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1 Introduction 
Within the LIFE+ MILE21 project, three models are being developed that allow estimation of real-world fuel 

consumption and CO2 emissions of vehicles. This document describes the details of model M2. Table 1-1 

shows the position of model M2 among the three models. 

Table 1-1 MILE21 models and their features 

 

 

Model M1 is described in detail in deliverable D C3.1. The outcome is an estimation of the average fuel 

consumption or electricity consumption of a certain vehicle model, based on its properties such as mass. 

Fuel and electricity consumption can vary to a great extent from car to car due to differences in a number 

of factors, the most important being use pattern, driving style and ambient conditions. Model M2 refines 

the outcome of M1 to provide an expected fuel consumption for a MILE21 platform user. This means it is 

intended to be used in conjunction with the information that MILE21 platform users provide about their 

vehicle use, such as their share of urban driving. The expected fuel consumption number helps users to 

verify their own registered fuel consumption values and, in case the two values differ a lot, get an indication 

what causes these differences. 
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Model M2 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 

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. 

  
 

The current scope for Model M2 is petrol, diesel, hybrid, and plug-in hybrid passenger cars with a mass (in 

running order) less than 2200 kg and a build year of 2005 or later. 

  

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

GIC/GR/000128 



2 Guideline for model use 
2.1 Real-world CO2 
Model M2 is used to calculate the real-world tailpipe CO2 (RWCO2) emissions of light vehicles, in grams of 

CO2 per kilometre driven, for a particular car model for a particular use pattern. It is based on the 

dependence of RWCO2 of: 

• The model M1 average CO2 emission for the particular vehicle model 

• The urban, rural and motorway driving distribution 

• The target speed on the highway 

• The average trip length 

• Hilliness of the surroundings 

Most factors are in turn influenced by the drivetrain technology of the car (fuel, hybrid/non-hybrid). 

The gross formula is: 

𝑅𝑊𝐶𝑂2𝑢𝑠𝑒𝑟
=  (𝑅𝑊𝐶𝑂2𝑀1

− 𝑅𝑊𝐶𝑂2𝐶𝑆𝑁𝐿
) (𝑓𝑈(1 + 𝑐𝑈) + 𝑓𝑅(1 + 𝑐𝑅) + 𝑓𝑀(1 + 𝑐𝑀)(1 + 𝑑𝑀))

+ (
100

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ
) 𝑒𝑐𝑠 + 𝑑ℎ ∙ 𝑓ℎ 

where 

𝑅𝑊𝐶𝑂2𝑢𝑠𝑒𝑟
 : the real-world tailpipe CO2 emission predicted for the user.  

 
𝑅𝑊𝐶𝑂2𝑀1

: the real-world tailpipe CO2 emission calculated for the user’s specific 
vehicle based on fuel consumption averages calculated over the vehicle 
fleet (model M1 outcome). 
 

𝑅𝑊𝐶𝑂2𝐶𝑆𝑁𝐿
:  the correction to the real-world CO2 emissions to remove the cold start 

effect as driven by Travelcard users. This prevents double counting when 
adding user-specific cold start contributions. 
 

𝑓𝑈 , 𝑓𝑅 and 𝑓𝑀: fractions of time spent in urban, rural, and motorway settings. 
(0 < 𝑓 < 1)  
 

𝑐𝑈 , 𝑐𝑅 and 𝑐𝑀: road-type (urban, rural, motorway) dependent CO2 emission coefficient. 
The coefficient expresses the difference in CO2 emission for a road type 
compared to the model M1 average. 
(-1 < 𝑐 < 1)  
 

𝑑𝑀 : the relative difference in CO2 emission due to target speed on the 
motorway/highway. 

(𝑑𝑀 = {

𝑑𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑒𝑑= −10 km/h 

0
𝑑𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑒𝑑= +10 km/h

)  

 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ: the midpoint of each trip length category. 

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ = 2.5, 8, 13, 20.5 or 50) 
 

𝑒𝑐𝑠:  the additional amount of CO2 emitted per cold start. 



(𝑒𝑐𝑠,   𝑝𝑒𝑡𝑟𝑜𝑙 = 140 g, 𝑒𝑐𝑠,𝑑𝑖𝑒𝑠𝑒𝑙 = 100 g) 

 
𝑑ℎ: The relative difference in CO2 emission due to hilly environment; 4% 
𝑓ℎ: fraction of time spent in hilly environment. 

(0 < 𝑓 < 1)  
 

 

Table 2-1 shows the 𝑐𝑈 , 𝑐𝑅 and 𝑐𝑀 factors to be filled in the formula, dependent on the drivetrain. 

Table 2-1 Coefficients for relative CO2 emissions on different road types, per drivetrain 

Drivetrain Urban (𝒄𝑼) Rural (𝒄𝑹) Motorway (𝒄𝑴) 

Diesel +0.19 -0.07 -0.06 

Petrol +0.23 -0.14 -0.11 

Petrol PHEV -0.01 -0.08 +0.07 

Diesel PHEV +0.10 -0.04 -0.03 

 

The target speed factor 𝑑𝑀 should be taken from Table 2-2. 

Table 2-2 Target speed coefficients 

Target speed (km/h 
compared to speed limit) 

𝒅𝑴 

-10 -0.0877 

0 0 

+10 +0.1260 

 

2.2 Fuel consumption 
The basic outcome of model M2 is RWCO2 in grams of CO2 per kilometre. This value can be translated into 

fuel consumption, using the following formulas: 

𝑃𝑒𝑡𝑟𝑜𝑙: 𝐹𝐶 (𝐿 100 𝑘𝑚)⁄ =
𝑅𝑊𝐶𝑂2

23.7
 

 

𝐷𝑖𝑒𝑠𝑒𝑙: 𝐹𝐶 (𝐿 100 𝑘𝑚)⁄ =
𝑅𝑊𝐶𝑂2

26.5
 

So therefore,  

𝐹𝐶 ~ 𝑅𝑊𝐶𝑂2 

  



2.3 Example calculation using Model M2 
Here we calculate an approximation of the CO2 emissions for a diesel vehicle, built in 2017, with an empty 

weight of 1354 kg. The average CO2 emission level calculated by M1 for this vehicle is 156 g/km. 

