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Abstract 
Simulation has become a very useful tool to predict the characteristics of a system and perform 
analysis of parameters without having to run too many tests. The advanced system engineering team 
of Continental Automotive uses a 0D simulation program, AMESim, to realize simulations of vehicle 
models. These simulations are used e.g. to predict the fuel consumption and CO2 emissions. 

A tool has been developed over the course of previous internships to realize the energy balance of 
AMESim vehicle models, which goal is to check the consistency of the models (no creation or loss of 
energy) and simplify their analysis. In this thesis, this tool has been further improved and developed 
through a comprehensive analysis. The computations have been checked and corrected to fit best 
with the AMESim results and obtain a consistent energy balance. The program has been adapted to 
hybrid vehicles and combustion losses computations were introduced. The program is coded in Matlab 
for the computations and in HMTL and JavaScript for the display.  

After the program was validated, it was used to realize a study on CO2 emissions. Three vehicle 
models were used. The influence of some parameters on the CO2 emissions was analyzed: the mass, 
aerodynamic resistance, rolling resistance, frictions and electric load. The aim of the study was to 
assess which parameters had the most influence on the CO2 emissions reduction in the perspective of 
the 95 g/km goal by 2020 set by the European Union. It was shown that the parameters have different 
effects on the vehicles CO2 emissions and that this effect varied from one vehicle to another. 
Substantial CO2 reduction can be achieved by improving some parameters, which makes it possible 
for the diesel vehicles to reach the 95 g/km in 2020 target set by the European Union. However, to 
achieve this goal with gasoline vehicles, the resort to hybridization will probably be needed. To assess 
the possible benefits of hybridization, a fourth vehicle model featuring mild hybridization was used. 
However, the decrease of CO2 emissions enabled by this type of hybrid vehicle would still not be 
sufficient to meet the 95 g/km target with gasoline vehicles. 
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1. Introduction and objectives 
The development of new vehicles is subject to different constraints, among which the vehicle performance, fuel 
consumption, emissions legislation (CO2, HC, CO, NOx, particles) and cost reduction are particularly important. 
These constraints are more and more restrictive and compel the vehicle developers to find innovative solutions. 
As a result, the vehicles are more complex and there are an increasing number of possible configurations. In 
order to assess them, the resort to simulation is required. Vehicle models enable the prediction of: 

- Fuel economy / CO2 emissions / range 
- Emissions of pollutants 
- Vehicle performance 
- Thermal behavior 
- Electric behavior 

In the “Advanced System Engineering” department of Continental Automotive, several vehicle models were 
developed in AMESim. These models include different components or subsystems that concern many domains 
of physics: mechanics, hydraulics, thermodynamics, and electronics. 

In a former internship, a program was developed in order to draw up a comprehensive energy balance of a 
model of a conventional vehicle [1]. The goal of this work is to enable to track the energy fluxes from the fuel 
tank to the wheels and help in the understanding of contributors to CO2 emissions. Thanks to the energy 
balance, the excess or lack of energy at a given level of the model can be noticed, thus allowing the detection of 
problems, and it can be used to realize a partial validation of the model. 

In this thesis work, the program that was developed was checked and validated on several models. Corrections 
were made on the computations and code. Then, another version of the energy balance was developed in order 
to study models of hybrid vehicles. This program will be a useful tool to analyze a model as it gives an overview 
of the energy distribution in the system that cannot be obtained when directly studying the simulation’s results.  

The increasingly strict CO2 emission targets add a significant constraint on vehicle development. Solutions are 
being actively looked for in order to manage the 95 g/km by 2020 goal set by the EU. One of the objectives of 
this master thesis is to use the energy balance program to realize a study of the influence of some parameters 
on the CO2 emission reduction. The energy balance approach enables to easily identify the contribution of a 
given parameter on the CO2 emission. 
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2. Background 

2.1. Continental Automotive 

Continental was founded in 1871 as the stock corporation “Continental-Caoutchouc- und Gutta-Percha 
Compagnie”. It soon became a leading tire manufacturer and developed its automotive activity. Continental now 
ranks among the top five automotive suppliers worldwide and holds the number two spot in Europe. In Figure 1 
are some of the key characteristics of the company presented on a time line. 

  

 

Figure 1: Presentation of the Continental company 

As a supplier of brake systems, components and systems for powertrains and chassis, instrumentation, 
infotainment solutions, vehicle electronics, tires and technical elastomers, Continental contributes to enhance 
driving safety and global climate protection. Continental is also a competent partner in networked automobile 
communication. 

Continental is divided into the Automotive group and the Rubber group and in six different business units, see 
Figure 2. 

 

 

Figure 2: Structure of the Continental group 

This thesis work took place in the PES business unit (Powertrain Engine Systems), in the site of Toulouse. The 
Powertrain Division is actively engaged in integrating innovative and efficient system solutions affecting every 
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aspect of the drivetrain in vehicles of all classes. The aim is to make driving more affordable and environmentally 
acceptable while providing drivers with optimum comfort and an enjoyable driving experience. 

Business Unit Engine Systems provides innovative engine management systems for a cleaner environment 
worldwide. The Engine System unit develops innovative systems and components for diesel and gasoline 
injection, controller solutions for commercial vehicles, turbocharger and exhaust gas after-treatment 
technologies.  

2.2. Emissions regulations 

The EU has set very strict goals in terms of CO2 emissions reduction towards 2020 [2]. They aim at 130 g/km in 
2015 and 95 g/km in 2020. From 2012, manufacturers have objectives set by the EU in terms of proportion of 
produced vehicles that meet the target, and will be fined if they do not meet them. 

