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Aim of this document 
 
This document gathers all detailed calculation for obtaining the parametrized equations to 
calculate energy consumption of GV and BEV. It is divided into three sections. The first 
section is an overview which presents the main equations of the model. The second section 
focuses on the energy consumption assumptions and equations (external forces, powertrain 
losses, ect.). The third section presents the integration model, with all assumptions and 
detailed calculations. 
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1- Overview of the model 
 

1.1- Physical Drivers included in the power demand modelling 
 

Table S1: Raw equations used in the methodology to parametrize power demand of 
automobile. 

 
Driver Equation Other 

source 
A- External Forces 

Rolling 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑟𝑟0𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜃𝜃 ≈  𝑟𝑟0𝑀𝑀𝑀𝑀𝑣𝑣  1–5 
Aerodynamic 
drag 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5 𝜌𝜌𝐶𝐶𝐷𝐷𝐴𝐴𝑣𝑣3 1–5 

Inertia 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑀𝑀
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑣𝑣 
1–5 

Rotating inertia 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 4
𝐼𝐼𝑤𝑤
𝑟𝑟𝑤𝑤2

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑣𝑣 
1–3 

Grade 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 3–5 
Additional drag 
due to wind 

𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =  0.5 𝜌𝜌𝐶𝐶𝐷𝐷𝐴𝐴𝐴𝐴𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤2  6–8 

𝒓𝒓𝟎𝟎 [-] rolling factor; M [kg] vehicle weight; v [m/s] vehicle speed; 𝝆𝝆 [-] air density; 𝑪𝑪𝒅𝒅 [-] drag coefficient; 
A [m2] vehicle frontal area; 𝑰𝑰𝒘𝒘 [] polar moment of the inertia of the wheels; 𝒓𝒓𝒘𝒘 [m] effective radius of the wheels;  
𝜽𝜽 [rad] road slope; 𝒗𝒗𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 [m/s] : wind speed 

B- Gasoline Engines Losses 
Thermodynamic 𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

1
𝑟𝑟𝑐𝑐𝛾𝛾−1

𝑃𝑃𝑖𝑖𝑖𝑖,𝐺𝐺𝐺𝐺 
1,4,9 

Frictions 𝑃𝑃𝑓𝑓𝑓𝑓 =  
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓0𝐷𝐷𝐷𝐷

4𝜋𝜋
− 𝑚𝑚𝑃𝑃𝑖𝑖𝑖𝑖,𝐺𝐺𝐺𝐺 

4,10,11 

Thermal 𝑃𝑃𝑡𝑡ℎ = (𝑄𝑄0𝐷𝐷 + 𝑞𝑞𝑃𝑃𝑖𝑖𝑖𝑖,𝐺𝐺𝐺𝐺) 4,12 
Injection 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 =  𝜙𝜙𝐹𝐹𝐹𝐹𝑃𝑃𝑖𝑖𝑖𝑖   

1,4 
Pumping 

𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑝𝑝0𝐷𝐷𝐷𝐷 

3

4𝜋𝜋
 

4,13,14 

Cold Start 𝐸𝐸𝑐𝑐𝑐𝑐 = 𝑐𝑐𝑠𝑠𝑃𝑃𝑒𝑒 15 

𝑷𝑷𝒊𝒊𝒊𝒊 [W] power demand; 𝑵𝑵 [rad/s] engine speed; T [N] engine torque; 𝒓𝒓𝒄𝒄 [-] compression ratio; 𝜸𝜸 [-] heat capacity 
ratio; 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝟎𝟎 [kPa] friction mean pressure at no load; D [L] engine displacement; m [-] effective manifold intake loss; 
𝑸𝑸𝟎𝟎 [kPa/s] insulation losses at no load; q [-] effective combustion losses; 𝝓𝝓𝑭𝑭𝑭𝑭 [-] fuel-air ratio loss; 𝒑𝒑𝟎𝟎 [kPa.s2] 
pumping mean effect at no load; 𝒄𝒄𝒔𝒔 [J/W/m] cold start constant; 𝑷𝑷𝒆𝒆 [W] maximum power of the engine. 

C- Electric Engines Losses 
Core 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛿𝛿𝑃𝑃𝑖𝑖𝑖𝑖,𝐵𝐵𝐵𝐵𝐵𝐵   16,17 
Conductive 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 =  𝜀𝜀𝑇𝑇2 
Converter 𝑃𝑃𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒 =  𝛽𝛽 
Friction 𝑃𝑃𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒 =  𝛼𝛼𝛼𝛼 
𝑷𝑷𝒊𝒊𝒊𝒊 [W] power demand; 𝑵𝑵 [rad/s] engine speed; T [N] engine torque; 𝜶𝜶 [𝑱𝑱],𝜷𝜷[𝑾𝑾],𝜹𝜹[−], 𝜺𝜺[𝒔𝒔.𝒌𝒌𝒈𝒈−𝟏𝟏] electric engine 
characteristic constant. 

D- Drivetrain Losses 
Frictions 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  �𝑎𝑎𝑡𝑡𝑡𝑡𝑃𝑃𝑒𝑒𝑁𝑁 + 𝑐𝑐𝑃𝑃𝑖𝑖𝑖𝑖,𝑑𝑑𝑑𝑑� 18–20 

 
Synchronization 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑟𝑟𝑟𝑟 = 𝑆𝑆.𝑑𝑑 
𝑷𝑷𝒊𝒊𝒊𝒊 [W] power demand; 𝑵𝑵 [rad/s] engine speed; 𝑷𝑷𝒆𝒆 [W] maximum power of the engine; 𝒂𝒂𝒕𝒕𝒕𝒕 [s], c [-] drivetrain 
characteristic constant; S [J/m] synchronization loss constant; d [m] distance traveled. 

E- Battery Losses 
Charging 𝑃𝑃𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (1 − 𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)𝑃𝑃𝑖𝑖𝑖𝑖,𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 

21–24 
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Discharging 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑅𝑅(
𝑃𝑃𝑖𝑖𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏

𝑈𝑈
)2 

𝑷𝑷𝒊𝒊𝒊𝒊 [W] power demand; 𝜼𝜼𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 [-] battery charging efficiency; R [ohm] internal resistance of the battery; U [V] battery 
voltage. 

F- Regenerative Braking 
Regen. 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �
(2𝐵𝐵 − 𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙)2

4𝐵𝐵2
�𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  

25,26 

𝑷𝑷𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 [W] power demand for inertia; B [m/s2] mean deceleration during braking; 𝑩𝑩𝒍𝒍𝒍𝒍𝒍𝒍 [m/s2] safety limit of 
regenerative braking deceleration. 

G- Accessories Losses 
Accessories 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑃𝑃𝑒𝑒𝑒𝑒  

5,27 

𝑷𝑷𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 [W] hot air conditioning power demand; 𝑷𝑷𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 [W] cold air conditioning power demand; 𝑷𝑷𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 [W] electronic 
power demand from the engine. 

Computed 
Parameter 

N° Equation Source 

H- Differential Efficiencies 
Gasoline Engine 𝜂𝜂𝑑𝑑,𝐺𝐺𝐺𝐺 = (1 − 𝑟𝑟𝑐𝑐

1−𝛾𝛾 − 𝜙𝜙𝐹𝐹𝐹𝐹 − q + 𝑚𝑚)  

Electric Engine 𝜂𝜂𝑑𝑑,𝐵𝐵𝐵𝐵𝐵𝐵 = (1 − 𝛿𝛿) 

Drivetrain 𝜂𝜂𝑖𝑖,𝑑𝑑𝑑𝑑 = 𝑐𝑐 

Battery 𝜂𝜂𝑑𝑑,𝑏𝑏𝑏𝑏𝑏𝑏 = 𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  

Regen. 
𝜂𝜂𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1 −

(2𝐵𝐵 − 𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙)2

4𝐵𝐵2
 

I- Power Integration 
Energy Loss per 
distance 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =

1
𝑑𝑑
�𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑡𝑡)𝑑𝑑𝑑𝑑  

𝑷𝑷𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 [W] sum of all the losses previously presented; d [m] distance traveled. 

J- Conversion from energy demand to energy consumption 
Conversion 𝐸𝐸𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =  

1
Λ
𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙   �

Λ𝐺𝐺𝐺𝐺 = 10𝐿𝐿𝐿𝐿𝑉𝑉𝑔𝑔
Λ𝐵𝐵𝐵𝐵𝐵𝐵 = 36  

1,11 

𝚲𝚲 conversion factor; 𝑳𝑳𝑳𝑳𝑽𝑽𝒈𝒈 [J/kg] Lower Heating Value of the gasoline. 

 
1.2 - Equations for the energy consumption of the vehicle  
 

Table S2: Raw equations used in the methodology to parametrize energy consumption of 
automobile. The colors identify the contributors: the car body (in blue), the powertrain (in 

orange) and the dynamic variables (in gray) which are functions of the driver and the path. 
  

Driver Result for GV Results for BEV 
A- External Forces 

Rolling 
𝑬𝑬𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓,𝑮𝑮𝑮𝑮 =

𝒓𝒓𝟎𝟎𝑴𝑴𝒈𝒈𝑱𝑱𝟏𝟏,𝑮𝑮𝑮𝑮

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝒓𝒓𝟎𝟎𝑴𝑴𝒈𝒈
𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃

 

Aerodynamic 
drag 

𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂,𝑮𝑮𝑮𝑮 =
𝟎𝟎.𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝓙𝓙𝟑𝟑,𝑮𝑮𝑮𝑮

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝟎𝟎.𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝓙𝓙𝟑𝟑,𝑩𝑩𝑩𝑩𝑩𝑩

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

Inertia & 
Rotating Inertia 𝑬𝑬𝑬𝑬𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊,𝑮𝑮𝑮𝑮 =

(𝑴𝑴 + 𝟒𝟒𝑰𝑰𝒘𝒘
𝒓𝒓𝒘𝒘𝟐𝟐

)𝑲𝑲𝟏𝟏

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩 =

(𝑴𝑴 + 𝟒𝟒𝑰𝑰𝒘𝒘
𝒓𝒓𝒘𝒘𝟐𝟐

)(𝟏𝟏 − 𝜼𝜼𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓)𝑲𝑲𝟏𝟏

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

Grade 𝑬𝑬𝑬𝑬𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈,𝑮𝑮𝑮𝑮 =
𝒓𝒓𝟎𝟎𝑴𝑴𝒈𝒈𝓗𝓗

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝒓𝒓𝟎𝟎𝑴𝑴𝒈𝒈𝓗𝓗
𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
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Additional drag 
due to wind 

𝑬𝑬𝑬𝑬𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘,𝑮𝑮𝑮𝑮 =
𝟎𝟎. 𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝑾𝑾
𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅

 𝑬𝑬𝑬𝑬𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘,𝑩𝑩𝑩𝑩𝑩𝑩 =
𝟎𝟎. 𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝑾𝑾

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

𝒓𝒓𝟎𝟎 [-] rolling factor; M [kg] vehicle weight; 𝝆𝝆 [-] air density; 𝑪𝑪𝒅𝒅 [-] drag coefficient; 
A [m2] vehicle frontal area; 𝑰𝑰𝒘𝒘 [] polar moment of the inertia of the wheels; 𝒓𝒓𝒘𝒘 [m] effective radius of the wheels; 
𝑱𝑱𝟏𝟏 [−], 𝑱𝑱𝟑𝟑 [𝒎𝒎𝟐𝟐/𝒔𝒔𝟐𝟐],𝑲𝑲𝟏𝟏[𝒎𝒎 𝒔𝒔𝟐𝟐⁄ ],𝓗𝓗 [−],𝑾𝑾 [m2/s2] dynamic variable integrals of the speed, the speed cube, the 
inertia, the slope and the wind; 𝚲𝚲 conversion factor; 𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮 [−],𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩 [−],𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅 [−], 𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃 [-] differential 
efficiencies of resp. the gasoline engine, the electric engine, the drivetrain and the battery. 
Subletters GV refer to gasoline vehicles and BEV to electric vehicles. 

