from Table 2-4 0.01180 (4) 

   

𝑪𝒅𝑨 factor b from Table 2-4 8.27 (5) 

   

Power capacity factor c from Table 2-4 -0.0982 (6) 

   

Constant d from Table 2-4 -0.44 (7) 

 

Calculation 

Mass term Multiply Box (1) by Box (4): 𝑎 × 𝑀 21.75 (8) 

   

𝑪𝒅𝑨 term Multiply Box (2) by Box (5): 𝑏 × 𝐶𝑑𝐴 4.32 (9) 

   

Power capacity term Multiply Box (3) by Box (6): 𝑐 × 𝑃𝐶 -4.66 (10) 

   

Constant: d -0.44 (11) 

   

Approximation electricity consumption (kWh/100 km) Add boxes 8, 9, 10 
and 11 

20.97 (12) 

 

  



3 Model justification and guideline for adaptation 
In the section above, an outline of Model M1 was given. Here, the justification for this model is presented 

as well as how the model was determined as to allow for adaptation. For the development of the model, 

the link between RWCO2 emission and vehicle properties that are readily available was examined. Vehicle 

properties recorded in the RDW databases include mass (in running order), year of first registration 

(analogous to build year), power, and engine size. Furthermore, the frontal area was supplied by Travelcard 

for about 60% of vehicles in their database. For the link between RWe and vehicle properties, we aimed to 

include only readily available information. However, a little more freedom was taken, because it involves 

a relatively short list of vehicle models, making it possible to collect some information manually. The model 

for electric vehicles is discussed in Section 3.6. 

3.1 Development 
First a few words about the development process. In the previous issue of this report, the final model 

contained factors for mass and build year only. During the application of the model it became clear that, 

although deemed of little effect previously, the power-to-mass ratio does have a large influence for 

underpowered and overpowered vehicles. Although few in numbers in the fleet, these vehicles are 

numerous in the make/model list of the European passenger car and van market. The information on the 

MILE21 portal should be accurate also for vehicles with relatively high or low power. 

To incorporate the effect of mass-specific power, first the original mass and build year dependence was 

updated, as well as the power-to-mass ratio residue analysis (Section 3.3). From the graphs it was derived 

how to implement a power-to-mass correction algorithm. This knowledge was used to expand the original 

mass + build year regression analysis with power-to-mass, resulting in the new base M1 formula in 3.4. 

The present version of the report also adds electricity consumption modelling. For plug-in hybrids, the 

RWCO2 model was expanded. The approach is very much the same as for fuel: electricity consumption of 

plug-ins is estimated using mass and build year. For full electric vehicles, a separate model was developed 

(see Section 3.6), on the one hand because a relatively limited amount of real-world consumption data was 

available, and on the other hand because air drag has a much larger discriminating power on top of vehicle 

mass than is the case for fuelled cars. For an accurate estimation of consumption and an accurate ranking 

of vehicle models it is therefore important to add air drag into the equation. Note that for plug-in hybrid 

vehicles, the control software usually tends to employ the battery preferentially at low speeds, where air 

drag is not much of an issue; hence the difference in approach between plug-ins and battery-electric cars. 

3.2 Mass and build year dependence 

3.2.1 Combustion engine-dependent CO2 

For this analysis, RWCO2 emissions were obtained by transforming the fuel consumption data recorded in 

the Travelcard database: one litre of petrol produces 2370 grams of CO2, while one litre of diesel produces 

2650 grams (Gijlswijk et al., 2018).3  

As mentioned earlier, the original Model M1 was based on the mass and build year dependence of RWCO2. 

The mass of the car is a significant contributor due to the physical forces acting on the car, while build year 

is important due to the correlation between changes in popular vehicle technology and build year. In Figure 

 
3 This relation was established from type-approval data which contained both the fuel efficiency and the CO2 emissions 

of the same test. 



3-1 and Figure 3-2 the dependence of CO2 emissions on mass and build year is shown for the vehicles in 

the subset. For mass (Figure 3-1), a clear increasing linear trend is seen between 1000 and 1900 kg for 

petrol and diesel. Hybrid vehicles show a less obvious increasing trend. As hybrids recover part of the 

braking energy, a smaller mass dependence is expected. The spread in the result is likely to be caused by 

the different use patterns of these vehicles and differences in (effectiveness of) hybrid technologies.  

 

Figure 3-1: The CO2 dependence of passenger cars with different fuels in the vehicle subset used for 
Model M1 on the total mass of the vehicle (binned by weight). 

 
Figure 3-2: The CO2 dependence of passenger cars with different fuels in the vehicle subset used for 
Model M1 on the build year of the vehicle (binned by year). In 2012 the number of plug-in hybrids was 
very limited. 



A part of the fuel consumption is not mass related. This is addressed by adding a discrete factor to the 

formula. By calculating the discrete value for each build year separately, it reflects the technological 

changes in efficiency of the engine and gearbox over time. There are different relationships possible 

between CO2 emissions and physical properties of the vehicles. But the derived relationship is the simplest 

and most accurate one, given the unexplained variation due to variations in vehicles usage.  