An important part of the research in the automotive sector is done towards complying with the 95 g/km goal. It 
will be harder to meet for some vehicles than others. Typically, vehicles equipped with small Diesel engines are 
already under the 2015 target; however less efficient gasoline engines will be more complicated to adapt. 

The EU also set measures towards a better fuel quality, as it would help lowering the CO2 emissions as well as 
the pollutant emissions. 

2.3.  CO2 emissions reduction 

As a consequence, the CO2 emissions reduction is an issue at stake in the automotive development. As the strict 
targets set by the EU will be hard to meet, several technologies are being evaluated to determine what the most 
relevant combinations are (cost and efficiency). 

The question of which technology will be used is not a simple one to answer. Automotive manufacturers and 
suppliers must take risks and invests in technologies that will or will not be successful. Several studies are being 
or were carried on in order to determine the CO2 emissions reduction capacity of some technical as well as non-
technical solutions (see [3], [4] and [5]) 

Some of the technologies that are being investigated are listed in the Table 1. 

 

Table 1 : Technical options to improve fuel economy and reduce CO2 emissions [3] 
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These technologies concern the reduction of loads from the chassis body (aerodynamic efficiency, weight 
reduction…), but also the engine efficiency (variable valve timing, downsizing…). Many breakthroughs over the 
last two decades already considerably improved engine efficiency. 

Hybridization also presents an important potential for energy reduction, see Figure 3 [6]. It allows saving energy 
by improving the engine operating point in terms of efficiency, using the battery to store the extra energy or 
supply energy when it is needed. Hybridization also enables regenerative braking, an effective way to recover 
part of the inertia work. 

 

Figure 3: Optimizing the engine thanks to hybridization (in German) [6] 

2.4. Energy balance program 

The energy balance program has been developed within the Advanced System Engineering team from 2007. 
The last modifications were realized by V. Bonnet and explained in his report [1]. He migrated the computations 
from Visual Basics to Matlab and realized a user interface. He checked the calculations and reduced the error 
between the different energy balances to be in the range 2 - 5%. However he was not able to reach a better 
precision and therefore the aim of this thesis work was to improve it by further analyzing and correcting the 
calculations. 

The link between the energy balance program and AMESim was realized in the program developed by V. 
Bonnet [1] thanks to Matlab API that enabled running AMESim and exporting the simulation’s results. Later, in 
the course of this thesis, a new interface developed by the team was introduced. Therefore there was no need to 
program the link between Matlab and AMESim during this thesis and the focus could be drawn on the modeling. 

2.5.  Modeling with AMESim  

Though vehicle modeling is not the purpose of this thesis, the development of the energy balance program was 
closely linked with the AMESim model architecture developed by the team. In some cases, the work done to 
improve the program had consequences on the AMESim modeling and led to modify the AMESim models. Thus 
there is need to explain closely what AMESim is and how the vehicle models of the team were built.  

An example of vehicle modeling with AMESim can be found in an article written by the Continental supervisor of 
this thesis Hervé Dupont [8]. In this article, modeling and validation are focused on; however the analysis is the 
main goal of modeling and can be facilitated by tools such as the energy balance. 

2.5.1 Introduction 

LMS Imagine.Lab AMESim is a simulation software that models and analyzes multi-domain 0D/1D systems. It 
includes several libraries that comprise components for different physic domains. An automotive library enables 
to easily build up models of vehicles. Continental developed its own library with its proper customized 
components, which is constantly updated and improved. 

The Advanced System Engineering department created and continuously improves models of vehicle within 
AMESim. The different components and sub-systems of a vehicle are either physically modeled in AMESim or 
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simulated using look-up tables. The interactions between them are taken into account through multi-physical 
exchanges. Some control functions are modeled within Simulink, for example for hybrid management. In that 
case, the model is co-simulated within AMESim and Simulink. The resulting model is adapted to a given vehicle 
using specific parameters and data from tests done within Continental and/or supplied by the manufacturer. 

The architecture of the model is specific to a type of vehicle. All conventional vehicles use the same architecture 
and from one vehicle to another only the parameters vary. Similarly, there is a common architecture for all mild 
hybrid vehicles with a Side-mounted Starter Generator (SSG). 

2.5.2 Models 

2.5.2.1. Architecture of a conventional vehicle 

The main components and subsystems of a conventional AMESim model used within Continental are: 

 Engine 
 ECU (Engine Control Unit) 
 Driver 
 Vehicle 
 Gearbox and clutch component (in the transmission subsystem) 
 Electrical subsystem 
 Friction component 
 Heat exchange subsystem 
 Oil circuit subsystem 
 Coolant circuit subsystem 

These components and subsystems are connected to each other in order to simulate as precisely as possible 
the behavior of the car. An example of an AMESim model architecture can be seen in Figure 4. 
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Figure 4: AMESim model of a conventional vehicle 

Engine: The engine uses information from the ECU, as well as the oil and coolant temperature and the engine 
speed to compute the torque, exhaust, heat losses, fuel consumption, etc. These variables are not computed 
from equations, but from tables that are created by preprocessing test lab data. 

ECU: The ECU is the Engine Control Unit. Based on information such as the vehicle speed and acceleration, the 
gearbox ratio, the coolant temperature, the engine speed and BMEP, it manages the engine load. In this 
component the idle speed of the vehicle is set. 