A- Gasoline Engines Losses (only for GV) 
Frictions 

𝑬𝑬𝑬𝑬𝒇𝒇𝒇𝒇,𝑮𝑮𝑮𝑮 =
𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝟎𝟎𝑫𝑫(𝓛𝓛𝟏𝟏,𝑮𝑮𝑮𝑮 + 𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊)

𝟒𝟒𝝅𝝅𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮
 

Thermal 
𝑬𝑬𝑬𝑬𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕,𝑮𝑮𝑮𝑮 =

𝑸𝑸𝟎𝟎𝑫𝑫(𝑱𝑱𝟎𝟎,𝑮𝑮𝑮𝑮 + 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊)

𝟒𝟒𝝅𝝅𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮
 

Pumping 
𝑬𝑬𝑬𝑬𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝑮𝑮𝑮𝑮 =

𝒑𝒑𝟎𝟎𝑫𝑫(𝓛𝓛𝟑𝟑,𝑮𝑮𝑮𝑮 + 𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
𝟑𝟑 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊)

𝟒𝟒𝝅𝝅𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮
 

Cold Start 𝑬𝑬𝑬𝑬𝒄𝒄𝒄𝒄,𝑮𝑮𝑮𝑮 =
𝒄𝒄𝒔𝒔𝑷𝑷𝒆𝒆

𝒅𝒅𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅

 

𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝟎𝟎 [kPa] friction mean pressure at no load; D [L] engine displacement; 𝑸𝑸𝟎𝟎 [kPa/s] insulation losses at no load; 
𝒑𝒑𝟎𝟎 [kPa.s2] pumping mean effect at no load; 𝒄𝒄𝒔𝒔 [J/W/m] cold start constant; 𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 [rad/s] the engine speed during 
idling; 𝑷𝑷𝒆𝒆 [W] maximum power of the engine; 𝓛𝓛𝟏𝟏 [𝒎𝒎−𝟏𝟏],𝓛𝓛𝟑𝟑 [𝒔𝒔−𝟐𝟐], 𝑱𝑱𝟎𝟎[𝒔𝒔.𝒎𝒎−𝟏𝟏], 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊[𝒔𝒔.𝒎𝒎−𝟏𝟏] dynamic variable 
integrals of the engine speed, the engine speed cube, the time, and the idling time; 𝚲𝚲 conversion factor; 
𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮 [−], 𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅 [−] differential efficiencies of resp. the gasoline engine and the drivetrain; d [m] distance traveled. 

B- Electric Engines Losses (only for BEV) 
Conductive 𝑬𝑬𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝜺𝜺 𝓣𝓣𝟐𝟐

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

Converter 
𝑬𝑬𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝜷𝜷 𝑱𝑱𝟎𝟎,𝑩𝑩𝑩𝑩𝑩𝑩

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

Friction 𝑬𝑬𝑬𝑬𝒇𝒇𝒇𝒇,𝑩𝑩𝑩𝑩𝑩𝑩 =
𝜶𝜶 𝓛𝓛𝟏𝟏,𝑩𝑩𝑩𝑩𝑩𝑩

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

𝜶𝜶 [𝑱𝑱],𝜷𝜷[𝑾𝑾],𝜹𝜹[−], 𝜺𝜺[𝒔𝒔.𝒌𝒌𝒈𝒈−𝟏𝟏] electric engine characteristic constant; 𝓛𝓛𝟏𝟏 [𝒎𝒎−𝟏𝟏] , 𝑱𝑱𝟎𝟎[𝒔𝒔.𝒎𝒎−𝟏𝟏], 𝓣𝓣𝟐𝟐 [𝑵𝑵𝟐𝟐. 𝒔𝒔.𝒎𝒎−𝟏𝟏] 
dynamic variable integrals of the engine speed, the time, and the square torque;  𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩 [−],𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃 [−] differential 
efficiencies of resp. the electric engine and the battery. 𝚲𝚲 conversion factor. 

C- Drivetrain Losses 
Frictions 𝑬𝑬𝑬𝑬𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕,𝑮𝑮𝑮𝑮 =

𝒂𝒂𝒕𝒕𝒕𝒕𝑷𝑷𝒆𝒆𝓛𝓛𝟏𝟏,𝑮𝑮𝑮𝑮

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝒂𝒂𝒕𝒕𝒕𝒕𝑷𝑷𝒆𝒆𝓛𝓛𝟏𝟏,𝑩𝑩𝑩𝑩𝑩𝑩

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

Synchronization 𝑬𝑬𝑬𝑬𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔,𝑮𝑮𝑮𝑮 =
𝒓𝒓𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝑺𝑺
𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮

 Not concerned 

𝑷𝑷𝒆𝒆 [W] maximum power of the engine; 𝒂𝒂𝒕𝒕𝒕𝒕 [s] drivetrain characteristic constant; S [J/m] synchronization loss 
constant; 𝓛𝓛𝟏𝟏 [𝒎𝒎−𝟏𝟏] dynamic variable integrals of the engine speed; 𝒓𝒓𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 [-] share of the distance traveled in 
urban area; 𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮 [−],𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩 [−],𝜼𝜼𝒅𝒅,𝒅𝒅𝒅𝒅 [−], 𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃 [-] differential efficiencies of resp. the gasoline engine, the 
electric engine, the drivetrain and the battery. 
Battery Losses (only for BEV) 
Driving 𝑬𝑬𝑬𝑬𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅,,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝑹𝑹𝓟𝓟𝟐𝟐

𝐔𝐔𝟐𝟐𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃
 

R [ohm] internal resistance of the battery; U [V] battery voltage; 𝓣𝓣𝟐𝟐 [𝑾𝑾𝟐𝟐. 𝒔𝒔.𝒎𝒎−𝟏𝟏] dynamic variable integrals of the 
square power; 𝚲𝚲 conversion factor; 𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃 [−] differential efficiencies of the battery. 
Accessories Losses 
Accessories 𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂,𝑮𝑮𝑮𝑮 =

𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 (𝑱𝑱𝟎𝟎,𝑮𝑮𝑮𝑮 + 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊)
𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮

 𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂,𝑩𝑩𝑩𝑩𝑩𝑩 =
𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 (𝑱𝑱𝟎𝟎,𝑩𝑩𝑩𝑩𝑩𝑩 + 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊)
𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃

 

𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 = (𝑷𝑷𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 + 𝑷𝑷𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 + 𝑷𝑷𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆) [W] total power of accessories; 𝑱𝑱𝟎𝟎[𝒔𝒔.𝒎𝒎−𝟏𝟏], 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊[𝒔𝒔.𝒎𝒎−𝟏𝟏] dynamic variable integrals 
of the time and idling time. 𝜼𝜼𝒅𝒅,𝑮𝑮𝑮𝑮 [−],  𝜼𝜼𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩 [−],𝜼𝜼𝒅𝒅,𝒃𝒃𝒃𝒃𝒃𝒃 [−] differential efficiencies of resp. the electric engine and 
the battery; 𝚲𝚲 conversion factor. 
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1.3 – Dynamic variables integrals parametrization  
 

Table S3: Raw equations used in the methodology to parametrize the dynamic variables 
integrals. The colors identify the contributors: the car body (in blue), the powertrain (in 

orange), the driver (in green) and the path (in red). 
 

 

Varia
ble  GV BEV 

𝒂𝒂𝒂𝒂 𝑲𝑲𝟏𝟏 = 𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑 

𝒂𝒂𝒗𝒗𝟐𝟐 𝑲𝑲𝟐𝟐 = 𝝁𝝁𝒗𝒗𝟑𝟑 𝑲𝑲𝟐𝟐,𝒑𝒑 

𝒗𝒗 𝑱𝑱𝟏𝟏,𝐺𝐺𝐺𝐺 =  �𝟏𝟏 −
𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝑩𝑩 � 𝐽𝐽1,𝑒𝑒𝑒𝑒 =  1 

𝒗𝒗𝟑𝟑 𝑱𝑱𝟑𝟑,𝐺𝐺𝐺𝐺 =  𝝁𝝁𝒗𝒗𝟐𝟐𝑱𝑱𝟑𝟑,𝒑𝒑 �𝟏𝟏 −
𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝑩𝑩 −
𝑴𝑴𝝁𝝁𝒗𝒗𝟑𝟑 𝑲𝑲𝟐𝟐,𝒑𝒑

𝝁𝝁𝒂𝒂𝑷𝑷𝒆𝒆
�𝟏𝟏 − 𝒓𝒓𝒂𝒂𝒂𝒂𝒂𝒂𝟐𝟐 �� 

𝐽𝐽3,𝐵𝐵𝐵𝐵𝐵𝐵 =  𝜇𝜇𝑣𝑣2𝐽𝐽3,𝑝𝑝 �1 − (
𝜇𝜇𝑣𝑣2 𝐾𝐾1,𝑝𝑝

𝐵𝐵

+
𝑀𝑀𝜇𝜇𝑣𝑣3 𝐾𝐾2,𝑝𝑝

𝜇𝜇𝑎𝑎𝑃𝑃𝑒𝑒
)(1 − 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎2 )� 

1 𝑱𝑱𝟎𝟎,𝐺𝐺𝐺𝐺 =  
𝟏𝟏
𝝁𝝁𝒗𝒗

𝑱𝑱𝟎𝟎,𝒑𝒑 �𝟏𝟏 −
𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝑩𝑩 −
𝑴𝑴𝝁𝝁𝒗𝒗𝟑𝟑 𝑲𝑲𝟐𝟐,𝒑𝒑

𝝁𝝁𝒂𝒂𝑷𝑷𝒆𝒆
�𝟏𝟏 − 𝒓𝒓𝒂𝒂𝒂𝒂𝒂𝒂𝟐𝟐 �� 

𝐽𝐽0,𝐵𝐵𝐵𝐵𝐵𝐵 =  
1
𝜇𝜇𝑣𝑣
𝐽𝐽0,𝑝𝑝 �1 − (

𝜇𝜇𝑣𝑣2 𝐾𝐾1,𝑝𝑝

𝐵𝐵

+
𝑀𝑀𝜇𝜇𝑣𝑣3 𝐾𝐾2,𝑝𝑝

𝜇𝜇𝑎𝑎𝑃𝑃𝑒𝑒
)(1 − 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎2 )� 

𝑵𝑵 
𝓛𝓛𝟏𝟏,𝐺𝐺𝐺𝐺 = (𝒓𝒓𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖

𝜇𝜇𝑁𝑁𝑁𝑁𝑒𝑒
𝝁𝝁𝒗𝒗

 𝑱𝑱𝟎𝟎,𝒑𝒑+ 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝝈𝝈𝒓𝒓)�𝟏𝟏 −
𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝑩𝑩

−
𝑴𝑴𝝁𝝁𝒗𝒗𝟑𝟑 𝑲𝑲𝟐𝟐,𝒑𝒑

𝝁𝝁𝒂𝒂𝑷𝑷𝒆𝒆
� +

𝑵𝑵𝒂𝒂𝑴𝑴𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝝁𝝁𝒂𝒂𝑷𝑷𝒆𝒆
 

ℒ1,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

𝑵𝑵𝟑𝟑 
𝓛𝓛𝟑𝟑,𝐺𝐺𝐺𝐺 = (𝒓𝒓𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖

(𝜇𝜇𝑁𝑁𝑁𝑁𝑒𝑒)3

𝝁𝝁𝒗𝒗
 𝑱𝑱𝟎𝟎,𝒑𝒑+ 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝝈𝝈𝒓𝒓𝝁𝝁𝒗𝒗𝟐𝟐𝑱𝑱𝟑𝟑,𝒑𝒑)�𝟏𝟏

−
𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝑩𝑩 −
𝑴𝑴𝝁𝝁𝒗𝒗𝟑𝟑 𝑲𝑲𝟐𝟐,𝒑𝒑

𝝁𝝁𝒂𝒂𝑷𝑷𝒆𝒆
� +

𝑵𝑵𝒂𝒂
𝟑𝟑𝑴𝑴𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝝁𝝁𝒂𝒂𝑷𝑷𝒆𝒆
 

Not needed 

𝑻𝑻𝟐𝟐 Not needed 𝒯𝒯2 =
𝜇𝜇𝑎𝑎𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚2 𝑀𝑀𝜇𝜇𝑣𝑣2 𝐾𝐾1,𝑝𝑝

𝜇𝜇𝑎𝑎𝑃𝑃𝑒𝑒
 

𝑷𝑷𝒊𝒊𝒊𝒊𝟐𝟐  Not needed 𝒫𝒫2 = (𝜇𝜇𝑎𝑎𝑃𝑃𝑒𝑒𝑀𝑀𝜇𝜇𝑣𝑣2 𝐾𝐾1,𝑝𝑝) + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 /𝐽𝐽0,𝐵𝐵𝐵𝐵𝐵𝐵  
 

𝒗𝒗. 𝒔𝒔𝒔𝒔𝒔𝒔  𝓗𝓗 = 𝒉𝒉 

𝒗𝒗.𝒗𝒗𝒘𝒘𝟐𝟐  𝑾𝑾 = 𝒘𝒘𝟐𝟐 �𝟏𝟏 −
𝝁𝝁𝒗𝒗𝟐𝟐 𝑲𝑲𝟏𝟏,𝒑𝒑

𝑩𝑩 � 𝑾𝑾 = 𝒘𝒘𝟐𝟐 

Parameters for the driver: 
𝝁𝝁𝒗𝒗 [−]  Driver speed compliance ratio; 𝑩𝑩 [m/s2] mean deceleration by the driver during braking; 𝝁𝝁𝒂𝒂 [−]  Driver 
acceleration aggressiveness; 𝝁𝝁𝑵𝑵 [−]  Driver engine speed aggressiveness; 𝑵𝑵𝒂𝒂 [rad/s] engine speed during 
acceleration. 
Parameters for the path: 
 𝓚𝓚𝟏𝟏,𝒑𝒑 �𝒎𝒎 𝒔𝒔𝟐𝟐⁄ �,  𝓚𝓚𝟐𝟐,𝒑𝒑 [𝒎𝒎𝟐𝟐 𝒔𝒔𝟑𝟑⁄ ], 𝓙𝓙𝟎𝟎,𝒑𝒑 [𝒔𝒔/𝒎𝒎] , 𝓙𝓙𝟑𝟑,𝒑𝒑 [𝒎𝒎𝟐𝟐/𝒔𝒔𝟐𝟐],𝒉𝒉 [−] and w [𝒎𝒎/𝒔𝒔] are the dynamic variables integrals 
evaluated with the target functions which only depends on the path. 
𝒓𝒓𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 [−] and 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 [−] are resp. the share of the journey traveled in urban area and rural area. 
𝒓𝒓𝒂𝒂𝒂𝒂𝒂𝒂 [−]  the ratio of average speed during acceleration to the final cruising speed. 
Other parameters: 
M [kg] the vehicle weight; 𝝈𝝈𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 [-] the BEV drive ratio; 𝝈𝝈𝒓𝒓 [-] the GV drive ratio in rural areas; 𝑵𝑵𝒆𝒆 [rad/s] the GV default 
engine speed in urban area; 𝑷𝑷𝒆𝒆 [W] maximum power of the engine; 𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎 [N] maximum torque of the engine; 
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1.4 – Example of PIEC equations  
 

Table S4: Raw equations to some PIEC.  
 

Parameter Result for GV Unit 
B- External Forces 

Mass (M) 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =
100
36

 .   
1

𝜂𝜂𝑑𝑑,𝑒𝑒𝜂𝜂𝑑𝑑,𝑑𝑑𝑑𝑑𝜂𝜂𝑑𝑑,𝑏𝑏𝑏𝑏𝑏𝑏
 (𝑟𝑟0𝑔𝑔𝐽𝐽1 + (1− 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝐾𝐾1 + 𝑔𝑔ℋ) 

kWh/100km/100kg 

Drag (Cd) 
𝐶𝐶𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼 =

1
360

 .   
0.5𝜌𝜌𝜌𝜌(𝐽𝐽3 +𝑤𝑤2𝐽𝐽1)
𝜂𝜂𝑑𝑑,𝑒𝑒𝜂𝜂𝑑𝑑,𝑑𝑑𝑑𝑑𝜂𝜂𝑑𝑑,𝑏𝑏𝑏𝑏𝑏𝑏

 
kWh/100km/unit- 

Rolling factor 
(r0) 𝑟𝑟0𝐼𝐼𝐼𝐼𝐼𝐼 =

1
36000

 .   
𝑀𝑀𝑀𝑀𝐽𝐽1

𝜂𝜂𝑑𝑑,𝑒𝑒𝜂𝜂𝑑𝑑,𝑑𝑑𝑑𝑑𝜂𝜂𝑑𝑑,𝑏𝑏𝑏𝑏𝑏𝑏
  kWh/100km/0.001- 

Engine 
Displacement 
(GV) (D) 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

=
1

36
 .   

𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝟎𝟎(𝓛𝓛𝟏𝟏,𝑮𝑮𝑮𝑮 + 𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊) + 𝑸𝑸𝟎𝟎𝑫𝑫�𝑱𝑱𝟎𝟎,𝑮𝑮𝑮𝑮 + 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊� + 𝒑𝒑𝟎𝟎𝑫𝑫(𝓛𝓛𝟑𝟑,𝑮𝑮𝑮𝑮 + 𝑵𝑵𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
𝟑𝟑 𝒕𝒕𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊)

𝜂𝜂𝑑𝑑,𝑒𝑒𝜂𝜂𝑑𝑑,𝑑𝑑𝑑𝑑𝜂𝜂𝑑𝑑,𝑏𝑏𝑏𝑏𝑏𝑏
 

kWh/100km/L 

Gear ratio (BEV) 
(D) 𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎 =

1
36

 .   
𝛼𝛼 + 𝑎𝑎𝑡𝑡𝑡𝑡𝑃𝑃𝑒𝑒

𝜂𝜂𝑑𝑑,𝑒𝑒𝜂𝜂𝑑𝑑,𝑑𝑑𝑑𝑑𝜂𝜂𝑑𝑑,𝑏𝑏𝑏𝑏𝑏𝑏
 

kWh/100km/unit- 
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2- Energy Consumption from Power Demand 
 
In this section, a detailed analysis of all losses from the battery to the external forces are 
presented (figure S1). For each loss: 
(1) an equation characterizing the power loss is determined. 
(2) if the power loss is proportional to the power demand, the differential efficiency 
associated to this loss is computed.  
(3) otherwise, the power losses are integrated over time. Three steps are required: (a) 
propagation of the differential efficiencies, (b) introduction of the cycle variables, and (c) 
conversion of the energy demand into energy consumption. Further explanations for these 
three steps are given in the following section. 
 

 
Figure S1: Graphical representation of the energy conversion steps from tank to wheel. For 

each element (names in red), the losses independent to the power demand (red arrows) and 
the differential efficiencies (green arrows) are calculated.  

 
 
2.1- Presentation of the steps for converting power losses into energy consumption 
 
2.1.1) Propagation of differential efficiencies 
 
 
As represented in the Figure S2, a given element (e) of the powertrain is supplied by a power  
𝑃𝑃𝑖𝑖𝑖𝑖,𝑒𝑒 and furnished the power 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒. The difference between the power in and out 
corresponds to the losses occurring during the energy conversion in the element. In this 
paper, the term efficiency is limited to differential efficiency (𝜂𝜂𝑖𝑖,𝑒𝑒) , which describes the 
losses that are proportional to the power supplied, as defined by Rohde-Brandenburger28 in 
equation S1: 
 
∑ 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = (1 − 𝜂𝜂𝑖𝑖,𝑒𝑒)𝑃𝑃𝑖𝑖𝑖𝑖,𝑒𝑒 (Equation S1) 
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All other losses that are independent of power demand are treated as separate 
contributions to vehicle consumption (∑ 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ).  
 
Consequently, the equation S2 links the power supplied to the element (𝑃𝑃𝑖𝑖𝑖𝑖,𝑒𝑒) and the power 
out of the element (𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒): 
 

𝑃𝑃𝑖𝑖𝑖𝑖,𝑒𝑒 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒 + �𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

= 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒 +  �1 − 𝜂𝜂𝑖𝑖,𝑒𝑒�𝑃𝑃𝑖𝑖𝑖𝑖,𝑒𝑒 + � 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  

⟺  𝑃𝑃𝑖𝑖𝑖𝑖,𝑒𝑒 = 1
𝜂𝜂𝑖𝑖,𝑒𝑒
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒 + 1

𝜂𝜂𝑖𝑖,𝑒𝑒
∑ 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Equation S2) 

 

 
Figure S2: Graphical representation of the losses in a powertrain element. This power 

supplied (𝑃𝑃𝑖𝑖𝑖𝑖,𝑒𝑒) is equal to the sum of the power required out of the system (𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑒𝑒) and the 
power lost. The losses are separated in two categories: the losses proportional to the power 

supplied and the losses that are independent of this power supplied.  
 
 
As seen in the figure S1, the powertrain elements are organized following the energy 
conversion and transmission from tank to wheels. The power out of an element corresponds 
to the power supplied to the following element. Therefore, the differential efficiencies of an 
element applied to the losses of all subsequent elements of the powertrain. For example, 
the power loss to overcome the external forces are divided by the differential efficiencies of 
all powertrain elements. 
 