The mass and build year factors are calculated via a multiple linear regression. The factors are combined 

to give the preliminary RWCO2 prediction 

𝐶𝑂2 =  𝑎 𝑀 + 𝑏(𝑡). 

  

Figure 3-3: Build Year factor 𝒃(𝒕) and mass factor 𝒂 for petrol, diesel, petrol hybrid and plug-in passenger 
cars as determined using real world CO2 values obtained in the Netherlands. 

Between 2005 and 2013, the build year factors for petrol and diesel decrease steadily (see Figure 3-3), 

implying an increase in drivetrain efficiency. However, from 2013 – 2017 these build year factors increase 

again, after which they again decrease and increase. This phenomenon may be related to financial policies 

in the Netherlands in the years prior to 2015, which favoured vehicles with low type-approval CO2 values. 

This resulted in an incentive for manufacturers to minimise type-approval CO2 values. In 2017, the new 

WLTP4 vehicle testing procedure was introduced; the move from the old NEDC5 standardised test cycle to 

the WLTP cycle may have led to different priorities for manufacturers. Note that the plug-in build year 

factors are relatively lower (when also considering the mass factor 𝑎), reflecting that electricity acts as an 

additional source of energy which has not been considered in the fuel consumption formula. Additional 

factors were calculated for electricity use. The plug-in result is very dependent on the charging behaviour 

of the owner. Due to the diesel mass factor being significantly higher, the diesel build year coefficients are 

also significantly lower. 

 
4 Worldwide Harmonised Light Vehicles Test Procedure  
5 New European Driving Cycle 



3.2.2 Electricity consumption of plug-in hybrids 

The electricity consumption of plug-in hybrid vehicles was indirectly derived from the average fuel 

consumption and share of electric kilometres per vehicle model, as shown in Table 5.2 of (Gijlswijk et al., 

2020). Assuming the plug-in hybrids are successful in keeping the combustion engine in their optimum 

efficiency range, the delivered amount of work per km can be calculated from the amount of fuel 

consumed. Typically, for modern petrol engines the lowest fuel consumption per kilowatt-hour of work at 

the crankshaft is approximately 250 grams. This corresponds to an efficiency of 32%. Miller cycle engines, 

such as in the Toyota Prius, can perform slightly better, but this is not considered in the present analysis. 

For modern diesels, the peak efficiency is approximately 40% (about 205 g diesel/kWh). Considering the 

density of the fuels, this translates into an amount of generated mechanical energy of 10.37 and 14.52 MJ 

per litre of petrol and diesel. Table 3-1 shows the estimated electricity consumption per model. 

Table 3-1 Electricity consumption of plug-in hybrid vehicles, per make and model. * indicates 
diesel vehicles 

Make and model  Fuel efficiency with 
empty battery 

(km/l) 

Mechanical 
energy/litre (MJ) 

Estimated electric energy 
consumption in EV mode 

(kWh/100 km) 

Ford C-Max Energi 14.6 10.37 19.7 

Porsche Panamera S E-hybrid 11.5 “ 25.1 

Volvo XC90 T8 Twin Engine 9.8 “ 29.4 

Volkswagen Golf 13.7 “ 21.1 

Toyota Prius Plug-In hybrid 18.5 “ 15.5 

Porsche Cayenne S E-hybrid 7.8 “ 36.9 

Chevrolet Volt 14.7 “ 19.6 

Audi A3 Sportback E-Tron 15.2 “ 19.0 

Opel Ampera 13.6 “ 21.2 

Mitsubishi Outlander 12.5 “ 23.1 

Volkswagen Passat 14.1 “ 20.4 

Mercedes-Benz C 350 E 11.6 “ 24.9 
  

  

Volvo V60 Twin Engine* 15.2 14.52 26.5 

Volvo V60 Plug in hybrid* 14.7 “ 27.4 

 

The mass based factors and annual offset factors for electricity consumption in Table 2-2 were calculated 

by applying the electricity consumption numbers in Table 3-1 to each of the vehicles of the respective 

model in the fleet, and performing a regression analysis. The gradual change in plug-in fleet composition 

from year to year causes the changing annual offset factors. 

Because the electric energy consumption values were established on a make/model level, and no direct 

measurements were done, validation can only be done with external data. The numbers can be compared 

with electricity consumption numbers that were derived for full electric vehicles in (Van Gijlswijk et al., 

2020), based on actual charging data. It is expected that full EVs and plug-in electric vehicles in EV mode 

have similar electricity consumption levels. The full EV models with the lowest energy consumption had 

values in the range of 16-17 kWh/100 km, the models with the highest values rated between 25 and 30 

kWh/100 km. The range of numbers for plug-in hybrids in Table 3-1 corresponds well to that. 



Note that for plug-in hybrids the charging frequency is an important factor in the ratio between fuel 

consumption and electricity consumption. To simplify the input for the user of the MILE21 platform, this is 

calculated based on the share of electric kilometres as given by the user (or as set as a default value, if the 

user has not provided this number yet). However, plug-in hybrids can (and will, if not overridden by the 

driver) drive in a mixed mode, where engine and motor share the load. Therefore, the concept of 

kilometres driven electrically plus kilometres driven with no net discharge of the battery (charge sustaining 

mode in jargon) is partially hypothetical. 