Essential Vehicle Parameters 

Vehicle type (petrol, diesel, hybrid, plug-in) Diesel (1) 

   

RWCO2M1 (M1 output value)  156 (2) 

 

User input (example values) 

Time fraction urban driving fU 0.5 (3) 

   

Time fraction rural driving fR 0.2 (4) 

   

Time fraction motorway driving fM 0.3 (5) 

   

Target speed on highway +10 (6) 

   

Average trip length 8 (7) 

 

Model factors 

Urban driving coefficient CU Look up value for vehicle type from Table 2-1 0.21 (8) 

   

Rural driving coefficient CR Look up value for vehicle type from Table 2-1 -0.08 (9) 

   

Motorway driving coefficient CM Look up value for vehicle type from Table 
2-1 

-0.06 (10) 

   

Target speed coefficient dM Look up value (6) in Table 2-2 0.1260 (11) 

   

CO2 per cold start eCS (140 for petrol, 100 for diesel) 100 (12) 

 

Calculation 

Urban term Multiply Box (3) by (1 + Box (8)): fU . (1+cU) 0.605 (13) 

Rural term Multiply Box (4) by (1 + Box (9)): fR . (1+cR) 0.184 (14) 

Motorway term Multiply Box (5) by (1 + Box (10)), multiply that by (1 + 
Box(11)): fM . (1+cM) . (1+dM) 

0.318 (15) 

   

Cold start term Divide 1 by Box (7), and multiply by Box (12)  12.5 (16) 

   

Approximation CO2 emission (g/km) Multiply Box (2) by the sum of Box 
(13), (14), and (15), and add Box (16) to the result 

185 (17) 

   

Approximation fuel consumption (L/100 km) Divide Box (17) by 23.7 for 
petrol, or by 26.5 for diesel 

7.8 (18) 



3 Model justification and guideline for adaptation 
3.1 Introduction 
In the section above, an outline of Model M2 was given. Here, the justification for this model is presented 

as well as how the model was determined as to allow for adaptation. 

Model M2 is intended to work with information that MILE21 users provide about their driving pattern. For 

input from users to be useful, it should be related to factors that influence the fuel consumption of a car. 

These factors were discussed among the partners from an early stage of the project. From the perspective 

of model accuracy, more information and more detail is better. However, the platform is targeted to every 

driver in Europe, many of whom may not have registered such detailed information about their driving, or 

may not be able to make an estimation. In collaboration with Altroconsumo, a middle ground was found. 

The information asked from the user is kept as easy to provide as possible, while maintaining a reasonable 

model accuracy. This led to a table of requirements for the Self-Reporting Tool, which is included as 

Appendix A. 

For the development of the model, monitoring data of passenger cars and vans was used to determine 

empirical relationships, and validate the contribution. The relationships and data processing were aligned 

with the Self-Reporting Tool. The data was partially collected within the MILE21 project, but also large 

amounts of data from other projects were used. Most data was collected by TNO’s Smart Emission 

Measurement System SEMS (see [Spreen 2016]) and the Portable Emission Measurement System PEMS 

employed at LAT. 

In the next paragraphs, the factors that influence the average fuel consumption of a specific car in specific 

use are discussed one by one. Each paragraph contains an explanation of how the model parameters were 

established. 

3.2 Cold start frequency 
Cold start can be defined as the warmup time until engine coolant temperature reaches 70°C. The effect 

of cold starts can be described as an additional CO2 emission per event.  

Cold start emissions are also implicitly included in M1. To avoid double counting, the cold start additional 

emissions need to be subtracted from the M1 value. After adjusting the warm engine CO2 emissions for 

the use pattern of the MILE21 user (as described in the following sections), the cold start can be added 

again, but now representative for the user, in other words: related to how often the user cold starts the 

car. This procedure is illustrated in Figure 3-1. Note that for both the M1 correction and the user cold start 

estimation it is assumed that all driven trips start with a cold engine. 

Cold start emissions are also included in the data sources that were used to develop M2. Because these 

occur mostly in the city, to avoid bias in calculations regarding road type (see Section 3.4, 

urban/rural/motorway), also these data need to be corrected beforehand. This was done by leaving out 

data where the engine was cold (as registered by the SEMS or PEMS). What remains are the ‘warm CO2 

emissions’ or the ‘warm fuel consumption’. 



 

Figure 3-1 Cold start correction. Cold start emissions are removed from the M1 base number. After 
adjusting the warm engine emissions using M2 factors, a cold start emission specific for the user is added 
again. 

This cold start effect is an absolute effect, so 

 

𝐹𝐶𝑢𝑠𝑒𝑟 =   (𝐹𝐶𝑀1 − 𝐹𝐶𝐶𝑆𝑁𝐿
)(𝑓𝑈∆𝑈 + 𝑓𝑅∆𝑅 + 𝑓𝑀∆𝑀) + (∑ ∆𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒,𝑗

𝑗

) 

=   (𝐹𝐶𝑀1 − 𝐹𝐶𝐶𝑆𝑁𝐿
)(𝑓𝑈∆𝑈 + 𝑓𝑅∆𝑅 + 𝑓𝑀∆𝑀) + ∆𝐶𝑆, 

 
where ∆𝐶𝑆 is the additional fuel consumption due to cold starts.  