2.1.2) Dynamic variable integrals 
 
To obtain the energy consumption associated to a power loss, this power loss should be 
integrated over time as shown in Equation S3: 
𝐸𝐸𝑖𝑖𝑖𝑖 = 1

𝑑𝑑 ∫𝑃𝑃𝑖𝑖𝑖𝑖 (𝑡𝑡)𝑑𝑑𝑑𝑑 (Equation S3) 
 
Therefore, all dynamic variables introduced in the power loss equations (e.g. speed, engine 
speed, torque) should be integrated over time. The following notation are used to parametrize 
these integrals: 
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𝐾𝐾1 =  1

𝑑𝑑 ∫ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎;  

𝐾𝐾2 =  1
𝑑𝑑 ∫ 𝑎𝑎𝑣𝑣

2𝑑𝑑𝑑𝑑;  

𝐽𝐽0 =  1
𝑑𝑑 ∫ 𝑑𝑑𝑑𝑑;  

𝐽𝐽1 =  1
𝑑𝑑 ∫ 𝑣𝑣𝑣𝑣𝑣𝑣;  

𝐽𝐽3 =  1
𝑑𝑑 ∫ 𝑣𝑣

3𝑑𝑑𝑑𝑑;  

ℒ1 =  1
𝑑𝑑 ∫𝑁𝑁 𝑑𝑑𝑑𝑑;  

ℒ3 =  1
𝑑𝑑 ∫𝑁𝑁

3 𝑑𝑑𝑑𝑑;  

𝒯𝒯2 =  1
𝑑𝑑 ∫𝑇𝑇

2 𝑑𝑑𝑑𝑑;  

𝒫𝒫2 =  1
𝑑𝑑 ∫𝑃𝑃

2 𝑑𝑑𝑑𝑑;  

ℋ =  1
𝑑𝑑 ∫ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑑𝑑; 

𝑊𝑊 =  1
𝑑𝑑 ∫ 𝑣𝑣𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

2 𝑑𝑑𝑑𝑑  
 
The section 3 of this document will present the original approach developed to calculate 
these parameters as a function of the path and the driver behavior.  
 
 
2.1.3) Conversion of energy demand in vehicle’s energy consumption 
 
The Energy demand 𝐸𝐸𝑖𝑖𝑖𝑖 obtained in Equation SI-28 is given in [J/m] and should be converted 
in [𝑙𝑙 100𝑘𝑘𝑘𝑘⁄ ] for GV and in [𝑘𝑘𝑘𝑘ℎ 100𝑘𝑘𝑘𝑘⁄ ] for BEV. For GV, the energy demand is 
converted into gasoline volume using the lower heating value 𝐿𝐿𝐿𝐿𝑉𝑉𝑔𝑔 of the gasoline, which is 
given in [𝑀𝑀𝑀𝑀 𝐿𝐿⁄ ]. To obtain [𝑙𝑙 100𝑘𝑘𝑘𝑘⁄ ], the energy demand is multiplied by a factor 105 and 
the LHV by a factor 106. Finally, we obtain the following equation: 

𝐸𝐸𝐶𝐶𝐺𝐺𝐺𝐺  [𝑙𝑙 100𝑘𝑘𝑘𝑘⁄ ] =  
105𝐸𝐸𝑖𝑖𝑖𝑖

106𝐿𝐿𝐿𝐿𝑉𝑉𝑔𝑔
=  

1
10𝐿𝐿𝐿𝐿𝑉𝑉𝑔𝑔

𝐸𝐸𝑖𝑖𝑖𝑖 

 
Regarding BEV, energy demand is multiplied by a factor 105 to convert it per 100km and 
converted in kWh with the ratio 1𝑘𝑘𝑘𝑘ℎ = 3.6 106. Finally, we obtain the following equation: 

𝐸𝐸𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵  [𝑘𝑘𝑘𝑘ℎ 100𝑘𝑘𝑘𝑘⁄ ] =  
105

3.6 106 𝐸𝐸𝑖𝑖𝑖𝑖 =
1

36
𝐸𝐸𝑖𝑖𝑖𝑖  

 
The conversion is generalized by introducing a conversion factor Λ that depends on the 
powertrain (Equation S4):  

𝐸𝐸𝐸𝐸 =  1
Λ
𝐸𝐸𝑖𝑖𝑖𝑖   �

ΛGV = 10𝐿𝐿𝐿𝐿𝑉𝑉𝑔𝑔
Λ𝐵𝐵𝐵𝐵𝐵𝐵 = 36  (Equation S4) 

 
2.2- Equations the energy consumption from battery to external forces 
 
2.2.1) Battery Losses 
 
Charging Process 
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Charging losses can be modeled by a constant loss 𝑃𝑃𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 [𝑊𝑊] due to AC/DC conversion 
and internal resistances 22,23. As 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 [W] the power of the supplied to charge the battery is 
also constant, the energy consumed by the charging loss is proportional to the energy 
demand as shown by the following calculations: 
𝑃𝑃𝑖𝑖𝑖𝑖 = �𝑃𝑃𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜� ⟺ 𝑃𝑃𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (1 − 𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎)𝑃𝑃𝑖𝑖𝑖𝑖 (Equation S5) 
 
With  𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

𝑃𝑃𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎+𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
 

 
 
Discharging Process 
 
For driving losses in the battery, the power that travels in the battery is not constant 
anymore. The voltage U [V] of the battery is considered constant while the intensity I [A] 
varies as a function of the power demand. As shown by the literature21,22, the power 
furnished or stored by the battery and the intensity are proportional based on electric 
properties:  

𝑃𝑃 = 𝑈𝑈𝑈𝑈 
This relationship leads to the final equation of the battery losses for discharging and for 
regenerative charging: 
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑅𝑅(𝑃𝑃𝑖𝑖𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏

𝑈𝑈
)2 (Equation S6) 

 
R [ohm] is the internal resistance of the battery, U [V] the voltage, 𝑃𝑃𝑖𝑖𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏[𝑊𝑊] the power 
demand of the battery. 
 
Differential efficiency of the battery and energy consumption of other losses 
 
By summing the terms proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, the equation S7 is obtained for differential 
efficiency of the battery:  
𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏 = 𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (Equation S7) 
 
Other losses which are not proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, they lead to energy consumption 
independent to other losses. After integration, the expression S8 is obtained. 
𝑬𝑬𝑬𝑬𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅,𝑩𝑩𝑩𝑩𝑩𝑩 = 𝑹𝑹𝓟𝓟𝟐𝟐

𝐔𝐔𝟐𝟐𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃
 (Equation S8) 

 
 
2.2.2) Gasoline Engine Losses 
 
Thermodynamic and injection Losses 
 
The engine in this model operates on the Otto cycle, which directly determines its 
thermodynamic efficiency. The thermodynamic losses are expressed by the equation S94,9. 
𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 1

𝑟𝑟𝑐𝑐𝛾𝛾−1
𝑃𝑃𝑖𝑖𝑖𝑖 (Equation S9) 

where 𝑟𝑟𝑐𝑐 represents the compression ratio, and 𝛾𝛾 is the specific heat ratio of the working fluid, 
typically around 1.4 for air and  𝑃𝑃𝑖𝑖𝑖𝑖[𝑊𝑊] the power demand. 



 12 

  
Moreover, injection losses are also considered. It refers to the reduction in efficiency due to 
deviations from the ideal fuel-air cycle. The loss is characterized by the equation S101,4  
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 =  𝜙𝜙𝐹𝐹𝐹𝐹𝑃𝑃𝑖𝑖𝑖𝑖    (Equation S10) 
With 𝜙𝜙𝐹𝐹𝐹𝐹 [−] representing the fuel-air ratio relative to stoichiometric. 
 
𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 are calculated in [W]. 
 
 
Friction and pumping Losses 
 
Friction losses represent the energy dissipated as heat due to friction between the moving 
parts within an engine. This phenomenon occurs because various engine components, such 
as the pistons, crankshaft, camshaft, and valves, must overcome internal resistance as they 
move and interact. In the literature, these friction losses are often modeled as being 
proportional to engine displacement D [L] and engine speed N [rad/s] 4,10,11. For pumping loss, 
several different expressions have been found in the literature. Sandoval et al.14 demonstrated 
that a significant portion of these losses can be attributed to “pumping,” with valve pumping 
losses and intake manifold losses being the most significant contributors. Yagi et al.13 showed 
that part of the pumping was proportional to 𝑁𝑁3 , which aligns with Sandoval’s findings for 
valve pumping losses. Ross4 proposed a model for manifold loss: at no load, manifold losses 
are proportional to engine speed and displacement (like mechanical losses), but manifold is 
also dependent on the torque as it decreases proportionally with power demand. This 
description is consistent with Sandoval’s model. All other terms introduced by Sandoval are 
neglected. In our model, the frictions and the manifold losses have been compiled in  𝑃𝑃𝑓𝑓𝑓𝑓 (Eq. 
S11) and the valve pumping loss is expressed in 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (Eq. S12). 
 
𝑃𝑃𝑓𝑓𝑓𝑓 =  𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝0𝐷𝐷𝐷𝐷

4𝜋𝜋
 −𝑚𝑚𝑃𝑃𝑖𝑖𝑖𝑖  

 (Equation S11) 
𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝑝𝑝0

4𝜋𝜋
𝐷𝐷𝐷𝐷 

3  (Equation S12) 
 
𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝0 [𝑘𝑘𝑘𝑘𝑘𝑘] represents the friction loss at no load due to mechanical friction and the 
manifold loss. 
𝑚𝑚𝑃𝑃𝑖𝑖𝑖𝑖 indicates the reduction in manifold loss as the throttle opens. 
𝑝𝑝0 [𝑘𝑘𝑘𝑘𝑘𝑘. 𝑠𝑠2] represents the pumping loss at no load due to valve pumping loss. 
𝑁𝑁 [𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠] is the engine speed. 
𝐷𝐷 [𝐿𝐿] represents the engine displacement. 
𝑃𝑃𝑓𝑓𝑓𝑓 and 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are calculated in [W]. 
 
NB: The 4𝜋𝜋 comes from the conversion from Ross equation where N is given in rotation per 
second to SI unit for N in rad/s. 
 
Thermal Losses 
 
Thermal losses can be divided into two categories: losses due to the partial thermal energy 
of the combustion that is lost (incomplete combustion) and the thermal energy consumed to 
maintain the engine at its operating temperature4,12. Based on the model from Muranaka et 
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al.12, it has been determined that incomplete combustion led to a loss proportional to the 
power demand while the heat loss through the wall of the engine can be modeled with a 
constant loss proportional to the size of the cylinders characterized by the displacement: 
 
𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = (𝑄𝑄0𝐷𝐷 + 𝑞𝑞𝑃𝑃𝑖𝑖𝑖𝑖) (Equation S13) 
 
With 𝑄𝑄0 [𝑘𝑘𝑘𝑘𝑘𝑘 𝑠𝑠⁄ ] and 𝑞𝑞 [−] constant depending on the engine insulation and performances. 
 
Cold Start 
 
Cold start conditions lead to additional losses at the beginning of a trip because the engine is 
not yet at its optimal operating temperature. A cold engine experiences more losses than a 
hot engine due to increased internal friction and inefficient fuel combustion. As no simplified 
equations have been found, the cold start has been modeled based on average values from 
the EPA engines15. The average energy lost per trip due to cold start is modeled with the 
equation S14: 
𝐸𝐸𝑐𝑐𝑐𝑐 = 𝑐𝑐𝑠𝑠𝑃𝑃𝑒𝑒  (Equation S14) 
 
With 𝑐𝑐𝑠𝑠 [𝑠𝑠] a constant calculated based on EPA testing.    
 
Idling 
 
During idling, all losses (thermodynamics, friction, pumping and thermal losses) continue to 
consume energy. The engine operates at no load, with an engine speed at idle 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  that 
depends on the engine. The energy consumed due to idling has been directly included in the 
contribution of the losses. Note that for engine equipped with start-and-stop system, idling 
is neglected. The losses due to idling become null.    
 