3.2.3 Accuracy of prediction 
On average, for the entire vehicle subset, the CO2 contribution due to mass is around 100 g/km, while the 

build year dependent offset is around 50 g/km. The average remainder (i.e. 𝐶𝑂2 −  𝑎 𝑀 − 𝑏(𝑡)), along with 

the standard deviation is given in Table 3-2. 

Table 3-2:The average remainder 𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕) and standard deviation of the remainder for the cars 

 𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕) Standard deviation 

Petrol 0.0 27.4 

Diesel 0.0 23.5 

Petrol Hybrid 0.1 22.7 

Petrol Plug-in (Combustion) -0.1 33.5 

Diesel Plug-in (Combustion) 0.5 33.7 

 

The standard deviation in these models can largely be attributed to driver behaviour and vehicle usage; 

this is the focal point of the second MILE21 model. Driver behaviour may also be influenced by properties 

of the vehicle, and these are examined as secondary effects below. 

3.3 Power  
Considering the power/mass dependency (Figure 3-4), it can be seen that an estimation using only the 

mass and year dependencies underestimates CO2 emissions for vehicles with power/mass ratios less than 

50, and more than 90 kW/tonne. For vehicles in this category, using build year and mass alone will not be 

a highly accurate predictor. A large proportion of the diesel vehicles with power/mass ratios less than 50 

are vans; these vehicles may also have a larger mass during real-world driving due to larger loads (be they 

goods or passengers). However, in the region where most petrol and diesel vehicles are found, 𝐶𝑂2 −

 𝑎 𝑀 − 𝑏(𝑡) is around 0. For the under- and over-powered petrol and diesel vehicles, we have calculated 

an additional CO2 contribution by fitting the respective power/mass ratio with a linear fit. To calculate the 

RWCO2 for those vehicles, we then use the expression  

𝐶𝑂2 =  𝑎 𝑀 + 𝑏(𝑡) + 𝑐1

P

M
+ 𝑐2. 

This holds for petrol vehicles where 90 ≤ P/M < 220 kW/tonne (or W/kg), and for diesel vehicles where 30 

≤ P/M < 55 kW/tonne, or 100 ≤ P/M < 160 kW/tonne. The upper boundaries of 220 and 160 kW per tonne 

are determined by the dataset; vehicles with higher power/mass ratios are known to be present in the 

European fleet but were not found in the dataset used for this analysis. Note that for each range a separate 

fit is made, as shown in Figure 3-4. 

Fewer hybrid vehicles were measured, and their power/mass ratio is less consistently spread between 50 

– 90 kW/tonne, which makes it difficult to reach similar conclusions. Moreover, one of the purposes of a 



hybrid drivetrain is to make use of the internal combustion engine in a more efficient way, by reducing and 

increasing load on the engine where necessary to increase efficiency. This, in theory, diminishes at least a 

part of the power-to-mass ratio effect. 

 

Figure 3-4: Residual CO2 dependence (𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕)) on power divided by mass, of petrol, diesel, 
petrol hybrid, and petrol plug-in hybrid vehicles (binned by power/mass). The number of vehicles in 
these bins is shown by lines in corresponding colours. The additional CO2 contribution is shown by 
dashed lines in the respective fuel colour.  

 

3.4 Complete M1 model: mass, build year, and power-to-mass ratio 
Having derived the ranges of power-to-mass ratio that need correction and an idea of the slope of this 

correction, this information can be incorporated in the M1 regression model. 

The total formula is: 

𝐶𝑂2 =  𝑎 𝑀 + 𝑏(𝑡) + 𝑐1

P

M
+ 𝑐2. 

C1 and C2 are set to zero for ‘normal’ cars with power-to-mass ratios of 55 to 90 kW/tonne. 

Performing the regression including the new variables means that the mass and build year factors change 

as well. This is particularly the case for diesel, because a significant share of diesel vehicles has a power-to-

mass ratio below 55 kW/ton; these are vans and (mostly smaller) lower powered passenger cars. In Figure 

3-7 the build year factors for diesel are negative, reflecting the higher value of the mass factor 𝑎 resulting 

from the inclusion of P/M contributions for over- and underpowered vehicles. . 



 

Figure 3-5: Build Year factor 𝒃(𝒕)  for petrol, diesel, petrol hybrid and plug-in passenger cars as 
determined using real world CO2 values obtained in the Netherlands. 

Table 3-3 shows the accuracy of the result. The average remainder after including the power-to-mass ratio 

in the model is still close to zero, as expected, but the standard deviation has improved for petrol cars. 

Table 3-4 shows that the bias for cars with high or low power/mass is effectively compensated. The 

standard deviation decreased slightly. Note that the larger part of the standard deviation of the vehicle by 

vehicle data in this analysis is caused by differences in driver behaviour and use-pattern of cars. 