Driver: The driver controls the clutch and the gearbox, as well as the brake and acceleration pedals, thanks to 
information on the engine speed and vehicle speed. 

Vehicle: The vehicle receives acceleration and braking signals from the driver. It receives also a torque from the 
transmission, and a driving resistance (wind, climbing). Based on those inputs and parameters, it computes its 
velocity, displacement and acceleration, the shaft speed and the aerodynamic and rolling resistances. 

Gearbox and clutch (transmission): Besides the gearbox and clutch, the transmission also includes an inertia 
that represents the flywheel. The transmission conveys the engine torque to the wheels and the rotary speed 
from the wheels to the engine. The gear ratios are defined as parameters in the gearbox and clutch component. 
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Frictions: The frictions of the engine are not calculated in the engine component. The torque computed by the 
engine is the indicated torque. The effective torque is obtained by subtracting a friction torque to the indicated 
torque.  

The friction torque is calculated in the friction component that was created by the department ([7] and [9]). The 
computation is based on correlations. Several friction torques are calculated and summed up to a total friction: 

 Piston 
 Crankshaft train 
 Camshaft train 
 Valve train 
 Oil pump 
 Water pump 
 Main bearing 
 High pressure fuel pump (when present) 
 Extra friction torque added for correlation with experimental data. 

Besides the friction torque that is added on the drive shaft, the friction component outputs the heat created by 
the friction that is sent to the engine masses and the oil and coolant circuits. 

Oil circuit: The oil circuit is represented in AMESim by a few thermo-hydraulic components including a 
volumetric pump, a heat exchanger and a volume representing the oil sump. The oil circuit exchanges heat with 
the coolant circuit through the heat exchanger. 

Coolant circuit: The coolant circuit is also represented in AMESim by a few thermo-hydraulic components: a 
centrifugal pump, a heater, a radiator and a heat exchanger.  

Engine masses: Different masses represent different parts of the engine. Heat can be stored in these masses 
and exchanged between them and the oil and coolant circuits. The heat exchange modeling between the oil and 
coolant circuits and the engine masses allows taking into account the effects of oil temperature on frictions and 
strategies based on temperature (idle speed, fuel cut-off, ISG control) 

 

2.5.2.2. Architecture of a mild hybrid vehicle with SSG 

The architecture of a mild hybrid vehicle does not vary much from the architecture of a conventional vehicle. 
Almost all the components remain. In this thesis a mild hybrid with a side mounted starter generator is used. The 
diagram in Figure 5 shows its structure. 

 

Figure 5: Mild hybrid with side-mounted starter generator 

A few major components specific to a hybrid architecture are added: 

 Belt 
 Starter generator 
 48V Battery 
 DCDC converter  
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The starter generator transforms electrical energy to mechanical energy and vice-versa. It is connected to the 
engine through a belt. It is supplied with electricity through a 48V circuit, to which is connected the 48V-battery. 
The DC/DC transformer links the 48V and 12V circuits. The 12V circuit is the same as in a conventional vehicle. 
Figure 6 shows an AMESim model of a mild hybrid vehicle.  

Even though it was not realized on the same hybrid architecture, the report [8] is an introduction to mild hybrid 
architecture and control strategies.  

 

 

Figure 6: AMESim model of a hybrid vehicle with side-mounted starter generator 
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3. Energy balance program 

3.1. Introduction 

3.1.1 Objectives and resources 

In a former internship an energy balance program was developed in order to check the consistency of an 
AMESim model, and predict the different contributions to the CO2 emissions [1]. The aim was to track down the 
energy fluxes from the engine to the wheels and check that no energy is created or destroyed.  

The program is based on AMESim simulations. A specific vehicle model is simulated on a given cycle and the 
variables computed by AMESim are used by the program to calculate the energy balance. Matlab is used to 
realize the different computations using the data imported from AMESim. Then the results are exported in 
JavaScript files that are read in html pages to display the balance as a bar chart or as a Sankey diagram. 

 

3.1.2 Energy balance divisions 

The program calculates and plots energy balances at different levels. Six balances are realized: 

Balance #1 is realized at the fuel tank, when all the energy is stored in the fuel. 

Balance #2 shows how the internal combustion engine split the fuel energy between indicated engine work, 
the exhaust energy and the total heat losses. The indicated engine work is then to be transferred to the main 
shaft. The exhaust energy is the energy contained in the exhaust gases that go out of the chamber. The total 
heat losses are the heat produced during the combustion. 

Balance #3: The indicated engine work produced by the internal combustion engine is partly lost into friction. 
The remaining energy on the shaft before the generator and gearbox is the effective engine work. 

Balance #4: The heat losses of the internal combustion engine are divided into the heat losses through the 
cylinder head, the cylinder walls and the piston. Part of the effective engine work is lost in the clutch and gearbox 
component, another part is transformed by the alternator to provide electricity to the electrical system of the car 
and the rest is transferred to the wheels as the driving work. Part of the exhaust energy is transferred to the 
exhaust manifold walls and is recuperated in the engine masses. 

Balance #5: The energy that was lost into friction is mainly transformed into heat and will be recuperated in 
the cooling system, the oil circuit and the engine masses. The driving work is used to move the car: it will 
participate into counteracting the driving resistance, and the energy used to accelerate the car will be dissipated 
by the brakes and the resistive forces. 