 

∆𝐶𝑆= 𝑓𝐶𝑆 (
𝑒𝑐𝑠

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ
), 

 
where 𝑓𝐶𝑆 is the fraction of starts are cold starts, and 𝑒𝐶𝑆 is the additional amount of fuel consumed per 

cold start. On average, the additional amount of CO2 compared to a warm start is approximately 140 grams 

for petrol and 100 for diesel (from 23°C; NEDC, FTP, WLTP). Using the emission factors for petrol and diesel 

(see paragraph Error! Reference source not found.), for petrol 𝑒𝑐𝑠 = 0.059 litre, and for diesel 𝑒𝑐𝑠 = 0.038 

litre.  

Removing the cold start data of the M1 factor of a vehicle is done by subtracting the same factor for every 

vehicle, based on the average (cold) start frequency in the Netherlands. This is considered appropriate, 

because the M1 model was developed using tank pass data for a very large fleet. The average passenger 

car trip length in the Netherlands is 18.1 km [CBS, 2017]. As mentioned all starts are assumed cold starts. 

The trip length translates to an average of 100/18.1 = 5.5 cold starts per 100 km. For petrol, the M1 values 

are reduced by 5.5 / 100 * 140 = 7.7 g CO2/km, for diesel the M1 values are lowered with 5.5 / 100 * 100 

= 5.5 g CO2/km. 
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The addition of the user cold start to the M2 result uses the average trip length of the MILE21 user. To 

make it easier for them, we decided to ask them to select a category: <=5 km, 6-10, 11-15, 16-25, >25 km. 

Again assuming all starts are cold starts, the fuel consumption per 100 km can be calculated as 

 

𝑅𝑊𝐶𝑂2𝑢𝑠𝑒𝑟 =  𝑅𝑊𝐶𝑂2 + (
100

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ
) 𝑒𝑐𝑠. 

 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑖𝑝 𝑙𝑒𝑛𝑔𝑡ℎ is taken as the midpoint of each trip length category (i.e. 2.5, 8, 13, 20.5 and 50).  

3.3 Payload and passengers 
Because mass is a factor already in the baseline fuel consumption estimation of M1, payload and 

passengers are discussed first. 

Inputs: 

• Average number of passengers (1-5) 

• Extra luggage (0-25-50-75-100% of the time) 

For model M1 a regression analysis was done on vehicle mass. The data is based on tank pass data of leased 

vehicles. For the present analysis we assume that the occupancy is 1, i.e. driver only. For additional 

passengers and payload, the vehicle mass can simply be increased by the mass of the passengers and 

payload. 

The effect of payload and passengers should to be implemented by increasing the vehicle mass input 

parameter of model M1 with the additional mass: 

• Average number of passengers multiplied by 75 kg 

• Extra luggage in % of time multiplied by 50 kg 

The values of 75 kg and 50 kg are assumptions. 

3.4 Urban/rural/motorway distribution 
Inputs: 

- Percentage of distance driven on urban roads, rural roads and motorways, as reported by the user 
(slider) 

 
Building the model 
Based on SEMS data, for approximately 40 vehicles, the warm fuel consumption2 on urban, rural and 
motorway driving are expressed relative to the average warm fuel consumption expected for those vehicles 
if they had a road-type distribution like the Travelcard data used for Model 1. For brevity, we will refer to 
this average as the ‘M1 average’. These distributions are shown below: 
 
Table 3-1 Road-type distribution calculated for vehicles in the Travelcard database 

 Share of distance driven on road type 

 Urban Rural Motorway 

Petrol 0.35 0.31 0.34 

Diesel 0.24 0.33 0.43 

 
2 Warm fuel consumption is considered as the consumption while the engine coolant temperature is above 70 °C. 



 
Based on the annual mileage of the Travelcard vehicles, there does not appear to be a significant difference 
in use between petrol and petrol plug-in, or diesel and diesel plug-in vehicles. For this reason, the relevant 
road-type distribution is applied to both vehicle types of each fuel. We do note that the skew in fuel 
consumption will be different depending on aerodynamic properties of the car3 and on the engine type. 
The proposal is to distinguish petrol and diesel vehicles, and within these groups apply a further 
aerodynamics related correction, at least for motorway fuel consumption compared to urban and rural. 
The ratio between urban and rural is probably more defined by the weight of the vehicle. 
 
The result would be: 
𝑐𝑈 = Urban consumption coefficient, relative to the M1 average 
𝑐𝑅 = Rural consumption, relative to the M1 average 
𝑐𝑀 = Motorway consumption, relative to the M1 average 
 
Applying the model 
For each vehicle monitored (35 diesel, 5 petrol, 3 petrol PHEV, and 1 diesel PHEV vehicles) the relative 

difference between the average fuel consumption per road-type, and the average based on the road-type 

distribution of the Travelcard data (M1 average) is determined. This is then grouped per fuel type as shown 

in  

  
Diesel Petrol 

  
Petrol PHEV Diesel PHEV 

Figure 3-2.  

 
3 The absolute fuel consumption average from model M1 is obviously also dependent on aerodynamic properties. During 

making M1 it was found that the frontal area of the car correlates well with its mass for most vehicles. Because neither 

frontal area nor drag coefficient Cd are presently available in the MILE21 database, further refinement is currently not 

possible. 



  
Diesel Petrol 

  
Petrol PHEV Diesel PHEV 

Figure 3-2 shows the distribution, as well as the average of the relative difference. The averages per fuel 

and road type are shown in Table 3-2.  

  
Diesel Petrol 



  
Petrol PHEV Diesel PHEV 

Figure 3-2 Relative distribution of CO2 emissions (and therefore also fuel consumption) on urban, rural 
and motorways with respect to M1 average. The black bars represent a box plot of the data, while the 
white dot show the median. The grey line connects the average differences for each.  

 

Table 3-2 Relative difference in CO2 (and therefore also fuel consumption) compared to the ‘M1 
average’ of urban, rural, and motorway CO2 emissions, for different fuel types. These relative differences 
correspond to 𝒄𝑼, 𝒄𝑹 and 𝒄𝑴 respectively. We do note that although there are limited numbers of non-
diesel vehicles, the trends are as expected for those vehicles.  