Differential efficiency of the gasoline engine and energy consumption of other losses 
 
 
By summing the terms proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, the equation S15 is obtained for differential 
efficiency of the gasoline engine:  
 
𝜂𝜂𝑖𝑖,𝐺𝐺𝐺𝐺 = (1 − 𝑟𝑟𝑐𝑐

1−𝛾𝛾 − 𝜙𝜙𝐹𝐹𝐹𝐹 − q + 𝑚𝑚) (Equation S15) 
 
Other losses which are not proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, they lead to energy consumption 
independent to other losses. After integration, the expressions S16 to S19 are obtained. 
 
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓,𝐺𝐺𝐺𝐺 =

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓0𝐷𝐷(ℒ1,𝐺𝐺𝐺𝐺+𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)

4𝜋𝜋Λ𝐺𝐺𝐺𝐺𝜂𝜂𝑖𝑖,𝐺𝐺𝐺𝐺
  (Equation S16) 

 

𝐸𝐸𝐸𝐸𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐺𝐺𝐺𝐺 =
𝑄𝑄0𝐷𝐷(𝐽𝐽0,𝐺𝐺𝐺𝐺+𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)

4𝜋𝜋Λ𝐺𝐺𝐺𝐺𝜂𝜂𝑖𝑖,𝐺𝐺𝐺𝐺
  (Equation S17) 

 
 

𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝐺𝐺𝐺𝐺 =
𝑝𝑝0𝐷𝐷(ℒ3,𝐺𝐺𝐺𝐺+𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

3 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)

4𝜋𝜋Λ𝐺𝐺𝐺𝐺𝜂𝜂𝑖𝑖,𝐺𝐺𝐺𝐺
  (Equation S18) 
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𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐,𝐺𝐺𝐺𝐺 = 𝑐𝑐𝑠𝑠𝑃𝑃𝑒𝑒

𝑑𝑑Λ𝐺𝐺𝐺𝐺𝜂𝜂𝑖𝑖,𝐺𝐺𝐺𝐺𝜂𝜂𝑖𝑖,𝑑𝑑𝑑𝑑
 (Equation S19) 

 

 
 
2.2.3) Electric Engine Losses 
 
Mahmoudi16 and Roshandel17 demonstrates that four main losses occurred in electric 
engines: copper loss, core loss, converter losses and mechanical losses. From the efficiency 
maps they built and from their different reviews, they concluded that copper loss can be 
considered in most technologies as proportional to the square of the torque 𝑇𝑇2.  Core loss 
are proportional to power demand. We can suppose that mechanical losses are proportional 
to engine speed as for gasoline engine case, and that converter losses are constant. Finally, 
we obtain the equation proposed in the paper for the power loss of electric engine (Eq. S20)  
 
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =  𝛿𝛿𝑃𝑃𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑇𝑇2 + 𝛼𝛼𝛼𝛼 + 𝛽𝛽 (Equation S20) 
 
With 𝑃𝑃𝑖𝑖𝑖𝑖 [W] the power demand of the engine; 𝑁𝑁 [rad/s] the engine speed; T [N] the engine 
torque; 𝛼𝛼 [𝐽𝐽],𝛽𝛽[𝑊𝑊], 𝛿𝛿[−], 𝜀𝜀[𝑠𝑠.𝑘𝑘𝑔𝑔−1] electric engine characteristic constants. 
 
Differential efficiency of the electric engine and energy consumption of other losses 
 
By summing the terms proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, the equation S21 is obtained for differential 
efficiency of the electric engine. 
 
𝜂𝜂𝑖𝑖,𝐵𝐵𝐵𝐵𝐵𝐵 = 1 − 𝛿𝛿 (Equation S21) 
 
Other losses which are not proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, they lead to energy consumption 
independent to other losses. After integration, the expressions S22 to S24 are obtained. 
 
𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜀𝜀 𝒯𝒯2

Λ𝐵𝐵𝐵𝐵𝐵𝐵𝜂𝜂𝑖𝑖,𝐵𝐵𝐵𝐵𝜂𝜂𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏
 (Equation S22) 

 

𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝐵𝐵𝐵𝐵𝐵𝐵 =
𝛽𝛽 𝐽𝐽0,𝐵𝐵𝐵𝐵𝐵𝐵

Λ𝐵𝐵𝐵𝐵𝐵𝐵𝜂𝜂𝑖𝑖,𝐵𝐵𝐵𝐵𝜂𝜂𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏
 (Equation S23) 

 
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓,𝐵𝐵𝐵𝐵𝐵𝐵 = 𝛼𝛼 ℒ1,𝐵𝐵𝐵𝐵𝐵𝐵

Λ𝐵𝐵𝐵𝐵𝐵𝐵𝜂𝜂𝑖𝑖,𝐵𝐵𝐵𝐵𝐵𝐵𝜂𝜂𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏
 (Equation S24) 

 
 
2.2.4) Accessories 
 
Accessories demand can be decomposed in three parts5,27 : the power from electronic of the 
car, the air conditioning for cooling the vehicle in summer and the heating of the vehicle in 
winter. The power demand from the accessories of the vehicle can thus be written with 
equation S25. 
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𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑃𝑃𝑒𝑒𝑒𝑒  (Equation S25) 
 
With 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒 [W], 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [W]  , 𝑃𝑃𝑒𝑒𝑒𝑒 [W] the power of resp. the heat demand, the cooling 
demand, and the electronic demand. 
 
Energy consumption of accessories 
 
By considering that the power demand from the accessories in constant over time, the 
equation S26 and S27 are obtained to compute the energy consumption of accessories. 
𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂,𝑮𝑮𝑮𝑮 = 𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 (𝑱𝑱𝟎𝟎,𝑮𝑮𝑮𝑮)

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒆𝒆,𝑮𝑮𝑮𝑮
 for the GV. (Equation S26) 

 
𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂,𝑩𝑩𝑩𝑩𝑩𝑩 = 𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 (𝑱𝑱𝟎𝟎,𝑩𝑩𝑩𝑩𝑩𝑩)

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃
 for the BEV. (Equation S27) 

 
 
2.2.5) Drivetrain 
 
 
Literature review showed that the drivetrain losses can be classified in three categories: the 
friction losses in the gearbox, the friction losses in the driveline and the synchronization 
losses in the gearbox 18–20.   
 
Synchronization in the gearbox 
 
Synchronization losses occur in the gearbox only during launches of the vehicle and 
gearshifts. Thus this loss is specific to thermal vehicles equipped with gearboxes. Based on 
the works of Habermehl with different driving cycles that synchronization on highway is 
negligeable. We illustrate in the excel file (Supplementary Information SI-2) that the 
synchronization energy demand is proportional to the distance traveled in urban area, 
leading to equation S28. 
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑟𝑟𝑟𝑟,𝑢𝑢 = 𝑆𝑆.𝑑𝑑𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (Equation S28) 
 
With S [J/m] the synchronization loss constant and 𝑑𝑑𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 [m] the distance traveled in urban 
area. 
 
Frictions in the gearbox and driveline 
 
Friction losses are due to friction between the parts of the transmission, occurring in the 
gearbox and along the axles that composes the drivetrain. It has been demonstrated that a 
part of mechanical frictions is torque dependent while another part is torque independent, 
solely proportional to the engine speed and the size of the engine18,19. For these reasons, the 
transmission has been modeled with the following expression S29 which is valid for both 
gasoline engines and electric engines. 
𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  (𝑎𝑎𝑡𝑡𝑡𝑡𝑃𝑃𝑒𝑒𝑁𝑁 + 𝑐𝑐𝑃𝑃𝑖𝑖𝑖𝑖) (Equation S29) 
 
With 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 [W] the power supplied to the drivetrain; 𝑁𝑁 [rad/s] the engine speed; 𝑃𝑃𝑒𝑒 [W] the 
maximum power of the engine and 𝑎𝑎𝑡𝑡𝑡𝑡 [s], c [-] drivetrain characteristic constants. 
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Differential efficiency of the drivetrain and other independent losses 
 
By summing the terms proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, the equation S30 is obtained for differential 
efficiency of the drivetrain:  
𝜂𝜂𝑑𝑑𝑑𝑑 = 𝑐𝑐 (Equation S30) 
 
Other losses which are not proportional to 𝑃𝑃𝑖𝑖𝑖𝑖, they lead to energy consumption 
independent to other losses. After integration, the expressions S31 and S32 are obtained for 
GV. 
𝑬𝑬𝑬𝑬𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕,𝑮𝑮𝑮𝑮 = 𝒂𝒂𝒕𝒕𝒕𝒕𝑷𝑷𝒆𝒆𝓛𝓛𝟏𝟏,𝑮𝑮𝑮𝑮

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅
  (Equation S31) 

𝑬𝑬𝑬𝑬𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔,𝑮𝑮𝑮𝑮 = 𝒓𝒓𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝑺𝑺
𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝑮𝑮𝑮𝑮

  (Equation S32) 

 
And Equation S33 is obtained for BEV. 
𝑬𝑬𝑬𝑬𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕,𝑩𝑩𝑩𝑩𝑩𝑩 = 𝒂𝒂𝒕𝒕𝒕𝒕𝑷𝑷𝒆𝒆𝓛𝓛𝟏𝟏,𝑩𝑩𝑩𝑩𝑩𝑩

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃
 (Equation S33) 

 
 
 
2.2.6) Regenerative Losses 
 
 
Regenerative braking is a system in automobiles that captures the energy typically lost during 
braking by converting it into electrical energy. This recovered energy is then stored in the 
vehicle's battery and can be used to power the car. This section aims to estimate the 
proportion of inertia that can be recovered. 
 
The serial strategy as depicted by Qiu et al.29 is modeled in this paper (see figure S2). 
Regenerative braking is used during braking until it reaches a limit of braking force. This limit 
is reached when maximum braking power that the engine or the battery can produce26 or for 
safety measures25. In his paper, Ruan25 demonstrates that for safety optimization, braking 
deceleration recovered by regenerative braking should not exceed 0.13g, i.e around 𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙=1.3 
m/s-2. For deceleration above the limit, the supplementary deceleration is provided by 
mechanical braking, which cannot be recovered by the engine.  
 
The analysis of the driving cycles enables to estimate the mean braking deceleration provided 
by the driver 𝐵𝐵 exerts on the vehicle. From the analysis, we also noticed that the maximum 
braking deceleration of the vehicle is around 2𝐵𝐵. We consider in the following a uniform 
distribution of decelerations between 0 and 2𝐵𝐵. 
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Figure S3: Graphical representation of the safety limit of regenerative braking. All kinetic 
energy is recovered when the braking deceleration is lower that this safety limit. For 

deceleration superior to the limit, mechanical braking is used to provide the additional 
deceleration, this energy cannot be recovered.   

 
As seen in the figure S3, the share of the energy from braking that cannot be recovered is the 
proportion between red surface and blue surface. Considering a uniform distribution of the 

deceleration, we obtain that the proportion that is not recovered by the system is (2𝐵𝐵−𝐵𝐵lim)2

4𝐵𝐵2
. 

 
 
It means that losses the amount of inertia that is lost due to the limit of braking deceleration 
recoverable is given by equation S34. 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  (2𝐵𝐵−𝐵𝐵lim)2

4𝐵𝐵2
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (Equation S34) 

 
Which can be converted into an efficiency with equation S35. 

𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1 − (2𝐵𝐵−𝐵𝐵lim)2

4𝐵𝐵2
 (Equation S35) 

 
Where 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 [W] is the power demand for inertia.  
B [m/s2] the mean deceleration during braking.  
𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙 [m/s2] the braking limit of regenerative braking deceleration. 
 