Balance #6: In this balance the different sources of heat are gathered and how this total heat is stored or 
dissipated is investigated. The heat produced by the internal combustion engine, the frictions, and the heat 
recuperated from the exhaust is divided into: 

 The heat stored in the oil circuit, 
 The heat stored in the coolant circuit, 
 The heat stored in the engine masses, 
 The heat dissipated underhood, 
 The heat dissipated by the radiator. 
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The result is presented as a bar chart in Figure 7. 

Figure 7: Example of an energy balance created thanks to the energy balance program 

All the balances should sum up to the total energy used (balance #1) as there cannot be any creation or loss of 
energy. However approximations are made in the calculations and simulations and it is not possible to obtain a 
totally balanced result. 

The Sankey diagram is a very interesting way to display the energy balance (Figure 8, full size is in Appendix C). 
It allows visualizing very well the energy fluxes: 

 

Figure 8: Example of a Sankey diagram created thanks to the energy balance program 

3.2. Validation of the energy balance 

The program that had been developed was complete. However there were doubts on the calculations, as the 
energy balance was not balanced. There were discrepancies between the columns and strong variations could 
happen during a simulation. Therefore, the first assignment was to check and correct if necessary the Matlab 
code and lasted approximately two months. The Matlab code was modified or in some cases the AMESim model 
itself was corrected. 

 

. 
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3.2.1 Methodology 

The errors in the balance were detected thanks to the following method. First, the sources of discrepancy in the 
energy balance had to be detected. To do so, every division of the energy balance was checked. The cases 
where the sums did not correspond were the source of the discrepancies (e.g. the sum of transmission losses, 
driving work and generator work did not equal the effective engine work). In those cases energy was created or 
destroyed, which is not physically correct. 

A balance can present a small or no discrepancy at the end of a cycle and however strong variations during the 
cycle. To determine which component causes this, the cycle is stopped before the end at a point where the 
variation is high and the energy balance is drawn. The component presenting the discrepancy is identified as the 
source of the error. 

Then the concerned calculation was reproduced with Excel, which is easier to work with. This enabled to check 
that the output of Matlab was the expected output of the equations and thus detect any coding mistake. If this 
was correct, a specific balance on the concerned AMESim component was realized,  still with Excel, to check the 
validity of the equations.  

This enabled to find out if the equations used to do the energy balance were correct or not. If they were not, new 
equations could be tested and implemented in Matlab. Otherwise, in some cases, there was a problem in the 
AMESim component that needed to be corrected. 

The result of this work is satisfactory, most of the discrepancies were corrected and those that remain are 
understood. The main rectifications are detailed in this report. 

3.2.2 Modifications made to the former energy balance program 

3.2.2.1. Exhaust and AMESim engine component 

There was a discrepancy on the first balance (where the fuel energy is divided into the products of the 
combustion. The total heat losses and the indicated engine work being direct outputs of the engine component, 
the problem was assumed to lie in the computation of the exhaust energy. 

The AMESim engine component outputs the exhaust gases mass flow rate and temperature. In order to 
calculate the corresponding energy, the composition of the exhaust gases, which depends on the fuel and the 
equivalence ratio, must be known.  

The considered fuel has the following structure:	�	������	. The	
,	�,	� and  coefficients are determined 
through a fuel study. Nitrogen is not present in gasoline or diesel (the  coefficient is then null) and is included in 
the calculation in case bio-fuel is used. The combustion corresponds then to the following chemical reaction: 

 

�������	 + �
 +�4 − �2�� ��� + 3.773���
= 	
��� +�2 ��� + �2 + 1� �3.773 �
 +�4 − �2�� �� + 12 !2� �
 + �4 − �2� + � − 2
 − �2"�� 

(1) 

This equation is valid only if the equivalence ratio (�� is inferior or equal to one, i.e. if the air-fuel mixture is 
stoichiometric or lean. However, in the simulations the equivalence ratio sometimes happens to be slightly 
over 1. The error is negligible in these cases. The energy lost in the exhaust is calculated as follows: 

#$%&'()* =+�	��,-.�/�0-.		�/� +
��,1-.�/�01-.		�/� +

��,2.-�/�02.-�/� + ��,3.�/�03.		�/� �
45*

678
�9 $%&'()*�/�:$%&'()*	�/� Δ<�/�Δ= 

 

(2) 

Where  ��	[ ?
@AB] is the specific heat of the specified gas, 

 0[−] is the molar fraction of the species, calculated from the reaction equation,   

�9 $%&'()*[@A) ] is the mass flow of the exhaust gases,  

:$%&'()*	[ @A�DE] is the molar mass of the exhaust gases, calculated from the reaction equation, 
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Δ<[F]	is the temperature variation, 

Δ=	[G]	is the time interval, 

H	[G]	is the simulation length. 

The data used to calculate the exhaust losses is computed in AMESim from tables that are prepared beforehand 
using an Excel sheet. The calculation made in the program is the same as the one made in the Excel sheet to 
ensure the consistency of the results. 

 

Note: 

Computations in the engine component in AMESim and balance 

There is no equation used to compute the outputs of the engine in AMESim. All the data comes from tables that 
are interpolated depending on the engine speed and BMEP. The tables are prepared beforehand thanks to a 
macro on the Excel sheet. The data come from test labs where stable operating points of an engine are 
measured.  

However, some measures are not trusted and the corresponding variables are calculated in the Excel sheet by 
means of models, e.g. frictions (see 3.2.2.3). In the end the balance of the engine is checked prior to generating 
the tables that will be used in AMESim. Consequently, the exhaust calculation made in the program must be the 
same as the one made in the Excel sheet to ensure the consistency of the results. 