 Urban (𝒄𝑼) Rural (𝒄𝑹) Motorway (𝒄𝑴) 

Diesel +0.19 -0.07 -0.06 

Petrol +0.23 -0.14 -0.11 

Petrol PHEV -0.01 -0.08 +0.07 

Diesel PHEV +0.10 -0.04 -0.03 

 
Fuel consumption on the motorway is very dependent on the speed driven. For this reason, the target 
speed on the motorway/highway is also included in ∆𝑀, as it has a relative effect on fuel consumption 
there. If 𝑑𝑀 is the relative difference in fuel consumption due to target speed on the motorway/highway, 
this would give  
 

𝐹𝐶𝑢𝑠𝑒𝑟 =  (𝐹𝐶𝑀1 − 𝐹𝐶𝐶𝑆𝑁𝐿
)(𝑓𝑈∆𝑈 + 𝑓𝑅∆𝑅 + 𝑓𝑀∆𝑀) +  (∑ ∆𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒,𝑗

𝑗

) 

=  (𝐹𝐶𝑀1 − 𝐹𝐶𝐶𝑆𝑁𝐿
)(𝑓𝑈(1 +  𝑐𝑈) + 𝑓𝑅(1 +  𝑐𝑅) + 𝑓𝑀(1 +  𝑐𝑀)(1 + 𝑑𝑀)) +  (∑ ∆𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒,𝑗

𝑗

) 

 

3.5 Target speed on the highway 
Inputs: 

- Target speed on highway from Self-Reporting Tool: -10 km/h, speed limit, +10 km/h 
 

Concept 

The idea is that driving over or below the speed limit changes has two effects. The first one is the fact that 

driving faster costs more energy per kilometre. The second one is an assumption that the extent to which 

the speed of the vehicle changes over time differs by driving speed in relation to the speed limit. When 

driving below the speed limit, it is usually possible to drive at a constant speed. Driving over the speed limit 



makes it necessary to adapt to others more often, in any case when it is busy on the road. If braking is 

needed, additional fuel is consumed bringing the car back up to speed. Possibly the varying load of the 

engine has an effect as well. 

Note that the effect of the speed itself is caused by aerodynamic drag resistance and is dependent on the 

aerodynamic properties of the vehicle: a sleek coupé shaped vehicle can be expected to have a smaller 

penalty for driving faster than a van. However, at this point the MILE21 database does not contain these 

values, so a distinction among specific models cannot be made. 

 

Building the model 

To see if there is any effect of braking, the data is filtered for deceleration. This needs to be done in a speed 

dependent way. Deceleration over this speed-specific value means that the brake was applied. The braking 

frequency and average braking power can give an indication of the relative penalty. This should lead to a 

penalty that can be applied in general for users targeting above the limit. 

However, during the analysis it became apparent that filtering of this data is hardly possible, given the 

differences in vehicle features. 

The fuel penalty or bonus of the air drag effect of the speed is much easier to model. Dependent on the 

absolute speed limit, +10 km/h or -10 km/h leads to a relative difference in fuel consumption  

 

𝑑𝑀 = {

𝑑𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑒𝑑= −10 km/h 

𝑑𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑒𝑑= +0 km/h

𝑑𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑒𝑑= +10 km/h

 

 

that depends on the aerodynamic properties of the car. That is, if the speed can indeed be attained in 

traffic. 

 

Figure 3-3 CO2  mass flow as function of the difference between the speed of the vehicle, and the speed 
limit of the road that the vehicle is driving on. Only roads with speed limits 100 km/h and higher are 
considered. Dynamic driving is defined as driving where the acceleration is larger than 0.2 ms-2.  



 

 
Figure 3-4 The ratio of time that is spent driving dynamically depending on the difference between the 
speed of the vehicle, and the speed limit of the road that the vehicle is driving on. Only roads with speed 
limits 100 km/h and higher are considered. Dynamic driving is defined as driving where the acceleration 
is larger than 0.2 ms-2, or less than -0.2 ms-2. 

 

Table 3-3 Relative differences in CO2 (and therefore also fuel) due to driving above or below the 
speed limit. CO2 is given in g/s while ratio refers to the time ratio as a percentage. The difference in CO2 
is used to determine the factor 𝒅𝑴. Factors are calculated by averaging over 53 vehicles. 

 
Dynamic positive Dynamic negative Steady Total CO2 Difference in CO2 [%] 

 
CO2 Ratio CO2 Ratio CO2 Ratio 

  

-10 6.34 0.13 1.24 0.13 4.02 0.74 3.95 -8.8% 

0 6.5 0.07 1.85 0.08 4.39 0.84 4.33 0.0% 

10 7.25 0.15 2.03 0.18 5.14 0.67 4.88 12.6% 

 

 

 

3.6 Hilliness 
Concept 

The fuel consumption of the vehicle when driving on a slope is different than driving on a flat road. Driving 

uphill requires additional fuel due to the gravitational energy added to the car. During downhill driving, the 

gravitational energy is lost again, or rather converted: the car rolls down the hill. And while on a single trip 

one may end at a different altitude than at the beginning of the trip, over a longer period this is cancelled 

out, and no net altitude is gained or lost. So also gravitational energy changes cancel each other out. Yet, 

hilly surroundings may lead to increased or reduced fuel consumption. A number of factors come into play: 

- Uphill driving can push the engine in a higher load point, making it generally operate more 

efficiently. Downhill driving reduces engine load, making it operate less efficiently if not completely 

off-throttle. The net effect may be a decreased fuel consumption compared to a flat road of the 

same length. 

- Uphill and downhill driving is generally done in a lower gear, to make use of engine braking. This 

can increase the fuel consumption. 



- Engine braking is energy lost as heat. If it occurs more than on a flat road, this leads to net 

additional fuel consumption. 