Table 3-3 The average remainder 𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕) −  𝒄𝟏
𝑷

𝑴
− 𝒄𝟐  and standard deviation of the 

remainder for the cars 

 𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕) – c1 P/M – c2 Standard deviation 

Petrol 0.0 22.2 

Diesel -0.01 25.4 

Petrol Hybrid 0.05 19.4 

Petrol Plug-in (Combustion) -0.05 29.2 

Petrol Plug-in (Electricity)   

Diesel Plug-in (Combustion) 0.4 28.0 

Diesel Plug-in (Electricity   

 

Table 3-4 Segmented remainder and standard deviation for underpowered and overpowered cars 

 𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕) Standard 
deviation 

𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕) 
– c1 P/M – c2 

Standard 
deviation 

Petrol > 90 kW/tonne 10.43 32.6 0.00 32.0 

Diesel > 100 kW/tonne -12.59 32.7 0.00 32.5 

Diesel 30-55 kW/tonne 7.97 32.4 0.02 31.5 

 



A check was done for secondary power/mass effects. Figure 3-6 shows a negative residue for a group of 

lower powered diesel cars of around 20-30 g/km. Otherwise, no clear remaining dependencies could be 

discovered. Obviously the spread in average fuel consumption among high powered (petrol) cars is large, 

but the numbers of vehicles are small, and the points > 150 W/kg (=kW/tonne) are distributed around zero. 

 

Figure 3-6 Residual dependence of CO2 on power/mass, after including power/mass in the model 
estimation 

 

For vehicles with extreme power-to-mass ratios, i.e. outside the ranges covered by the lines in Figure 3-4, 

a fixed CO2 surcharge is applied (c1 = 0). This is done because the vehicle database that the analysis is based 

on, does not include vehicles with such ratios. As a consequence, the behaviour of very powerful and/or 

light cars cannot be predicted. Basically, an imaginary horizontal line is drawn from the far end of the lines 

in the graph: for petrol the surcharge amounts 56.7 g/km, applied for p/m ratios over 220, for diesel -4.1 

g/km is applied for p/m ratios over 160. Diesel vehicles with a p/m ratio below 30, 39.2 g/km is added. 

Note that although there may be quite some vehicle models beyond the boundaries mentioned, mostly 

sportscars and supercars, the actual number of vehicles in the European fleet is limited. 

  



3.5 Secondary effects 
The correlation between CO2 and the vehicle properties mass, build year, power, engine size and frontal 

area is shown in Table 3-5 for petrol, diesel and petrol hybrid vehicles. The same information is shown 

separately for plug-in hybrids in Table 3-6, with the addition of independent variable ‘energy consumption 

(kWh/100km)’. As demonstrated in Figure 3-1, there is a positive linear relationship between CO2 and mass, 

although much weaker for plug-ins, likely because of brake energy recovery. There is a weak linear 

relationship between vehicle properties and build year, shown also in Figure 3-2. The correlation 

coefficients between mass, power, engine size, and frontal area show a strong positive linear relationship 

between mass and the other three properties. Because of this strong correlation, adding secondary 

contributions dependent on these properties may lead to over-fitting.  

The residual 𝐶𝑂2 −  𝑎 𝑀 − 𝑏(𝑡)  was investigated further for dependencies on the vehicle properties 

mentioned above. Although this investigation sheds light onto sources of possible discrepancies between 

predicted CO2 values and measured RWCO2, including these do not generally improve the initial Model M1. 

For completeness, we include a discussion of the residual dependencies on engine size and frontal area, as 

well as secondary effects of mass and build year, below.  

Table 3-5: The pairwise correlation coefficients for CO2 and the vehicle properties mass, build year, 
power, engine size and frontal area for petrol, diesel, and petrol hybrid vehicles. ± 1 indicates a perfect 
positive or negative linear relationship, while 0 indicates no linear relationship. 

 
Mass Year Power Engine Size Frontal Area 

CO2 0.58 -0.11 0.35 0.44 0.58 

Year 0.02 
 

0.06 -0.35 0.15 

Power 0.52   0.58 0.28 

Engine Size 0.70 
   

0.38 

Frontal Area 0.72     

 

Table 3-6: The pairwise correlation coefficients for CO2, kWh/100km and the vehicle properties mass, 
build year, power, engine size and frontal area for petrol and diesel plug-in vehicles. ± 1 indicates a 
perfect positive or negative linear relationship, while 0 indicates no linear relationship. 

 
Mass Year Power Engine Size Frontal Area 

CO2 0.39 0.24 0.32 0.24 0.39 

Energy consumption 
(kWh/100 km) 

0.88 0.13 0.67 0.72 0.47 

Year 0.20  0.48 0.02 0.18 

Power 0.60   0.41 0.28 

Engine Size 0.73    0.43 

Frontal Area 0.78     

 

3.5.1 Mass and build year 
Most passenger cars have a mass between 900 and 1800 kg (Figure 3-7). The secondary effect of the 

mass on 𝐶𝑂2 −  𝑎 𝑀 − 𝑏(𝑡) − 𝑐1
𝑃

𝑀
−  𝑐2  in this region fluctuates around 0. At higher masses, M1 

slightly underestimates CO2 emissions for petrol vehicles, but much less than before the addition of 



the power-to-mass factor. However, for light diesel vehicles and light petrol hybrid vehicles CO2 seems 

to be underestimated now. 