Moreover, during braking, all other losses (external forces and powertrain losses) continue 
to consume energy. This energy consumed is lost and cannot be recovered. For this reason, 
all losses for BEV are integrated over the whole driving, while for gasoline engine, they are 
only integrated over acceleration and cruise when P>0 (during braking, no energy is 
consumed as the acceleration pedal is released). 
 
 
2.2.7) External forces 
 
For all external forces except wind 
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A consensus on the equation to characterize external forces that applies to a vehicle has 
been found in the literature and model reviewed for almost all the forces1,3–5,8,11,30–39. Based 
on this review, the equations S36 to S39 are used in our model. 
 
For rolling,  𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑟𝑟0𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 ≈ 𝑟𝑟0𝑀𝑀𝑀𝑀𝑣𝑣 (Equation S36) 
For aerodynamic, 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5 𝜌𝜌𝐶𝐶𝐷𝐷𝐴𝐴𝑣𝑣3 (Equation S37) 
For inertia and rotating inertia, 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = (𝑴𝑴 + 𝟒𝟒𝑰𝑰𝒘𝒘

𝒓𝒓𝒘𝒘𝟐𝟐
) 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑣𝑣 (Equation S38) 

For grade, 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (Equation S39) 
 
With r0 [-] the rolling factor; M [kg] the vehicle weight; v [m/s] the vehicle speed; ρ [-] the air 
density; Cd [-] the drag coefficient; A [m2] the vehicle frontal area; Iw [] the polar moment of 
the inertia of the wheels; rw [m] the effective radius of the wheels;  θ [rad] the road slope. 
 
Wind effect 
 
Tran et al., Swift, Miri et al. 6–8 showed that wind effect and aerodynamic drag are linked. 
The proper aerodynamic drag external force is given by the formula:  

𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝜌𝜌
2
𝐶𝐶𝐷𝐷𝐴𝐴(𝑣𝑣 + 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)2 

 
So that the power demand to overcome aerodynamic drag is: 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝜌𝜌
2
𝐶𝐶𝐷𝐷𝐴𝐴𝐴𝐴(𝑣𝑣 + 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)2 

 
Where 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the component of the wind speed vector in the direction of travel of the 
vehicle. This parameter can be positive or negative depending on its direction. This 
expression is valid under the hypothesis that 𝑣𝑣 + 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 > 0. The case 𝑣𝑣 + 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 < 0 is 
neglected as it concerns cases where wind speed is faster than the vehicle’s speed, which is 
very unlikely. 
To decouple the wind effect from the aerodynamic drag, the equation was developed to get 
on the one hand the aerodynamic drag (equation S37). 
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝜌𝜌

2
𝐶𝐶𝐷𝐷𝐴𝐴𝑣𝑣3 (Equation S37) 

And on the other hand, the wind effect is given by equation S40. 
𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =  𝜌𝜌

2
𝐶𝐶𝐷𝐷𝐴𝐴𝐴𝐴𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤2  (Equation S40) 

 
The last term 𝜌𝜌

2
𝐶𝐶𝐷𝐷𝐴𝐴𝐴𝐴(2𝑣𝑣𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) is null when assuming that the wind direction is equally 

distributed in all directions.  
 
Energy consumed to overcome external forces 
 
The following table gather the equation obtained for characterizing the energy consumption 
of the external forces. 
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Table S4: Raw equations used in the methodology to parametrize energy consumption of the 
external forces. 

 
GV BEV 

𝑬𝑬𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓,𝑮𝑮𝑮𝑮 =
𝒓𝒓𝟎𝟎𝑴𝑴𝑴𝑴𝑱𝑱𝟏𝟏,𝑮𝑮𝑮𝑮

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝒓𝒓𝟎𝟎𝑴𝑴𝑴𝑴
𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃

 

𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂,𝑮𝑮𝑮𝑮 =
𝟎𝟎.𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝓙𝓙𝟑𝟑,𝑮𝑮𝑮𝑮

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝟎𝟎.𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝓙𝓙𝟑𝟑,𝑩𝑩𝑩𝑩𝑩𝑩

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃
 

𝑬𝑬𝑬𝑬𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊,𝑮𝑮𝑮𝑮 =
(𝑴𝑴 + 𝟒𝟒𝑰𝑰𝒘𝒘

𝒓𝒓𝒘𝒘𝟐𝟐
)𝑲𝑲𝟏𝟏

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩 =

(𝑴𝑴 + 𝟒𝟒𝑰𝑰𝒘𝒘
𝒓𝒓𝒘𝒘𝟐𝟐

)(𝟏𝟏 − 𝜼𝜼𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓)𝑲𝑲𝟏𝟏

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃
 

𝑬𝑬𝑬𝑬𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈,𝑮𝑮𝑮𝑮 =
𝒓𝒓𝟎𝟎𝑴𝑴𝑴𝑴𝓗𝓗

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝒓𝒓𝟎𝟎𝑴𝑴𝑴𝑴𝑴𝑴
𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃

 

𝑬𝑬𝑬𝑬𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘,𝑮𝑮𝑮𝑮 =
𝟎𝟎. 𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝒘𝒘𝟐𝟐𝑱𝑱𝟏𝟏,𝑮𝑮𝑮𝑮

𝚲𝚲𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝑮𝑮𝑮𝑮𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅
 𝑬𝑬𝑬𝑬𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘,𝑩𝑩𝑩𝑩𝑩𝑩 =

𝟎𝟎. 𝟓𝟓 𝝆𝝆𝑪𝑪𝑫𝑫𝑨𝑨𝒘𝒘𝟐𝟐

𝚲𝚲𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝑩𝑩𝑩𝑩𝑩𝑩𝜼𝜼𝒊𝒊,𝒅𝒅𝒅𝒅𝜼𝜼𝒊𝒊,𝒃𝒃𝒃𝒃𝒃𝒃
 

 
 

3- Integration Model and calculation of the dynamic variable integrals 
 
This section presents the original integration model that have been developed to calculate 
the dynamic variable integrals introduced in section 2.1 of this document. It is divided into 
three parts. First the assumptions presented in the main article are recapped. Second, few 
parameters useful for the integration model are computed. Third, the calculations of the 
dynamic variables integrals are performed.  
 

3.1 - Assumptions and Parameters 
 
(A1) Speed - Cruise: A constant cruise speed of the vehicle is assumed, neglecting minor speed 
fluctuations. These fluctuations are disregarded as they correspond to the natural 
deceleration of the vehicle due to friction and do not significantly affect inertia computation. 
The real cruise speed (𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) is defined in equation 1 with the ratio 𝜇𝜇𝑣𝑣 characterizing the 
driver's compliance with speed regulations (𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ).  
𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠= 𝜇𝜇𝑣𝑣. 𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ  (Equation 1) 
 
(A2) Speed - Braking: Braking corresponds to reducing the speed from 𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 to a given incident 
speed called 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖. It is assumed that the driver steadily slows the vehicle using constant brake 
pressure. This results in a uniform deceleration, denoted as B, which is a driver-specific 
parameter reflecting their braking aggressiveness. 
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(A3) Acceleration: A continuous increase in speed is modeled by assuming constant power 
applied to the vehicle. This power, denoted as 𝑃𝑃𝑎𝑎, is defined in equation 2 where 𝑃𝑃𝑒𝑒 is the 
maximum power available from the engine and 𝜇𝜇𝑎𝑎 represents the driver's utilization rate of 
this power, reflecting aggressiveness during acceleration phases. 
𝑃𝑃𝑎𝑎 = 𝜇𝜇𝑎𝑎𝑃𝑃𝑒𝑒 (Equation 2) 
 
(A4) Engine speed for BEV powertrain: In BEV, which typically have a single gear, 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵 is 
constant. Neglecting tire slip, the engine speed of BEV (𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵) becomes proportional to the 
vehicle speed and can be expressed by equation 4. 
𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (Equation 4) 
 
(A5) Engine speed for ICEV powertrain: For ICEV, transg(𝑡𝑡) varies based on the engaged gear:  

(A5a) In urban areas, gear shifts maintain a steady engine speed modeled by equation 
5, where Ne represents the typical urban engine speed recommended for the engine, adjusted 
by the driver's aggressiveness factor μN. 
Nu = μNNe (Equation 5) 

(A5b) In rural areas, the highest gear is assumed remain engaged, making the engine 
speed proportional to vehicle speed and dependent solely on the gearbox ratio 𝜎𝜎f as shown 
by equation 6. 
Nr = 𝜎𝜎𝑓𝑓𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (Equation 6) 

(A5c) During acceleration, engine speed Na is considered constant. This parameter 
depends on the driver behavior. 
 
(A6) Squared Torque and Power: According to the literature, torque is significant during 
acceleration phases but negligible during cruising 1,21. Equation 8 simplifies the squared torque 
setting it equal to the squared torque at acceleration (𝑇𝑇𝑎𝑎2). Moreover, power demand 
differentiates between cruising and acceleration, following equation 9 to account for 
substantial power demands during acceleration (𝑃𝑃𝑎𝑎2) compared to cruising (𝑃𝑃�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) which is 
averaged, obtaining a rectangular target function 1,21.  

𝑇𝑇2(𝑡𝑡) =  𝑇𝑇𝑎𝑎2 = �𝜇𝜇𝑎𝑎𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑁𝑁𝑎𝑎

�
2

   (Equation 8) 

𝑃𝑃2(𝑡𝑡) =  𝑃𝑃𝑎𝑎2 + (𝑃𝑃�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2 (Equation 9) 
 
(A7) Slope and Wind: The model accounts for the average road slope (h) and wind speed (w) 
impacting the vehicle in each section. 
 
 
3.2 - Computed Parameters 
 
Here some useful computed parameters used in the following is calculated.  
 

2.1) Inertia integration 
 
 

𝐾𝐾1 =  
1
𝑑𝑑

� 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑃𝑃>0

=  
1
𝑑𝑑

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑣𝑣𝑣𝑣𝑣𝑣
𝑃𝑃>0

=  
1

2𝑑𝑑
�
𝑑𝑑𝑣𝑣2

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑃𝑃>0

 

 



 21 

The path is modeled as a succession of cruise speed (𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ) and incidents (speed reduction 
to 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖). 𝐾𝐾1 is calculated by summing the variation of 𝑣𝑣2 along the journey. When focusing on 
the path solely first, we obtain 𝐾𝐾1,𝑝𝑝 which is the dynamic variables integrals evaluated for the 
target function. The result is given in the equation S41. 
 

𝐾𝐾1,𝑝𝑝 =
∑ (𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ

2 −𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖
2 )𝑖𝑖𝑖𝑖𝑖𝑖

2𝑑𝑑
 (Equation S41) 

 
When considering driver behavior all speeds are increased by the driver aggressiveness 
factor (A1), the real function is integrated and 𝐾𝐾1 is obtained in Equation S42. 
 

𝐾𝐾1 =
∑ (𝜇𝜇𝑣𝑣2𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ

2 −𝜇𝜇𝑣𝑣2𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖
2 )𝑖𝑖𝑖𝑖𝑖𝑖

2𝑑𝑑
= 𝜇𝜇𝑣𝑣2 𝐾𝐾1,𝑝𝑝 (Equation S42) 

 
In the same way, 𝐾𝐾2,𝑝𝑝 is calculated with equation S43. 