- Mechanical braking is energy lost as heat. If more braking is needed on downhill slopes than on 

flat roads, this leads to additional fuel consumption. Note that engine braking during downhill 

coasting is also energy lost as heat, but a similar (friction) loss would occur in flat road driving. 

- More corners can occur, and especially hairpins reduce the speed and increase the amount of 

braking, giving rise to extra fuel consumption. 

The influence of all of these factors is dependent on the (average) slope. The steeper the slopes, the more 

engine efficiency effect, the more (engine) braking effect and so on. Relating the hilliness effect to the 

average slope would be a good approach. Furthermore, the nonlinearity of propulsion energy consumption 

with speed is a factor to consider. 

However, the information requested from MILE21 users cannot be too complicated, and for the Self-

Reporting Tool the input is reduced to a hilliness occurrence factor: 0-25-50-75-100%. The final model can 

therefore not incorporate slope and speed factors, unfortunately. 

 

Building the model 

To calculate the additional CO2 output from a vehicle going through hills, the balance between additional 

fuel consumption needed for uphill drive and the coasting during downhill drive has to be considered. 

Moreover, when the vehicle speed during downhill coasting is considered too fast, the driver is expected 

to apply braking, which resulted in energy loss. 

For the M2 formulation, the net effect of the hilliness towards CO2 output will be simplified with several 

assumptions: 

• A hilly trip will consist of the same uphill and downhill distances and the equal road gradient 

A hill in the driver’s trip is assumed to have a shape of an isosceles triangle, as shown in Figure 3-5. 

 

 

Figure 3-5 Assumption of a hill profile for hilliness modelling 

The assumption of no net altitude gain or loss is valid for long-term average driving. 

• When the driver is not braking, the additional fuel consumption for uphill drive is compensated by 

throttle-less downhill coasting 

This assumes that the conversion of energy from fuel combustion to energy potential from the uphill 

driving is converted fully to kinetic energy during downhill coasting. 

 

• Engine loss during uphill drive and downhill coast are equal 

The energy loss in the vehicle’s engine due to friction or other heat generation during uphill and 

downhill are assumed to be equal. 



With the stated assumptions, if the vehicle does not brake during uphill and downhill drive, the total fuel 

consumption from a hilly trip would be equal to driving on a flat road. However, if the brake is applied 

during downhill coasting to maintain desired vehicle speed, the potential energy is converted to heat in 

the brake pads and discs/drums, and therefore considered as loss of energy. 

The energy loss during braking downhill is therefore assumed to be the main cause of the additional fuel 

consumption (and thus CO2 output) during a hilly trip. To model the energy loss during braking downhill , 

the energy balance of the vehicle is visualized and formulated. 

 

Figure 3-6 Sketch of vehicle travelling downhill 

In normal driving during downhill, the energy balance of Figure 3-6 can be formulated as 

Δ𝑃𝐸 + Δ𝐾𝐸 = 𝐸𝑓𝑢𝑒𝑙 + 𝐸𝑎𝑖𝑟 + 𝐸𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + 𝐸𝑏𝑟𝑎𝑘𝑒 , 

where 

𝛥𝑃𝐸 is the change in potential energy from t1 to t2, 

𝛥𝐾𝐸 is the change in kinetic energy from t1 to t2, 

𝐸𝑓𝑢𝑒𝑙 is the total energy released from fuel combustion from t1 to t2, 

𝐸𝑎𝑖𝑟 is the energy loss due to air resistance , 

𝐸𝑟𝑜𝑙𝑙𝑖𝑛𝑔 is the energy loss due to rolling friction, 

𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is the energy loss due to mechanical friction inside the vehicle, 

𝐸𝑏𝑟𝑎𝑘𝑒 is the energy loss due to braking. 

The energy balance equation is converted to a power balance equation. 

𝑃�̇�  + 𝐾�̇� = �̇�𝑓𝑢𝑒𝑙 + �̇�𝑎𝑖𝑟 + �̇�𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + �̇�𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + �̇�𝑏𝑟𝑎𝑘𝑒 

The rate of energy loss due to air resistance can be formulated as  

�̇�𝑎𝑖𝑟 =
1

2
 𝐶𝑑𝐴 𝜌𝑎𝑖𝑟 𝑣𝑣𝑒ℎ𝑖𝑐𝑙𝑒

3 ,  

where  

𝐶𝑑 is the drag coefficient, 

𝐴 is the frontal surface area of the vehicle, 

𝜌𝑎𝑖𝑟 is the density of air, 

𝑣𝑣𝑒ℎ𝑖𝑐𝑙𝑒  is the vehicle speed on the slope. 



 

The rate of energy loss due to rolling friction can be formulated as 

�̇�𝑟𝑜𝑙𝑙𝑖𝑛𝑔 = 𝐶 𝑚𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑣𝑣𝑒ℎ𝑖𝑐𝑙𝑒, 

where  

𝐶 is the rolling resistance coefficient, assumed to be constant at 110 N / ton 

𝑚𝑣𝑒ℎ𝑖𝑐𝑙𝑒 is the mass of vehicle. 

 

If the driver applies the brake during the downhill drive (will be named “downhill braking”), no fuel is 

consumed, therefore no energy from fuel combustion goes to vehicle motion. The potential energy is 

therefore transformed into kinetic energy, overcoming resistances (air, rolling resistance, friction) and 

braking. 

 

𝑃�̇�  + 𝐾�̇� = �̇�𝑎𝑖𝑟 + �̇�𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + �̇�𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + �̇�𝑏𝑟𝑎𝑘𝑒 

 

From the equation, it is possible to use 1 Hz measurement data to estimate the rate of energy loss during 

downhill braking. From the estimated rate of energy loss, the average rate of energy loss per the braking 

distance can be calculated and used to estimate the CO2 penalty due to downhill braking. 