 

Figure 3-7: Residual CO2 dependence (𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕)) on mass, of petrol, diesel, hybrid, and plug-in 
hybrid vehicles. Low vehicle numbers, i.e., below 500 are a source of large variations due to limited 
statistics 

 

Figure 3-8: Residual CO2 dependence (𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕)) on build year, of petrol, diesel, hybrid, and plug-
in hybrid vehicles. Most variation is minimal: the dots for the fuel types overlap. The number of vehicles 
per build year is shown by coloured lines. Low vehicle numbers, i.e., below 500 are a source of large 
variations due to limited statistics. 

As shown in Figure 3-8, M1 is very effective in accounting for the average contribution due to build 

year, with a maximum average deviation of 2 g/km for diesel and petrol. For the hybrid and plug-in 

vehicles there is a larger deviation, especially in regions with few vehicles due to limited statistics. In 

Figure 3-8 there is a clear spike in hybrid and diesel vehicle numbers built in 2015. This can be 

attributed to changes in Dutch legislation regarding the fiscal treatment of fuel-efficient vehicles, 

which went into effect on the first of January 2016. 



We note that as the mass contribution should be sufficiently described by the 𝑎 𝑀 term, the engine size 

and frontal area property values are divided by the mass of the vehicle in the analysis below.6  

3.5.2 Engine size and frontal area  
For both engine size and frontal area, in the case of petrol and diesel vehicles, RWCO2 shows an 

approximate linearly increasing relationship (where engine size and frontal area have been divided by 

mass) in the regions with the most vehicles (see Figure 3-9 and Figure 3-10). For hybrids and plug-in hybrids, 

there is no obvious trend. At low frontal area/mass values, as well as for high engine size/mass values, 

there is an underestimation of CO2 emission by Model M1 of up to 20 g/km.  

For petrol and diesel vehicles, the linear relationships can be modelled by 

𝐶𝑂2 −  𝑎 𝑀 − 𝑏(𝑡) =  𝑐1 Χ + 𝑐2, 

where Χ is the property engine size/mass or frontal area/mass, and 𝑐1, 𝑐2 constants as given in Table 3-7. 

 
Figure 3-9: Residual CO2 dependence (𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕)) on engine size divided by mass, for petrol, diesel, 
hybrid, and plug-in hybrid vehicles (binned by engine size/mass). The number of vehicles is shown by 
lines in the corresponding colours. 

 
6 These secondary contributions can also be investigated using the worksheet in the Appendix. 



 

Figure 3-10: Residual CO2 dependence (𝑪𝑶𝟐 −  𝒂 𝑴 − 𝒃(𝒕)) on the frontal area divided by mass (binned by 
frontal area/mass, size of bins shown by lines in the respective colour). 

Table 3-7: Factors for engine size (ES/M) and frontal area (A/M) contribution. Note that A/M should be 
in cm2/kg.  

  Petrol Diesel 

ES/M factors c1 17.1 12.2 

 c2 -18.7 -14.6 

A/M factors c1 0.618 2.34 

 c2 -13.3 -44.6 

 

For engine size, the difference between RWCO2 and the predicted value (i.e. 𝐶𝑂2 −  𝑎 𝑀 − 𝑏(𝑡) − 𝑐1 Χ −

𝑐2) for petrol vehicles is (0.0 ± 27.2) g/km, while for diesel the difference between the model and measured 

data is (0.0 ± 23.5) g/km. Similarly, for frontal area, the difference is (0.0 ± 26.1) g/km and (0.0 ± 24.1) g/km 

for petrol and diesel respectively. Note that, considering the size of the uncertainties, there is no 

statistically significant change to the average difference between predicted CO2 values and RWCO2 because 

of the addition of these secondary terms. 

3.6 Electricity consumption of full electric vehicles 
Average real-world electric energy consumption values are available for some vehicle models (van Gijlswijk 

et al., 2020). To make an estimation possible for all electric vehicles, including those new on the market, 

two approaches were considered for electricity consumption. The first one was a simple multiplication of 

the WLTP value. The WLTP energy consumption is available for newer electric vehicles. An average gap to 

real-world of 18% was observed in the abovementioned study. However, Figure 4-2 of that report shows 

that the gap varies a lot from model to model. The second approach was to try to correlate the energy 

consumption to the vehicle properties. These properties are shown in Table 3-8. 



Table 3-8 Properties of a selection of electric vehicles 

Car make and model 
Average RWe  
(kWh/100 km) 

No. of 
vehicles 

in 
sample 

Mass in 
running 

order  
(kg) 

Nominal 
battery 
capacity 
 (kWh) 

Year of 
intro-

duction 

CdA  
(m2); 

estim. 