𝐾𝐾2,𝑝𝑝 =  1
𝑑𝑑 ∫ 𝑎𝑎𝑣𝑣2𝑑𝑑𝑑𝑑𝑃𝑃>0 =  1

3𝑑𝑑 ∫
𝑑𝑑𝑣𝑣3

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑃𝑃>0 = ∑ (𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

3 −𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖
3 )𝑖𝑖𝑖𝑖𝑖𝑖

3𝑑𝑑
 (Equation S43) 

 
And 𝐾𝐾2in equation S44. 
𝐾𝐾2 = 𝜇𝜇𝑣𝑣3 𝐾𝐾2,𝑝𝑝 (Equation S44) 
 
 

2.2) Braking Distance 
 
During braking, the deceleration B is supposed constant (A2). According to Newton’s laws 
applied to the car for one incident: 
 

𝑎𝑎 = −𝐵𝐵  
⟺ 𝑣𝑣 = 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐵𝐵𝐵𝐵  

⟺ 𝑥𝑥 = 𝑥𝑥0 + 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 − 0.5𝐵𝐵𝑡𝑡2  
 
The duration of braking for one single incident can be calculated as: 

𝑣𝑣 = 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐵𝐵𝐵𝐵 ⟺ 𝑡𝑡𝑏𝑏𝑏𝑏,𝑖𝑖𝑖𝑖𝑖𝑖 =
1
𝐵𝐵

(𝑣𝑣 − 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖) 

 
Thus,  𝑑𝑑𝑏𝑏𝑏𝑏,𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑥𝑥 − 𝑥𝑥0 = 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑏𝑏𝑏𝑏 − 0.5𝐵𝐵𝑡𝑡𝑏𝑏𝑏𝑏2 = 1

2𝐵𝐵
(𝑣𝑣2 − 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖2 )   

 
By summing all incident, we obtain the equation S45 of the distance of braking during the 
path. 
 
𝑑𝑑𝑏𝑏𝑏𝑏 = 𝑑𝑑𝐾𝐾1

𝐵𝐵
 (Equation S45) 

 
 

2.3) Acceleration distance and duration 
 
During braking, the power 𝑃𝑃𝑎𝑎 is supposed constant (A3). According to Newton’s laws applied 
to the car for one incident is: 
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𝑀𝑀
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑣𝑣 = 𝑃𝑃𝑎𝑎  ⟺
1
2
𝑣𝑣2 =

1
2
𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖2 +

𝑃𝑃𝑎𝑎
𝑀𝑀
𝑡𝑡  

 
The duration of acceleration can be calculated with equation S46. 
𝑡𝑡𝑎𝑎 = (𝑑𝑑𝐾𝐾1)𝑀𝑀

𝑃𝑃𝑎𝑎
 (Equation S46) 

 

Then,  𝑣𝑣 = �𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖2 − 2𝑃𝑃𝑎𝑎
𝑀𝑀
𝑡𝑡 ⟺ 𝑥𝑥 = 𝑀𝑀

3𝑃𝑃𝑎𝑎
 (𝑣𝑣3 − 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖3 )  

 
In other words, we obtain: 
𝑑𝑑𝑎𝑎,𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑀𝑀

3𝑃𝑃𝑎𝑎
 (𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠3 − 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖3 )    

 
So that by summing, we obtain the distance of acceleration during the journey (eq. S47). 
 
𝑑𝑑𝑎𝑎 = 𝑀𝑀(𝑑𝑑𝑑𝑑2)

𝑃𝑃𝑎𝑎
 (Equation S47) 

 
2.4) Average speed during acceleration and deceleration 

 
As showed for deceleration, the square speed increases proportionally to the distance 
traveled. Thus, the average square speed during the deceleration is 𝑣𝑣𝑓𝑓2� − 𝑣𝑣𝚤𝚤𝚤𝚤𝚤𝚤2�  with 𝑣𝑣𝑓𝑓�  is the 
average square speed of the vehicle after the end of the acceleration weighted by the 
intensity of the given incident and 𝑣𝑣𝚤𝚤𝚤𝚤𝚤𝚤�   is the average square speed of incidents weighted by 
the intensity of the given incident. Estimation of these average speed is given by equation 
S48 and S49. 
 
𝑣𝑣𝚤𝚤𝚤𝚤𝚤𝚤2� = 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖2

𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖
𝐾𝐾

 (Equation S48) 
 
𝑣𝑣𝑓𝑓2� = 𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖

𝐾𝐾
 (Equation S49) 

 
 
The ratio 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 is introduced as a measure of the speed reduction between the path target 
speed function and the real speed during acceleration and deceleration (Eq. S50). 
 

𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 = �𝑣𝑣𝑓𝑓
2�−𝑣𝑣𝚤𝚤𝚤𝚤𝚤𝚤2�

𝑣𝑣𝑓𝑓�
2  (Equation S50) 

 
 

2.5) Engine dynamic during acceleration 
 
To model the impact of driver behavior during acceleration, it is assumed that the driver 
used a fraction 𝜇𝜇𝑎𝑎 of the maximum power available from the engine 𝑃𝑃𝑒𝑒 (A3). We assume the 
following distribution of 𝜇𝜇𝑎𝑎 over 𝑁𝑁𝑎𝑎 and 𝑇𝑇𝑎𝑎, knowing that 𝑁𝑁𝑎𝑎 cannot be lower than 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (Eq. 
51 and 52). 
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𝑇𝑇𝑎𝑎 =  �𝜇𝜇𝑎𝑎 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 (Equation S51) 
 
𝑁𝑁𝑎𝑎 =  �𝜇𝜇𝑎𝑎 (𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) + 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  (Equation S52) 
 
 
3.3 - Integration Variables Calculation 
 
The calculation of dynamic variables integrals follows a two-step approach: first, the path 
target functions are integrated (Figure S4a), and then the results are adapted to the real 
functions (Figure S4b). 

 
Figure S4: Graphical Representation of the speed integration (𝐽𝐽1). First (a), the rectangular 
target function (in blue) is integrated. The integral calculated is represented in hashed lines 
under the blue curb (𝐽𝐽1,𝑝𝑝). Second (b), the real function (in orange) adapted from the target 

function is integrated with specific calculations for acceleration (𝐽𝐽1,𝑎𝑎𝑎𝑎), cruise (𝐽𝐽1,𝑐𝑐𝑐𝑐) and 
braking (𝐽𝐽1,𝑏𝑏𝑏𝑏). The hashed orange area represents the result of this calculation (𝐽𝐽1). 

 
 
Since target functions are rectangular, they can be integrated manually by weighting the 
dynamic parameter values by the length of each segment (dsect) .  
 
For real function integration, separate calculations are done for cruising, acceleration, and 
deceleration. Assumptions A1 to A9 enable to model the impact of the driver behavior 
during these phases. As shown in section 2, acceleration, deceleration and cruising lengths 
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are respectively 𝑑𝑑𝑎𝑎 = 𝑀𝑀(𝑑𝑑𝑑𝑑2)
𝑃𝑃𝑎𝑎

 ;  𝑑𝑑𝑏𝑏𝑏𝑏 = 𝑑𝑑𝐾𝐾1
𝐵𝐵

 ;  𝑑𝑑𝑐𝑐𝑐𝑐 = 𝑑𝑑 �1 − 𝐾𝐾1
𝐵𝐵
− 𝑀𝑀𝐾𝐾2

𝑃𝑃𝑎𝑎
�. These distances are 

used as weight coefficients to obtain the final dynamic variables integrals values (Figure 
S4b). 
 
 
 
3.3.1) Vehicle Speed 
 
For all 𝐽𝐽 integrals (related to the speed) the following preparation is made based on the 
definition of speed v = dx

dt
.   

𝐹𝐹𝐹𝐹𝐹𝐹 𝛼𝛼 = (0,1,3), 𝐽𝐽𝛼𝛼 =  1
𝑑𝑑 ∫ 𝑣𝑣

𝛼𝛼𝑑𝑑𝑑𝑑 = 1
𝑑𝑑 ∫ 𝑣𝑣

𝛼𝛼−1(𝑣𝑣𝑣𝑣𝑣𝑣) = 1
𝑑𝑑 ∫ 𝑣𝑣

𝛼𝛼−1𝑑𝑑𝑑𝑑 (Equation S53) 
 
For the path target speed. 
A constant speed vpath is assumed (A1). For a section, we obtain Jα,sect =  vpathα−1  and for the 

complete path, Jα,p = ∑
dsectvpath

α−1

dsect  . 
 
 
For the real speed function. 
 
For cruising, the speed is adapted to driver aggressiveness with vsectα−1=(μvvpath) α−1.  

Thus, Jα,cr = dcr
d
∑ dsectvsect

α−1

d
 sect =  μvα−1Jα,p(1 − K1

B
− MK2

Pa
) 

 
 
For acceleration, the target speed is adjusted with the ratio racc calculated: vaccα−1 =
(raccvsect) α−1. Thus, Jα,acc = μvα−1raccα−1Jα,p

MK2
Pa

 

 
The braking phases are excluded from the integral bounds for GV. Thus, the integral is null 
during braking: Jα,bk = 0. For BEV, due to regenerative braking, the losses are evaluated 
during braking as all this energy dissipated will not be recovered by the regenerative system. 
Similarly, to acceleration, Jα,bk = μvα−1raccα−1𝒥𝒥α,p

K1
B

. 
 
These three terms are summed to obtain the final real speed integration (Eq. 54 and 55). 
Specific results for 𝛼𝛼 = (0,1,3) are given in the table S5. 
 

𝐽𝐽𝛼𝛼,𝐺𝐺𝐺𝐺 =  𝜇𝜇𝑣𝑣𝛼𝛼−1𝐽𝐽𝛼𝛼,𝑝𝑝 �1 − 𝐾𝐾1
𝐵𝐵
− 𝑀𝑀𝑀𝑀2

𝑃𝑃𝑎𝑎
(1 − 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝛼𝛼−1)�(Equation S54) 

 

𝐽𝐽𝛼𝛼,𝐵𝐵𝐵𝐵𝐵𝐵 =  𝜇𝜇𝑣𝑣𝛼𝛼−1𝐽𝐽𝛼𝛼,𝑝𝑝 �1 − (𝐾𝐾1
𝐵𝐵

+ 𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

)(1− 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝛼𝛼−1)�(Equation S55) 

 
Table S5: Equations used in the methodology to parametrize the dynamic variables integrals 

linked to speed (𝑱𝑱𝜶𝜶). The value for the target functions (𝑱𝑱𝜶𝜶,𝒑𝒑) and for the real functions for 
both GV and BEV are given. 
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Var. Target function Real function for GV Real function for BEV 

𝑱𝑱𝜶𝜶 �
𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝛼𝛼−1

𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 𝐽𝐽𝛼𝛼,𝐺𝐺𝐺𝐺 =  𝜇𝜇𝑣𝑣𝛼𝛼−1𝐽𝐽𝛼𝛼,𝑝𝑝 �1 −
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

(1 − 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝛼𝛼−1)� 
𝐽𝐽𝛼𝛼,𝐵𝐵𝐵𝐵𝐵𝐵 =  𝜇𝜇𝑣𝑣𝛼𝛼−1𝐽𝐽𝛼𝛼,𝑝𝑝 �1 − (

𝐾𝐾1
𝐵𝐵

+
𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

)(1 − 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝛼𝛼−1)� 

𝑱𝑱𝟏𝟏 1 𝐽𝐽1,𝐺𝐺𝐺𝐺 =  �1 −
𝐾𝐾1
𝐵𝐵 � 𝐽𝐽1,𝐵𝐵𝐵𝐵𝐵𝐵 =  1 

𝑱𝑱𝟑𝟑 �
𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ2

𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 𝐽𝐽3,𝐺𝐺𝐺𝐺 =  𝜇𝜇𝑣𝑣2𝐽𝐽3,𝑝𝑝 �1 −
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

(1 − 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎2 )� 

 

𝐽𝐽3,𝐵𝐵𝐵𝐵𝐵𝐵 =  𝜇𝜇𝑣𝑣2𝐽𝐽3,𝑝𝑝 �1 − (
𝐾𝐾1
𝐵𝐵 +

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

)(1 − 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎2 )� 

 

𝑱𝑱𝟎𝟎 �
𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 𝐽𝐽0,𝐺𝐺𝐺𝐺 =  
1
𝜇𝜇𝑣𝑣
𝐽𝐽0,𝑝𝑝 �1 −

𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

�1 −
1
𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎

�� 𝐽𝐽0,𝐵𝐵𝐵𝐵𝐵𝐵 =  
1
𝜇𝜇𝑣𝑣
𝐽𝐽0,𝑝𝑝 �1 − (

𝐾𝐾1
𝐵𝐵 +

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

) �1 −
1
𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎

�� 

 
 
3.3.2) Engine Speed 
 
For BEV, engine speed is proportional to speed based on (A4). Consequently, we obtain the 
equation S56 for calculating the integrals of the engine speed (ℒ1,𝐵𝐵𝐵𝐵𝐵𝐵) for BEV. 
 