Following this methodology, a perfect balance should be obtained on the engine. It is however not the case, as 
the data is in some cases extrapolated and the method of extrapolation generates errors. It was thought that 
interpolation was also a cause of the imbalance and that tables containing more points would provide a better 
precision. However, tests were done degrading the tables (suppressing points) and the resulting energy 
balance was not degraded.  

Consequently the #2 balance is never at 100%: the discrepancy reflects the quality of the tables that are used in 
AMESim (operating points that are outside the table). A big discrepancy (more than 3%) can reveal problems in 
the tables or in the simulation. 

 

Note: 

Exhaust recuperated 

The hot exhaust gases heat up the exhaust manifold when they are ejected from the cylinder. In AMESim, this 
heat transfer is modeled as a heat flow to the cylinder head. This extra heat is taken into account in the heat 
dissipated or stored in the last balance. 

3.2.2.2. Combustion losses 

The combustion losses were not considered in the program and this calculation was added. Indeed there is 
always a small part of the fuel that is not burnt, even if the mixture is stoechiometric or lean, because the mixture 
in the combustion chamber is heterogeneous. This loss was not taken into account in the exhaust energy as the 
calculation of the exhaust energy is based on the products of combustion. 

In the Excel file for tables preparation, the fuel consumption and indicated work are obtained from the 
measurements. The exhaust energy is calculated from the same measurements data (see 3.2.2.1). The heat 
wall losses were calculated in order to ensure the balance between on the one hand fuel consumption and on 
the other hand exhaust energy, indicated work and heat wall losses, which corresponds to the following 
equation: 

#&$'*	I'EE�J:#K,L$�A� = #M($E�J:#K,L$�A� − #6�46N'*$4�J:#K,L$�A� − #$%&'()*�J:#K,L$�A� (3) 

So the combustion losses were taken into account with the heat wall losses. This means that this energy was 
transferred as heat to the engine masses, which is physically not correct. Now, a specific calculation is realized, 
based on the measurements of �� and �� emissions, the fuel consumption and the fuel heat value. 

The following data are used: 

:1- = 28	P/�RS  
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:2. = 2	P/�RS 
�TM($E 

�T1- = 10.1	:V/WP 

�T2. = 120	:V/WP 

The ��	emissions are not measured; they are deduced from the �� emissions through the following formula. It is 
considered that the ��	emissions represent the third of the �� emissions: 

�� � PWXℎ� = 13�� � PWXℎ�:2.:1- 	 (4) 

The combustion efficiency is thus: 

ZND�[()*6D� = 1 − �� � PWXℎ��TM($E + �� � PWXℎ��T1- + �� � PWXℎ��T2.
J\]� � PWXℎ��TM($E

	 (5) 

The emissions and fuel consumption can be expressed in other units (such as mg/s) as far as the same unit is 
used for all the values in the formula. 

As a consequence, to respect the energy balance between the inputs and outputs of the combustion, the heat 
wall losses calculation was modified in order to take into account the combustion efficiency: 

#&$'*	I'EE�J:#K,L$�A� = ZND�[()*6D� ∗ #M($E�J:#K,L$�A� − #6�46N'*$4�J:#K,L$�A� − #$%&'()*�J:#K,L$�A� (6) 

The new heat wall losses are thus slightly lower than before and probably closer to the reality. This new version 
of the heat wall losses table is now used in AMESim. 

The energy balance program was also modified using the same formula as in the Excel file and the data above. 
The emissions needed are computed from the tables by the engine component of the AMESim model. The 
computation of combustion losses is thus realized and appears on the display.  

 

3.2.2.3. Frictions 

Friction occurs in the engine where parts are moving relatively to each other. The friction torque computation is 
the outcome of a former internship [7]  in which a thesis was adapted [10]. In the model, there are different 
sources to friction: 

 Piston 
 Crankshaft train 
 Camshaft train 
 Valve train 
 Oil pump 
 Water pump 
 Main bearing 
 High pressure fuel pump (when present) 

The friction losses are reallocated as heat to the engine masses and the oil and coolant circuits, excepting the 
camshaft train (which corresponds to the belt) and the high pressure fuel pump (see Figure 9). The way the 
friction heats are handled was rethought in this work and the architecture of the AMESim model altered 
accordingly, so that it would correspond more to what physically happens. 
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Figure 9: Repartition of friction heat 

The friction heat created by the piston is divided between the oil circuit and the mass representing the cylinder 
wall. The valve train friction heat goes to the oil circuit and the cylinder head. The main bearing and connecting 
rod bearing (crankshaft) friction heats go to the oil circuit and the bottom engine. The oil pump friction heat goes 
to the oil circuit and the coolant pump friction heat goes to the coolant circuit. Finally, the fuel pump friction heat 
(when present), the camshaft train friction (belt or chain) and the extra friction for correlation are not reallocated 
and appear as “Other frictions” on the energy balance. They are not included in the total heat losses. 

 

Note: 

The friction could be calculated directly from test labs data. Indeed, the effective work is measured at the brake 
and the indicated work is calculated based on measures of the cylinder pressure. The difference between the 
indicated work and the effective engine work is the friction work. 

However, the measure of pressure (thus the computation of indicated work and friction work) are not trusted. 
That is why a model is used to compute the friction work [10]. Since the measure of the effective engine work is 
precise, it is used along the simulated friction work to obtain a simulated indicated work. It is these simulated 
friction work and indicated work that are used in the tables for the AMESim engine component. 