Audi E-Tron 29.0 34 2523 86.5 2019 0.72 

Bmw I3 19.7 165 1320 27.2 2016 0.69 

Bmw I3S 18.0 31 1352 37.9 2017 0.69 

Hyundai Ioniq 20.0 248 1495 28 2016 0.54 

Hyundai Kona 17.5 132 1760 64 2019 0.69 

Jaguar I-Pace 26.4 89 2244 84.7 2018 0.73 

Kia Niro 16.2 64 1812 64 2018 0.71 

Kia Soul 22.8 10 1576 30 2014 0.86 

Mercedes-Benz B 250 E 17.5 28 1725 28 2015 0.61 

Nissan E-NV200 23.2 21 1587 22 2014 1.15 

Nissan Leaf 20.5 76 1549 25 2013 0.73 

Nissan Leaf 40kWh 18.6 130 1580 36 2018 0.66 

Opel Ampera-E 18.6 61 1691 58 2017 0.77 

Renault Kangoo Express Z.E 24.2 11 1558 33 2017 0.89 

Renault Zoe 22.4 188 1543 41 2017 0.75 

Tesla Model 3 19.5 196 1843 47.5 2019 0.52 

Tesla Model S 22.1 303 2169 95 2015 0.56 

Tesla Model X 22.2 35 2485 95 2017 0.72 

Volkswagen Golf 17.8 412 1614 32 2016 0.59 

Volkswagen Up 16.7 20 1220 16 2014 0.64 

 

The RWe values in the table (weighted average 21.2 kWh/100 km) include charging losses, and were 

derived by combining charge pass data with odometer registrations. Due to a low resolution of odometer 

readings over time, the newest vehicles at the time could not be included. Also, filtering was done to 

remove outliers (Van Gijlswijk et al., 2020). Data for 2,254 vehicles was taken into consideration. The low-

resolution data also means more uncertainty for individual values. Moreover, the use pattern 

(urban/motorway ratio, motorway speed) is even more important for EVs than for fuelled cars. Therefore, 

it was decided to perform the (regression) analysis with the averages per vehicle model. 

As with fuel powered cars, mass is a good indicator for the energy consumption of the vehicle. However, 

as is also visible from the values for hybrids and plug-ins in Table 2-1, the mass effect is smaller for cars 

that can regenerate brake energy. In turn, the influence of air drag can be expected to be larger than for 

fuelled cars. For cars with an internal combustion engine the air drag effect is partly compensated by the 

fact that these engines are more efficient (or rather less inefficient) at higher engine loads (on the highway) 

than at lower loads (urban driving). By contrast, electric motors are slightly less efficient at highway speeds. 

The drag force at a given speed is linear with the aerodynamic drag area 𝐶𝑑𝐴 : 

𝐹𝐷 =  
1

2
𝜌𝑣2 ∙ 𝐶𝑑𝐴 



Regression analysis has been attempted with the aerodynamic drag coefficient 𝐶𝑑 and the frontal area 𝐴 

separately, to no avail. The two factors are largely unrelated, so either of them alone is not a good indicator 

for the average drag force. Area 𝐴 can be estimated by multiplying height and width (excluding mirrors) of 

the vehicle, then multiplying that with 0.85. The factor 0.85 was empirically determined, based on six 

vehicle models for which the actual 𝐴 was known (BMW i3, Nissan Leaf, Renault Zoe, Tesla Model S, 

Volkswagen Golf and Volkswagen Up). The 𝐶𝑑 value is generally known. The thus estimated 𝐶𝑑𝐴 values are 

listed in Table 3-8. 

An additional factor was introduced to account for technological advancements, such as improved onboard 

AC chargers, electric motors, interior heating and tyres. Two varieties were tested: introduction year of the 

vehicle (sub)model, and nominal battery capacity. The battery capacity factor improved the regression 

coefficient a bit more than the introduction year of the car model. However, given the analysis was done 

only on 20 models, small deviations could lead to a different conclusion. The reason to select the battery 

size is that that value is present in the MILE21 database. Note that having both factors included as 

independent variables did not improve the prediction. 

Figure 3-11 shows the energy consumption RWe as predicted by the model using mass, 𝐶𝑑𝐴 and battery 

capacity, against the average RWe retrieved from charge pass data. 

 

Figure 3-11 Predicted vs measured electric energy consumption of electric vehicles (each point is 
one vehicle model) 

On average, the model is 9% off. The largest deviation occurred for the Kia Niro, for which the real 

consumption was 27% lower. Although this may be due to a relatively economical use pattern and/or 

driving style of the drivers of the 64 Niro’s, this is not very likely to be the (only) factor. The technically 

identical (but slightly lighter) Hyundai Kona is 14% more economical than the prediction, which indicates a 

possible technological advantage not represented in the regression model. However, it must be remarked 

that the average speed has a large influence on the electricity use. A relatively constant drivetrain efficiency 

and the fact that brake energy recovery is most beneficial in the city are largely responsible for this. This 

implies that the use pattern and driving style should cause a wide variety of energy consumption values 



among the individual 2,254 vehicles underpinning Figure 3-11. Figure 3-12 shows a frequency distribution 

of the average electricity consumption of individual vehicles in the test set. 