 

Measurement and modelling 

In the MILE21 campaign, two light duty vehicles (Renault Clio and Seat Ibiza) were driven through 12 test 

trips with various routes and different slope profiles. Data was logged at 1 Hz using PEMS equipment, which 

additionally recorded signals from a GPS sensor, from the CAN bus through the OBD port, and from an 

ambient pressure sensor fitted specifically for the purpose of the model M2 hilliness analysis. 

One particular trip included a hill with a height more than 800 metres, as shown in Figure 3-7. 

 



 

Figure 3-7 Example trip that includes driving over a hill up to 800 m in altitude, where the altitude 
signals are determined from GPS as well as calculated using an ambient pressure sensor. Note that 
calculated altitude signals are shifted to match the GPS signal starting point 

The bottom plot of Figure 3-7 shows two altitude signals based on the GPS sensor and based on calculation 

using an ambient pressure sensor. The calculated altitude signal based on the ambient pressure is the 

preferred method for increased sensitivity and reliability (e.g. when GPS sensor is not working inside the 

tunnels). 

Using the measurement data, the estimated rate of energy loss due to downhill braking is categorized per 

road angle. The road angle is calculated by using the rate of change of the calculated altitude signal and 

the rate of change of the vehicle driving uphill or downhill. 

Figure 3-8 shows an example of the distribution of estimated braking power and the vehicle speed during 

downhill coasting on calculated road angles between -4 degrees and -2 degrees. 



 

Figure 3-8 Distribution of estimated rate of energy loss due to braking and vehicle speed during downhill 
braking 

The average of energy lost by downhill braking for each road angle range can be calculated by dividing the 

total energy loss to downhill braking by the respective travelled distance. 

�̅�𝑏𝑟𝑎𝑘𝑒(𝛼𝑑𝑜𝑤𝑛ℎ𝑖𝑙𝑙)[
𝑘𝐽

𝑘𝑚
] =

∫ 𝑃𝑏𝑟𝑎𝑘𝑒(𝛼𝑑𝑜𝑤𝑛ℎ𝑖𝑙𝑙, 𝑡)𝑑𝑡
𝑡2

𝑡1

∫ 𝑣𝑣𝑒ℎ𝑖𝑐𝑙𝑒,𝑑𝑜𝑤𝑛ℎ𝑖𝑙𝑙(𝛼𝑑𝑜𝑤𝑛ℎ𝑖𝑙𝑙 , 𝑡)𝑑𝑡
𝑡2

𝑡1

 

 

A linear model of energy loss to downhill braking per vehicle mass as a function of calculated road angle 

can be formulated, and fitted as shown in Figure 3-9. 

 

Figure 3-9 Linear model fitting for average energy loss due to downhill braking, as a function of road 
angle 



For the M2 implementation in calculating the additional CO2 penalty for the whole trip, the ratio of the 
downhill braking distance to the total trip distance is required. The ratio can be used to scale the CO2 

penalty during the downhill braking to the whole trip length. It is assumed that an average additional 
braking energy of 1 kJ/km will result in an additional 5 g of CO2/km [Ligterink, 2016]. 
 

𝐶𝑂2 ℎ𝑖𝑙𝑙𝑖𝑛𝑒𝑠𝑠 [
𝑔

𝑘𝑚
] = �̅�𝑏𝑟𝑎𝑘𝑒(𝛼𝑑𝑜𝑤𝑛ℎ𝑖𝑙𝑙)[

𝑘𝐽

𝑘𝑚
] ×

𝑑𝑑𝑜𝑤𝑛ℎ𝑖𝑙𝑙

𝑑𝑡𝑜𝑡𝑎𝑙
 [−] × 5 [

𝑔𝐶𝑂2

𝑘𝐽
] 

 

Due to a lack of other second-by-second data, the only validation that can be done at this point, is a 

calculation exercise to see if the additional hilliness factor brings the M2 results closer to the measured 

values for the two cars considered. 

The relevant vehicle parameters and the road profile of the hilly trip are shown in Table 3-4 and Table 3-5. 

Table 3-4  Vehicle parameters for M2 hilliness model 

Vehicle Fuel type Engine power  
[kW] 

Build year Vehicle mass in running order 
[kg] 

Seat Ibiza Petrol 66 2019 1024 

Renault Clio Diesel 66 2019 1160 

 

Table 3-5  Trip profile from one of the hilly routes driven during measurement campaign 

Trip profile  

Trip length in urban section [km] 34 

Trip length in rural section km] 16 

Trip length in motorway section [km] 15 

Average downhill slope [%] -2.5 

Ratio of downhill distance vs total trip distance [%] 10 

 

As reference value, the measured CO2 emission from the trips is calculated based on the measured fuel 

consumption and the fuel type. The modelled CO2 emission is first calculated with the M2 model without 

hilliness factor, and then with M2 with the estimated hilliness penalty factor. The results are shown in Table 

3-6. 

For both cars the M2 values without hilliness are already quite close to the measured emission values. The 

rightmost column shows that for the Seat Ibiza the modelled CO2 with hilliness penalty is higher than the 

measured CO2 emission by 4.1 % whereas for Renault Clio, the modelled CO2 emission is lower by 0.6 % 

compared to the measured CO2 emission. Given the fact that factors not included in M2 (such as aircon use 

and wind and temperature effects) together with differences in drivetrain technology and tyre rolling 

resistance, can have an effect larger than 4%, it cannot be concluded if the hilliness penalty improves the 

accuracy of M2 or not. A measurement campaign with other vehicles with varying weights and net engine 

power, under varying weather conditions is needed to validate the robustness of the hilliness modelling. 