The computation of friction through the model is relative. It means that a point of the measurements (engine 
speed, effective torque and friction torque) must be chosen to readjust the computed frictions. The choice of this 
point is made at a point where the friction measured seems correct. The delta of friction calculated to readjust 
the computation is the friction of correlation and is a parameter of the AMESim model. 

This extra friction for correlation is proportionally distributed among the different sources of friction. 

 

3.2.2.4. Driving energy, total resistance energy and braking energy 

The energy transmitted to the wheels comes from the engine, after the generator work, the friction work and the 
transmission losses were taken into account. It is calculated thanks to the wheel rotational velocity and the 
torque at the wheels, or the vehicle speed and the force at the wheels. 
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#4	6_6�A =	+ ]4	6_6�A�/�`_$&�/�∆=3600000
4/∆*

678
= + <4	6_6�A�/�LI&$$E�/�c∆=30 ∗ 3600000

4/∆*

678
 (7) 

Where  Eefghgij	[kWh]	is the driving energy, 

   Fefghgij	[N] is the driving force at the wheels, 

   vhqr 	stu v	is the vehicle velocity, 

   Tefghgij	[Nm]	is the driving torque, 

   ωzrqq{	[rpm]	is the wheel rotational velocity, 

    ∆t	[s]	is the time interval, 

   d	[s]	is the simulation length. 

 

Part of this energy is used to counteract the air and rolling resistances and the rest is used to accelerate the 
vehicle. The energy used to accelerate the vehicle is then dissipated by the brakes and the resisting forces. As 
the vehicle speed is 0 km/h at the beginning and the end of the cycle, there is no kinetic energy left at the end of 
the simulation so it does not appear in the energy balance. So the driving energy is equal to the sum of the total 
resistance energy and braking energy. 

#4	6_6�A = #*D*'E		$)6)*'�N$ + #[	'@$ (8) 

The computation of kinetic energy is still done in the program to preserve the balance of energy in case the 
simulation is stopped before the end. 

Note:  

Use of different masses 

In AMESim, the acceleration is calculated with an equivalent mass equal to the vehicle mass to which the inertia 
of the wheels (�_$&� is added. 

�_$& = ��GG + 4 VI�I² (9) 

Where mhqr	[kg]	is the vehicle mass considering the wheels inertia, 

         mass	[kg]	is the vehicle mass, 

          Jz	[kgm�]	is the inertia of one wheel 

            Rz	[m]	is the wheel radius. 

For the forces calculations, only the mass of the vehicle is considered (��GG�. To calculate the kinetic energy, �_$& 	should be used. The wheel radius used in the calculation of �_$&	is not the dynamic radius of the wheel. 
(the dynamic radius takes into account the deformation of the tire due to the vehicle weight) 

For the calculation of the rolling resistance, the vehicle component uses the mass of the vehicle (��GG�. 
 

3.2.2.5. Driving resistance and brake energy losses – the vehicle balance 

All the energy supplied by the engine to the wheels over a cycle is used either to balance the aerodynamic and 
rolling resistance and other loads, or is dissipated into heat by the brake. The kinetic energy should be null at the 
end of the cycle. 

The vehicle equilibrium is as follows: 

�_$&� = 	]$�A6�$ + ]'$	D + ]	DEE + ][	'@$ (10) 
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]'$	D, ]	DEE 	�
H	][	'@$ are forces that go against the movement of the vehicle; they induce a negative 
acceleration.  ]$�A6�$ is either positive when the engine propels the vehicle, the corresponding acceleration being 
positive, or negative when the vehicle is slowing down and the engine and transmission act as a brake, the 
corresponding acceleration being negative. 

This equation is integrated over the cycle, to obtain the energy balance of the vehicle. 

0 = 	#$�A6�$ + #'$	D + #	DEE + #[	'@$ (11) 

There is no energy from the integration of the acceleration over the cycle, as the vehicle starts at 0 km/h and 
stops at 0 km/h. 

#$�A6�$ = 	−	#'$	D − #	DEE − #[	'@$ (12) 

 

Note:  

Balance of the AMESim vehicle component 

When trying to apply these equations to the AMESim vehicle, an error was obtained. Even though the forces 
and acceleration are balanced at every moment of the simulation and the vehicle starts and stops at 0 km/h, the 
integration of the acceleration over the cycle is not null.  

The significance of the error depends on the model and the cycle. With the F4R vehicle on a NEDC cycle, 
0.03% was obtained. However, with the K9K vehicle, it was 0.1% on the NEDC cycle and 0.009% on the WLTC 
cycle. Examples of the error on the NEDC cycle and on the WLTC cycle are plotted in Figure 10 and Figure 11. 

 

 

Figure 10: Plot of the error in the vehicle balance for the F4R model on the NEDC cycle 
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Figure 11: Plot of the error in the vehicle balance for the K9K model on the WLTC cycle 

This error is most probably due to the numerical computation. It would be possible to use a solver of type 
‘cautious’ or a better method of integration, but that would multiply the time of simulation too much compared to 
the gain of precision. Thus it was decided to keep it as it is, as the error is very small. This error is the source of 
the difference between columns 4 and 5 of the energy balance bar chart. 

 

3.2.2.6. Energy stored in coolant and oil 

At the end of the cycle, some heat is stored in the small volumes of coolant and oil that are found in the coolant 
and oil circuit. This is shown in balance #6. The calculation that was done to calculate this energy was not 
correct, so the theory of the thermo-hydraulic components was studied in order to determine the correct 
calculation. 