 

Figure 3-12 Distribution of energy consumption values among vehicles in test dataset 

Filtering of the data was done because of higher uncertainty levels on an individual car level due to sparse 

data. The lower boundary was defined as 70% of the WLTP energy consumption of the respective vehicle 

model. The upper boundary was universal and set to 35 kWh/100 km. This limit looks a bit unreasonable 

from the graph. However, because the energy consumption is so speed dependent, there is a more or less 

natural limitation to the energy consumption of EVs. Starting from the vehicle on the top right of Figure 

3-11, which is the Audi E-Tron, 35 kWh per 100 km corresponds to a constant speed of over 140 km/h. Low 

and aerodynamic EVs such as the Tesla Model 3 can travel much faster with the same consumption: over 

180 km/h. As any urban and rural driving would only reduce the average energy consumption, 35 kWh/100 

km is a safe upper limit. 

For each individual vehicle model the spread in energy consumption is shown in Figure 3-13. The models 

with the largest fleet in the dataset are listed in the legend. The drivers of the Tesla Model S had, on 

average, a higher consumption than the drivers of the Volkswagen e-Golf. The large overlap around 20 

kWh/100 km confirms the large influence of the driving pattern. 



 

Figure 3-13 Distribution of electricity consumption of electric vehicles per model 

Considering the information in the last three graphs, model M1 for electric vehicles should be seen as a 

small model-to-model refinement to the average of 21.2 kWh/100 km. The refinement is measurement 

based and as closely linked to physical parameters as possible. 

 

  



4 Conclusions 
The project ‘More Information Less Emissions – Empowering Consumers for a Greener 21st Century’ 

(MILE21) aims to inform consumers with regards to the fuel consumption and emissions of passenger cars 

in the European market. To do so, an initial model was developed based on basic vehicle properties, in this 

case mass, build year, and engine power. A separate approach for estimating electricity consumption of 

electric vehicles uses mass, air drag, and battery capacity as inputs. This initial model was based on the 

real-world fuel consumption of diesel, petrol, petrol hybrid, and petrol plug-in hybrid passenger cars, as 

well as real-world electricity consumption of plug-in hybrids and full electric vehicles.  

Both the real-world fuel consumption and the real-world electricity consumption of passenger cars were 

obtained from the Dutch fuel card and charge pass provider Travelcard Nederland BV. The Travelcard data 

included data for 900,000 vehicles. A subset of this data is used, which includes petrol and diesel passenger 

cars with a mass (in running order) less than 2200 kg and a build year of 2005 or later. In this subset there 

are 226,000 petrol vehicles, 273,000 diesel vehicles, 26,000 petrol hybrid vehicles, 7,000 petrol plug-in 

hybrid vehicles, 2,000 diesel plug-in hybrid vehicles, and 3,100 full electric vehicles. 

The initial Model M1 for real-world fuel consumption is based on a mass-factor term which outlines the 

mass-dependence of the real-world fuel consumption, as well as build year dependent offset. This build 

year dependency reflects changes in vehicle technology over time. The initial model has a standard 

deviation in CO2 emissions of around 26 g/km for the investigated data set, which may largely be attributed 

to driver behaviour. An additional power-dependent expression was included for under- and over-powered 

vehicles. The addition of terms to Model M1 based on the engine size and frontal area of the vehicles was 

also investigated but did not lead to a statistically significant improvement in the CO2 prediction. For this 

reason, they were not included.  

The implementation for electric vehicles has a similar structure, but uses the aerodynamic drag area to 

include drag force effects, and the nominal battery capacity as a proxy for technological advancements. 

The standard deviation is approximately 2.5 kWh/100 km, which is partially related to driving behaviour in 

the underlying data. Some effect can be expected from technological differences not covered by the model. 

This model is expanded in a second model, Model M2, delivered in 2020, which allows for further CO2 

corrections dependent on driving situations. 
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A Implementation of Model M1 to approximate real-
world CO2 

Essential Vehicle Parameters  

Vehicle mass in running order (in kg) Mass in running order is the mass 

of the empty vehicle plus 100 kg. 

 (1) 

   

Vehicle type (petrol, diesel, hybrid, plug-in)  (2) 

   

Build year   (3) 

 

Model factors  

These can be found in the tables in the text, which have also been reprinted below. 

Mass factor 𝒂 Look up value for vehicle type from Table 1  (5) 

   

Build year factor 𝒃(𝒕) Look up value for year and vehicle type from Table 

2 

 (6) 

 

Calculation  

Mass term Multiply Box (1) by Box (5): 𝑎 × 𝑀  (7) 

   

Approximation CO2 (g/km) Add Box (6) and Box (7): 𝑎 𝑀 + 𝑏(𝑡)   (8) 

   

Approximation fuel consumption (L/100 km) Divide Box (8) by 23.7 for 

petrol, or 26.5 for diesel fuel equivalent 

 (9) 

 

Under- or over-powered cars 

Power (in kW)  (a) 

Power/mass Divide (a) by Box (1), then divide by 1000 to get power/mass 

in kW/tonne 

 (b) 

 
If the value (ii) is less than 50, or greater than 90, it is likely that the CO2 approximation in Box (8) is an 

underestimation. Corrections can be applied for the ranges specified in Table 3. 