Table 3-6  Comparison of CO2 modelling with measurement result 

Vehicle Measured CO2 emission 
[g/km] 

Modelled CO2 emission 
M2 without hilliness penalty  
[g/km] 

Modelled CO2 emission  
M2 with hilliness penalty 
[g/km] 

Seat Ibiza 147.3 148.6 153.4 

Renault Clio 137.3 131.0 136.5 

 
Because the factor ‘distance share of downhill braking’ share is too much detail for the user data based 
MILE21 platform, a generic factor is more useful. Assuming that a 2.5% average slope is a reasonable 
average, and a 10% distance share of downhill braking as well, an effect of around 4% can be expected for 
100% hilly driving. The MILE21 user setting of 0-25-50-75-100% hilly surroundings can be multiplied with 
the factor of 4% to result in an additional CO2 emission for hilliness. 
 

3.7 Auxiliaries: air conditioning  
Introduction 

The following outlines a concept for a generic factor to calculate the additional fuel consumption and 

tailpipe CO2 emission resulting from air conditioning use. Note that it has not been possible to support the 

concept with measurement data within the project; therefore no conclusions can be drawn and air 

conditioning use is not incorporated in the M2 model. 

Concept  

A compressor type interior air conditioning (A/C) uses mechanical energy from the engine to produce cold 

and/or dry air. The extent by which the A/C is used, is determined by the driver and passengers. Assuming 

it is always on and automatically regulated (‘automatic climate control’), the energy consumption is most 

dependent on the temperature setpoint, the outside temperature and the amount of solar irradiation. The 

trip duration is also an important factor to consider, because starting from a hot interior, the energy 

consumption at the start of the trip should be the highest. Short trips therefore lead to a higher average 

energy consumption per km. 

Average A/C fuel consumption 

Fontaras et al. have discussed the effects of A/C systems on real-world fuel consumption of passenger cars 

in Europe [Fontaras, 2017]; the average maximum A/C fuel consumption for an average mass/size vehicle 

was estimated at 0.5 litre of fuel per hour driving. 

Ambient temperature and solar radiation 

From meteorological data for the Netherlands it follows that monthly averaged temperature and solar 

radiation power have a similar annual pattern, albeit shifted in time (Error! Reference source not found.). 

As a start for the model it was assumed that the monthly temperature is a fair indicator for this influence 

over the year. As an update an influence curve derived from a combination of both might be considered.  



 

Figure 3-10 Monthly averaged temperature (blue) and radiation sum (red) in the Netherlands. 

As the monthly averaged temperature is also quite dependent on geographical location, an attempt was 

made to differentiate per country of the EU. Monthly averaged temperature data was found and gathered 

for 20 locations in 16 of the 27 countries in the EU. The data for missing countries could be inferred from 

neighbouring countries. 

 

Figure 3-11 Monthly averaged temperatures for 20 locations in 16 different EU countries. 

 

Building the model 

The basic model proposed to describe the additional fuel consumption due to an A/C system is 

𝐹𝐶𝐴𝐶𝑡𝑟𝑖𝑝
= 𝐹𝐶𝐴𝐶𝑐𝑜𝑜𝑙 

+ 𝐹𝐶𝐴𝐶𝑘𝑒𝑒𝑝 
 ,  

where 



𝐹𝐶𝐴𝐶𝑐𝑜𝑜𝑙 𝑑𝑜𝑤𝑛
 (in litres) is the fuel consumed during the period of vehicle cooling at maximum A/C power, 

at the start of a trip, until the setpoint is reached (if the trip is long enough) 

𝐹𝐶𝐴𝐶𝑘𝑒𝑒𝑝 𝑐𝑜𝑜𝑙
 (in litres) is fuel consumed during the period where the temperature is maintained after the 

setpoint has been reached, until the end of the trip 

The cool down term may then be defined as  

𝐹𝐶𝐴𝐶𝑐𝑜𝑜𝑙 𝑑𝑜𝑤𝑛
=

𝑡𝐴𝐶𝑜𝑛

𝑡𝑡𝑜𝑡
 ∙  𝐹𝐶𝐴𝐶�̅�

∙  
𝑚

�̅�
∙ 𝑡𝑐𝑜𝑜𝑙 , 

where 

𝑡𝐴𝐶𝑜𝑛
 is time (in minutes) that A/C is on (for the purpose of M2, this is considered equal to 𝑡𝑡𝑜𝑡) 

𝑡𝑡𝑜𝑡 is the total time driven (in minutes) 

𝐹𝐶𝐴𝐶�̅�
 is the additional fuel consumption (

𝐿

𝑚𝑖𝑛
) for A/C at maximum power, for an average size/mass 

vehicle. This value is set to 0.5/60 = 0.00833 

𝑚 is the mass of the vehicle (kg) 

�̅� is the average vehicle mass (set to 1300 kg) 

𝑡𝑐𝑜𝑜𝑙 𝑑𝑜𝑤𝑛 is the time it takes to cool down the vehicle to the setpoint temperature (in minutes) 

The 𝑡𝑐𝑜𝑜𝑙 𝑑𝑜𝑤𝑛  factor can be made dependent of the average monthly temperature and of a minimum 

temperature at which A/C is necessary (e.g. 18 °C ambient temperature). The chance or time share that 

the ambient temperature is above this minimum temperature is relevant. 

The ‘keep cool’ term of the main formula (previous page) can be defined as 

𝐹𝐶𝐴𝐶𝑘𝑒𝑒𝑝 𝑐𝑜𝑜𝑙
=

𝑡𝐴𝐶𝑜𝑛

𝑡𝑡𝑜𝑡
 ∙  𝐹𝐶𝐴𝐶�̅�

∙  
𝑚

�̅�
∙ 𝑓 ∙ 𝑡𝑘𝑒𝑒𝑝 , 

where 

𝑓 is the cooling maintenance factor, where 𝑓 =
1

33−𝑇𝑎𝑚𝑏𝑚𝑖𝑛
 
(𝑇𝑎𝑚𝑏 − 𝑇𝑎𝑚𝑏𝑚𝑖𝑛

). 