The calculation of the heat stored depends on the component architecture. Thermo-hydraulic components are 
composed by resistive (R) and capacitive (C) components. 

In only resistive components (R), there is no fluid stored. 

In only capacitive components (C), the input temperature is the same as the output temperature. It is also the 
temperature of the volume of fluid of the component. The heat stored by the fuel is thus: 

#1 = 	 + ��/�T���i�Δ<�/�3600000
4/5*

678
 (13) 

Examples: thermal hydraulic volume (TFC00, TFC01, thermal hydraulic accumulator (TFAC00, CSAC0) 

In R-C components, that are composed of a resistive and a capacitive components, the temperature of the fluid 
is the temperature of the capacitive component. It is the output temperature. 

#��1 =	 + ��/�T���i�Δ<�/�3600000
4/5*

678
 (14) 

Examples: thermal hydraulic pump (TFPU1, TFPU2) 

In some components with multiple outputs (radiator, heater), or with convection elements (internal flow 
convection and friction) that are of type C-R-C, the heat stored must be calculated in both capacitive elements, 
by dividing the volume by two and considering the corresponding temperature. 
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#1���1 = 	 + �8�/� T2 ��8�i�Δ<8�/�3600000
4/5*

678
+ + ���/� T2 ����i�Δ<��/�3600000

4/5*

678
 (15) 

Examples: thermal-hydraulic heater component (CSHC0), radiator (CSRA022), internal flow convection with 
friction (TFCV000, TFCV003) 

The volumetric expansion of the fluid is not taken into account because its contribution to the energy is very 
small. The volumetric density and specific heat of the fluid must be taken from the corresponding fluid properties 
component because they might change from one port to another. 

 

Note:  

Calculation of heat stored in coolant (internal energy) 

Moreover, the formula that was chosen to calculate the heat stored in coolant is as follows: 

H� = �T��H< (16) 

Where �	is the volumic mass of the fluid, T	is the volume, 	�� is the specific heat and H<	the variation of 
temperature of the fluid. 

This formula is less precise than the one considering the expansion of the volume of fluid. 

H� = �T��H< + T�1 − �<�H� (17) 

Where, besides the previously mentioned variables, �	is the volumetric expansion coefficient and H�	the 
variation of pressure of the fluid. 

Over a cycle with a cold start, the difference is less than 0.01% of the total fuel consumption. For a warm start, 
the difference is even smaller. Therefore, the gain in precision brought by the second formula is negligible and 
the first formula was chosen. 

 

Note:  

Pumps 

The oil and coolant circuits each have a pump. In case of the oil, it is a volumetric pump, and for the coolant the 
pump is centrifugal.  

The efficiencies of the pumps are set to 1 so that there is no energy added to the fluid as heat. The energy 
added to the fluid is then provided only as work. One must notice that the heat losses of the pumps are 
computed in the frictions component. 

In the AMESim model, the pumps are not linked to the engine. However they do add energy (work) to the fluid 
and this energy does not come from the engine. So these elements add energy to the balance that does not 
come from the fuel. This induces an imbalance of energy in the sixth column of the bar chart, which will always 
be around 0.3% over the other columns in the case of a hot start.  

Besides, the code of the centrifugal pump component of AMESim is bugged. In the code, there is no work 
added to the fluid at all. This means that the energy of the coolant pump is not taken at all into account, only the 
energy of the oil pump is added. 
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3.2.2.7. Energy dissipated by the radiator 

The radiator is a component of the coolant circuit. It enables exchanges of heat with the ambient air. The energy 
dissipated by the radiator is calculated from the corresponding AMESim variable with the following formula: 

#46))6�'*$4	[�		'46'*D	 = + K	'4�/� ∆=3600000
4/∆*

678
 (18) 

Where  Pf�e	[W] is the power dissipated by the radiator, 

 ∆t	[s] is the time interval, 

 d	[s] is the simulation length 

 

Note:  

Energy balance of the radiator 

The sum of the input energy, the output energy, the energy dissipated and the internal energy should be null. 

#6��(* + #D(�(* + #46))6�'*$4 + #6�*$	�'E = 0 (19) 

#6��(* 	 corresponds to port 3, #D(�(* to ports 2 and 5, #46))6�'*$4 is calculated above and #6�*$	�'E is calculated 
among the heat stored in coolant.  

However, the sum is not null and this is due to the calculation of	#6�*$	�'E , the heat stored in the coolant of the 
radiator. The difference is very small (much less than 0.01% of the total fuel consumption). This error probably 
has the same source as the error of the acceleration seen earlier, but it is very small so it is disregarded. 

In a former version of the radiator, the code was modified to calculate the internal power and the internal energy 
as internal variables. The difference between this calculation and the above one is the use of a lag in the energy 
computation. When the lag is correctly set, the precision is better. However, the internal energy variable in the 
modified AMESim radiator was not correctly initialized. The decision not to modify the new radiator model to do 
this calculation was taken for simplicity reasons. 

It was also noticed that the integration of internal power did not correspond exactly to the internal energy in the 
modified radiator. 

 

3.2.2.8. Conclusion of work realized 

The work realized on the program enabled obtaining a much more precise energy balance. The discrepancies 
that remain are understood and mastered. 