Power factor c1 Look up value for fuel & power/mass range from Table 3  (c) 

Power factor c2 Look up value for fuel & power/mass range from Table 3  (d) 

Power contribution Multiply (b) by (c), then add (d): 𝑐1 × Χ + 𝑐2  (e) 

   

Approximation CO2 with Frontal area correction Add Box (8) and (e): 

𝑎 𝑀 + 𝑏(𝑡) + 𝑐1 Χ +  𝑐2 

 (f) 

 



Secondary Contributions 

An additional contribution due to engine size or frontal area may also be calculated. However, it is unlikely 

that this significantly improves the CO2 approximation in Box (8).  

Engine size (in cubic centimetre)  (i) 

Frontal area (in cm2)  (ii) 

Engine size/mass Divide (i) by Box (1)  (iii) 

Area/mass Divide (ii) by Box (1)  (iv) 

   

Engine size factor c1 Look up value for fuel from Table 8  (v) 

Engine size factor c2 Look up value for fuel from Table 8  (vi) 

Engine size contribution Multiply (iii) by (v), then add (vi): 𝑐1 × Χ +  𝑐2  (vii) 

   

Approximation CO2 with engine size correction Add Box (8) and (vii): 

𝑎 𝑀 + 𝑏(𝑡) + 𝑐1 Χ +  𝑐2 

 (viii) 

   

Frontal area factor c1 Look up value for fuel from Table 8  (ix) 

Frontal area factor c2 Look up value for fuel from Table 8  (x) 

Frontal area contribution Multiply (iv) by (ix), then add (x): 𝑐1 × Χ +  𝑐2  (xi) 

   

Approximation CO2 with Frontal area correction Add Box (8) and (xi): 

𝑎 𝑀 + 𝑏(𝑡) + 𝑐1 Χ +  𝑐2 

 (xii) 

 



B Tables reprinted from main text 
Table 2-1: Mass factor a for petrol, diesel, petrol hybrid, and petrol plug-in hybrid passenger cars. Note 
that for plug-ins, the electricity factors can be used to calculate the energy consumption in kWh/100km. 

 Petrol Diesel Petrol 
Hybrid 

Petrol 
 Plug-in 

(Combustion) 

Petrol 
Plug-in 

(Electricity) 

Diesel 
Plug-in 

(Combustion) 

Diesel  
Plug-in 

(Electricity) 

Mass 
factor 

𝒂 

0.0812 0.1194 0.0646 0.0760 0.0109 0.074 0.0134 

 

Table 2-2: Build year 𝒃(𝒕)  contribution for petrol, diesel, petrol hybrid, and petrol plug-in hybrid 
passenger cars. Note that for plug-ins, the electricity factors can be used to calculate the energy 
consumption in kWh/100km. 

Build 
year 
𝒃(𝒕) 

Petrol Diesel Petrol 
Hybrid 

Petrol  
Plug-in 

(Combustion) 

Petrol  
Plug-in 

(Electricity) 

Diesel  
Plug-in 

(Combustion) 

Diesel  
Plug-in 

(Electricity) 

2005 78.7 -16.6  

    

2006 76.2 -17.8 39.3 
    

2007 74.0 -18.0 41.8 
    

2008 71.4 -17.5 46.8 
    

2009 67.7 -20.3 46.6 
    

2010 62.8 -22.5 40.0 
    

2011 59.8 -24.3 39.7 
    

2012 54.8 -25.1 37.2 
    

2013 53.6 -24.0 40.2 2.77 1.72 -6.16 1.25 

2014 54.9 -21.2 42.7 9.95 2.57 -3.97 1.24 

2015 57.1 -21.5 39.1 10.78 2.58 0.18 0.32 

2016 57.0 -19.1 38.0 11.23 2.44 1.31 0.26 

2017 58.8 -17.7 43.7 10.9 2.44 1.29 0.25 

2018 55.2 -21.2 43.4 9.29 2.39 
  

2019 54.3 -21.2 44.1 8.01 2.09 
  

2020 53.8 -18.3 46.2 9.02 2.11 
  

 
Table 2-3: Factors for power-to-mass ratio (P/M) contribution, for under- and over-powered petrol and 
diesel passenger cars.  

  P/M factor c1 P/M factor c2 

Petrol 
𝑷

𝑴
 < 90 0 0 

 90 ≤ 
𝑃

𝑀
 ≤ 220 0.389 -28.8 

 220 ≤ 
𝑃

𝑀
 0 56.7 

Diesel 0 ≤ 
𝑃

𝑀
 ≤ 30 0 39.2 

 30 ≤ 
𝑃

𝑀
 ≤ 55 -1.51 84.4 

 55 < 
𝑷

𝑴
 < 100 0 0 



 100 ≤ 
𝑃

𝑀
 ≤ 160 0.02 -6.6 

 160 ≤ 
𝑃

𝑀
 0 -4.1 

 

Table 8: Factors for engine size (ES/M) and frontal area (A/M) contribution. Note that A/M should be in 
cm2/kg.  

  Petrol Diesel 

ES/M factors c1 17.1 12.2 

 c2 -18.7 -14.6 

A/M factors c1 0.618 2.34 

 c2 -13.3 -44.6 

 