1

33− 𝑇𝑎𝑚𝑏𝑚𝑖𝑛

 is based on the assumption that an ambient temperature of 33 °C requires continuously 

maximum A/C power 

𝑇𝑎𝑚𝑏 is the ambient temperature (°C) 

𝑇𝑎𝑚𝑏𝑚𝑖𝑛
 is the minimum temperature at which A/C is necessary (assumed here to be 18 °C) 

𝑡𝑘𝑒𝑒𝑝 𝑐𝑜𝑜𝑙 is the duration of the trip after setpoint temperature has been reached (in minutes) 

  



4 Conclusions 
Model M2 adjusts the average fuel consumption estimation and CO2 emission estimation of model M1 for 

specific use and use conditions of the vehicle. Factors included are the share of driving on different road 

types, the highway target speed, and average trip length (cold start frequency). Initial proposals for both 

hilliness and air conditioning have been made, where the former has been developed further than the 

latter. 

The model allows the MILE21 platform to give users feedback on their registered fuel consumption 

numbers, as well as a relatively accurate estimation of real-world fuel consumption for a specific car for a 

specific use case. This can help people decide on an efficient car for their purposes. 

Independent validation of the model is currently pending, and further improvements may be made 

depending on further insights. 
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A Inputs from Self-Reporting Tool 
Vehicle registration: 

 ICEVs PHEVs BEVs Interface Options 

Make X X X Dropdown  Audi, VW, BMW, … 

Model  X X X Dropdown  A4, A3, … 

Powertrain type X X X Dropdown  

Battery electric, CNG, 
CNG/Petrol, Diesel, Diesel 
hybrid, Diesel plug-in hybrid, 
Ethanol, Ethanol/Petrol, 
Hydrogen, LPG, LPG/Petrol, 
Petrol, Petrol hybrid, Petrol 
plug-in hybrid  

Engine displacement X X - Dropdown Values [ccm] 

Engine Power X X X Dropdown Values [kW or PS] 

Battery Capacity - X X Dropdown Values [kWh] 

Emission standard  X X - Dropdown Euro 3/4/5/6/6d/6d-TEMP 

Transmission type X X - 
Dropdown/2 options to 

choose 
Manual/automatic 

4WD available X X X 
Dropdown/2 options to 

choose 
Yes/no 

Start-stop-system 

available 
X X - 

Dropdown/2 options to 

choose 
Yes/no 

 

 

Update/verification of vehicle registration data:  

 ICEVs PHEVs BEVs Interface Options 

Official CO2  
emission value X X - Open text Values [g/km] 

Official fuel 
consumption value 

X X - Open text Values [L/100 km]  

Official energy 
consumption value 

- X X Open text Values [kWh/100 km] 

 

 

Fuelling event input: 

 ICEVs PHEVs BEVs Interface Options 

Date of refuelling/ 
charge 

X X X Open text  

Odometer X X X Open text 

The user can be given the 
option of recording 
odometer readings or the 
kilometres driven since the 
last fuelling event [km] 

Fuel type - X - Dropdown/ 2 options to choose Electricity or petrol/diesel 

Type of 
refuelling/charge 

X X X Dropdown/ 2 options to choose Total/partial 



Amount of fuel/energy X X X Open text [L] or [kWh] 

Cost of 
refuelling/charge 

X X X Open text 
[EUR], [EUR/L], or 
[EUR/kWh] 

Place of 
refuelling/charge 

X X X Open text  

 

 

Further fuelling event input:  

Variable (all) 
Mandatory/ 

optional 
Interface Options 

Type of route O 3 Sliders  
% urban,  
% rural, % highway 

Hilly O Slider  0-25% -50-75% -100%  

Average single trip 
length 

O Dropdown menu <=5 km,6-10, 11-15, 16-25, >25 km 

Target speed on highway O Dropdown menu -10 km/h; speed limit ; + 10 km/h 

Start/stop system O Slider On/off 

Average number of 
passengers 

O Dropdown menu 1-5 

Tyres O Dropdown menu Summer, winter, all-weather tires 

Daytime temperature O Dropdown <-10, -10 – 0, 0-10, 10-20, 20-30 and >30 °C 

Air conditioner/heater O Dropdown/slider 0-25-50-75-100% of the time 

Hanger/caravan O Slider 0-25-50-75-100% of the time 

Roof rack O Slider 0-25-50-75-100% of the time 

Extra luggage O Slider 0-25-50-75-100% of the time 

 

Output (history of consumption): 

Variable (traditional 
cars + hybrid + plug-in 

hybrid) 
Units Variable full electric Units 

Average fuel 
consumption 

km/L 
L/100km 

Energy consumption 
km/kWh 

kWh/100 km 

CO2 emissions gCO2/km  - - 

Average km cost Euro/km - - 

 



Output (average consumption): 

Variable (traditional 
cars + hybrid + plug-in 

hybrid) 
Units Variable full electric Units 

Average fuel 
consumption 

km/L 
L/100km 

Energy consumption 
km/kWh 

kWh/100 km 

Range of type approval 
fuel consumption of the 
vehicle model group 

L/100 km 
Range of type approval 
energy consumption of 
the vehicle model group 

kWh/100 km 

Average fuel 
consumption of other 
users with vehicles of 
the same vehicle model 
group  

L/100 km 

Average energy 
consumption of other 
users with vehicles of the 
same vehicle model 
group  

kWh/100 km 

Model M2 fuel 
consumption value of 
the vehicle model group 

L/100 km 
Model M2 energy 
consumption value of the 
vehicle model group 

kWh/100 km 

Average CO2 emissions gCO2/km - - 

Range of type approval 
CO2 emissions of the 
vehicle model group 

gCO2/km 
- - 

Average CO2 emissions 
of other users with 
vehicles of the same 
vehicle model group  

gCO2/km 

- - 

Model M2 CO2 emission 
value of the vehicle 
model group 

gCO2/km 
- - 

Average km cost Euro/km Average km cost Euro/km 

  