ℒ1,𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐽𝐽1,𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵 (Equation S56) 
 
For GV, a distinction is made between cities, where the engine speed is constant (A5a) while 
on highway, the engine speed is proportional to speed (A5b). In both cases, the engine 
speed during acceleration phases is constant (A5c). The share of the distance traveled in 
urban area and in rural area are respectively given by the ratio 𝑟𝑟𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1 −
𝑟𝑟𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢. Following the same step than for vehicle speed integration, we obtain the table S6 
which gathers the equation for the integrals linked to engine speed for GV. 
 
 
 

 Table S5: Equations used in the methodology to parametrize the dynamic variables 
integrals linked to engine speed for GV (𝓛𝓛𝜶𝜶). The intermediary results for cruising ( 

𝓛𝓛𝜶𝜶,𝒄𝒄𝒄𝒄) and for the acceleration (𝓛𝓛𝜶𝜶,𝒂𝒂𝒂𝒂𝒂𝒂) are also given. For cruising, a distinction between rural 
and urban paths is done. 

 
Var. Urban Rural 

𝓛𝓛𝟏𝟏,𝒄𝒄𝒄𝒄 𝓛𝓛𝟏𝟏,𝒄𝒄𝒄𝒄 = 𝑁𝑁𝑢𝑢𝐽𝐽0,𝑐𝑐𝑐𝑐 =
𝑁𝑁𝑢𝑢
𝜇𝜇𝑣𝑣

 𝐽𝐽0,𝑝𝑝 �1 −  
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

� 𝓛𝓛𝟏𝟏,𝒄𝒄𝒄𝒄 =  𝜎𝜎𝑟𝑟𝐽𝐽1,𝑐𝑐𝑐𝑐 =  𝜎𝜎𝑟𝑟 �1 −
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

� 

𝓛𝓛𝟏𝟏,𝒂𝒂𝒂𝒂𝒂𝒂 𝓛𝓛𝟏𝟏,𝒂𝒂𝒂𝒂𝒂𝒂 = 𝑁𝑁𝑎𝑎𝐽𝐽0,𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑁𝑁𝑎𝑎𝑡𝑡𝑎𝑎
𝑑𝑑 =

𝑁𝑁𝑎𝑎𝑀𝑀𝐾𝐾1
𝑃𝑃𝑎𝑎

 

𝓛𝓛𝟏𝟏,𝑮𝑮𝑮𝑮 𝓛𝓛𝟏𝟏,𝑮𝑮𝑮𝑮 = 𝑟𝑟𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝑁𝑁𝑢𝑢
𝜇𝜇𝑣𝑣

 𝐽𝐽0,𝑝𝑝 �1 −  
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

�+ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝜎𝜎𝑟𝑟 �1 −
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

� +
𝑁𝑁𝑎𝑎𝑀𝑀𝐾𝐾1
𝑃𝑃𝑎𝑎

 

𝓛𝓛𝟑𝟑,𝒄𝒄𝒄𝒄 𝓛𝓛𝟑𝟑,𝒄𝒄𝒄𝒄 =
𝑁𝑁𝑢𝑢3

𝜇𝜇𝑣𝑣
 𝐽𝐽0,𝑝𝑝 �1 −  

𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

� 𝓛𝓛𝟑𝟑,𝒄𝒄𝒄𝒄 =  𝜎𝜎𝑟𝑟𝜇𝜇𝑣𝑣2𝒥𝒥3,𝑝𝑝 �1 −
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

� 

𝓛𝓛𝟑𝟑,𝒂𝒂𝒂𝒂𝒂𝒂 𝓛𝓛𝟑𝟑,𝒂𝒂𝒂𝒂𝒂𝒂 =
𝑁𝑁𝑎𝑎3𝑀𝑀𝐾𝐾1
𝑃𝑃𝑎𝑎

 

𝓛𝓛𝟑𝟑,𝑮𝑮𝑮𝑮 𝓛𝓛𝟑𝟑,𝑮𝑮𝑮𝑮 = 𝑟𝑟𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝑁𝑁𝑢𝑢3

𝜇𝜇𝑣𝑣
 𝐽𝐽0,𝑝𝑝 �1 −  

𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

�+ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝜎𝜎𝑟𝑟𝜇𝜇𝑣𝑣2𝒥𝒥3,𝑝𝑝 �1 −
𝐾𝐾1
𝐵𝐵 −

𝑀𝑀𝑀𝑀2
𝑃𝑃𝑎𝑎

� +
𝑁𝑁𝑎𝑎3𝑀𝑀𝐾𝐾1
𝑃𝑃𝑎𝑎
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3.3.3) Engine Torque and Power for electric vehicles 
 
It is assumed that the torque is negligeable during cruising and braking (A6). Moreover, a 
constant torque is assumed during acceleration 𝑇𝑇𝑎𝑎 = �𝜇𝜇𝑎𝑎𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚. Consequently, the equation 
S57 is obtained for the integral of the square torque (𝒯𝒯2). 

𝒯𝒯2 =  1
𝑑𝑑 ∫𝑇𝑇

2 𝑑𝑑𝑑𝑑 =  1
𝑑𝑑 ∫ 𝑇𝑇𝑎𝑎2𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑎𝑎2𝑡𝑡𝑎𝑎

𝑑𝑑
= 𝜇𝜇𝑎𝑎𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

2 𝑀𝑀𝐾𝐾1
𝑃𝑃𝑎𝑎

 (Equation S57) 

 
Regarding power, power during acceleration is separated from the rest of power demand (A6). 
The power during acceleration corresponds to the power required for inertia, while the cruise 
power corresponds to the power required for all other losses. We assume that the two are 
decoupled.  
 
 
𝒫𝒫2 = 1

𝑑𝑑 ∫𝑃𝑃
2 𝑑𝑑𝑑𝑑 = 1

𝑑𝑑 ∫(𝑃𝑃𝑎𝑎2 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 )𝑑𝑑𝑑𝑑 =  𝑃𝑃𝑎𝑎2𝑡𝑡𝑎𝑎/𝑑𝑑 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 𝑡𝑡/𝑑𝑑  
 
 
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2  can be calculated using the overall energy consumption 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 over the travel 
expressed in J/m. 
 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 =  (𝑑𝑑.𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑡𝑡) 2 
 
Thus, we obtain the equation S58 characterizing the integral of the square power (𝒫𝒫2). 

𝒫𝒫2 = 𝑃𝑃𝑎𝑎2𝐾𝐾1𝑀𝑀
𝑃𝑃𝑎𝑎

+ 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
2 𝑑𝑑
𝑡𝑡

= (𝜇𝜇𝑎𝑎𝑃𝑃𝑒𝑒𝐾𝐾1𝑀𝑀) + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 /𝐽𝐽0,𝑒𝑒𝑒𝑒  (Equation S58) 

 
3.3.4) Wind and Grade 
 
Environmental parameters like grade and wind speed are averaged over the travel (A7).  
Based on this model, we obtain after calculations the equation S59 and S60. 
ℋ =  1

𝑑𝑑 ∫ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑑𝑑 = 1
𝑑𝑑 ∫

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

 𝑑𝑑𝑑𝑑 = 𝐻𝐻
𝑑𝑑

= ℎ (Equation S59) 
 
With H the total ascent climbed by the vehicle during the journey. In other words, h=H/d 
corresponds to the average slope of the road over the trip. 
 
𝑊𝑊 =  1

𝑑𝑑 ∫ 𝑣𝑣𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
2 𝑑𝑑𝑑𝑑 = 𝑤𝑤2𝐽𝐽1(Equation S60) 

with w the average speed of the wind along the journey. 
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4- Parameters Influence on Energy Consumption (PIEC) 
 
4.1 – General definition 
 
For any parameter P of the model, the PIEC can be derived from the energy consumption 
equations for any automobile (both GV and BEV) as expressed in the Equation S60. 
 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
  (Equation S60) 

 
For instance, the Mass Influence on Energy Consumption (MIEC) is 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 and the Drag 

Coefficient Influence on Energy Consumption (CdIEC) is 𝐶𝐶𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝐶𝐶𝑑𝑑

. 

 
 
4.2 – Specific Case of the MIEC: secondary reduction 
 
The specificity of the MIEC lies in the possible secondary effects due to the by reduction of 
the weight of the car11,35 . The principal secondary effects modeled by the authors 
correspond to a reduction of the size of the engine. The main hypothesis of the authors is to 
consider that the power of the engine is proportional to the car weight. 
 
The power of the engine can be decomposed with the maximal torque (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚) and the engine 
speed (𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚) where the maximal power is reached following the Equation S61. As explained 
by Ross, the maximal torque is proportional to the engine displacement for GV (D). The 
engine speed of the engine is proportional to the gear ratio of the drivetrain (𝜎𝜎). 
Consequently, the power can be written as the third terms of the Equation S61, with x a 
proportional coefficient.  
 
𝑃𝑃𝑒𝑒 = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑥𝑥𝑥𝑥𝑥𝑥 (Equation S61) 
 
 
Consequently, two options can be explored for secondary reduction in lightweighting 
context: i- reducing the engine displacement (for GV)/ the maximum torque (for BEV); ii- 
reducing the gear ratio. 
The associated secondary effects (MIEC_SR) to be added to the primary MIEC when 
considering a reduction of the engine displacement (Equation S62) and the gear ratio 
(Equation S63) proportional to mass reduction. 
𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝑆𝑆𝑆𝑆 = 𝐷𝐷

𝑀𝑀
.𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (Equation S62) 

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝑆𝑆𝑆𝑆 = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
𝑀𝑀

.𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼 (Equation S62) 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝑆𝑆𝑆𝑆 = 𝜎𝜎𝑓𝑓

𝑀𝑀
.𝜎𝜎𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼 (Equation S63) 

It should be noted that the secondary reductions should be excluded from the LCA scope 
when the mass reduction from lightweight glazing is not significant enough35. 
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