The discrepancy between the first and second balance is the most unstable. It is directly due to the engine 
tables, thus it comes from experimental data. It happens in a simulation that the engine reaches operating points 
that might be outside the tables, so these points are extrapolated. This extrapolation causes the error. In order to 
reduce it, tables with the missing operating points are needed; however they are not always available. 

3.3.  Improvement of the program 

3.3.1 On the Matlab code 

In order to validate the energy balance program, the code was to be well understood. Besides from the 
calculations modifications described in Chapter 3.2.2, some more modifications on the code were made. 

The most important drawback of the program is that it is linked to a specific AMESim architecture. Any 
modification made on the AMESim model might make it impossible to use it with the energy balance program. In 
some cases, the name of the AMESim variable (or datapass) used in the program would simply need to be 
modified. In more complicated cases, the Matlab code would need to be modified. 

The names of the variables and their AMESim equivalent (datapass) were defined in the Matlab code. It made it 
complicated to adapt the datapass when it was necessary, as the user needed to enter the code. Now the 
datapass and other parameters are defined in an Excel file that is read by the program. The user can easily 
reach this Excel file and do the modifications that are needed. Besides, some of the parameters specific to a 
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model that cannot be read in AMESim are defined there as well. So the user can create the Excel file for a 
specific vehicle model and select it whenever he uses the program, with no need to reenter the specific 
parameters every time. 

The Matlab code has an important drawback: its design makes it very difficult to modify. Any modification needs 
to be passed on to many functions, and since the HTML graphs and tables are not dynamic, a new entry needs 
to be manually added. This work was not about focusing on the coding aspects of the program, and fixing this 
would have taken too much time. The program should probably be rethought in order to make it more practical. 

3.3.2 On the display 

The display was adapted to the modifications of the Matlab code. Besides, an important feature was added to 
the bar chart display of the energy balance.  

In some cases it is interesting to consider the energy balance of a given component or subsystem of the 
AMESim model. Therefore pop-ups that can be reached through clicking on the corresponding part of the bar 
chart were added to the HTML code. These pop-ups display a pie chart energy balance of the following 
components: 

- Frictions 
- Driving work 
- Generator (for the conventional vehicle) 
- Heat dissipated underhood 
- Hybrid powertrain (for the hybrid vehicle) 

Examples of these graphs are presented in Figure 12:  
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Figure 12: Subbalances available from the energy balance bar chart 

3.3.3 Creation of a simulation summary 

Since the energy balance contains many data, and the display is not easily exportable, an output with the main 
information available when using the energy balance program was developed in this thesis work. The data are 
exported to an Excel file that can be saved each time an energy balance is created.  

The Excel file sums up different information about the simulation and the model, as well as energies in kWh and 
percent. The following efficiencies are calculated: 

- Combustion  
- Indicated 
- Effective 
- Transmission 
- Generator 

This Excel file has proven being very useful when trying to retrieve information from a simulation. 
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4. Hybrid energy balance program 
The second assignment was to develop a program to draw the energy balance of a mild hybrid vehicle. The 
energy balance needed to be adapted in order to take into account the specific components of a mild hybrid. 

4.1.  Differences with the conventional vehicle 

The AMESim model of a mild-hybrid is similar to a conventional vehicle. The part of the model that changes is 
the electric subsystem. In addition to the conventional 12V-circuit, there is a 48V-circuit that includes an 
additional battery (thus there is a 12V battery and a 48V battery), and which is connected to the starter generator 
that converts mechanical energy to electric energy and vice-versa. A belt connects mechanically the starter 
generator to the engine. Finally, A DC-DC converter connects the 12V-circuit and the 48-V circuit.  

Finally, four components are added (Belt, Starter generator, 48V-Battery and DCDC). They are part of the hybrid 
powertrain and their contribution to the energy balance must be considered. 

4.2.  Hybrid strategies 

Different hybrid strategies aim at saving fuel through different means: torque regulation, start&stop and 
regenerative braking. These strategies generate new energy fluxes between the engine, hybrid powertrain and 
wheels. In Figure 13 an illustration shows the energy fluxes within the powertrain of a parallel hybrid vehicle for 
different modes. The principle is similar for a mild hybrid, only the components layout and the size of the electric 
machine is different. 

 

Figure 13: Energy fluxes for different mode of a parallel hybrid (Wikimedia commons) 

These new energy fluxes introduced along with the mild hybridization can be either toward the wheel or 
backwards. This feature creates negative energy contribution in the balance that must be treated carefully. 

4.3.  Starter generator 

The starter generator is the equivalent of the generator of the conventional vehicle, as it transforms mechanical 
energy to electrical energy. The difference is that in the case of a hybrid vehicle, the starter generator enables 
also electric energy to be converted in mechanical energy. At a given instant, the energy flux through the starter 
generator might be positive (from the engine to the battery) or negative (from the battery to the wheels).  

The program computes the energy balance over a whole cycle, not only at a given instant. However the overall 
energy flux through the starter generator might as well be positive or negative. It is usually positive as there is 
more energy consumed by the electric circuit than taken from the battery, but the negative case is possible 

In the energy balance, it is not possible to represent negative energy; so the energy balance must be created 
differently depending on whether the electric circuit is a consumer of engine energy or a supplier of energy to the 
wheels. A solution was found by putting the starter generator energy in different columns depending on if it is 
positive or negative (see Figure 14 to Figure 17).  
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4.4.  Battery 

The 48V-battery state of charge has been included on the energy balance because it can vary between the 
beginning and the end of a simulation.  

The variations are small: the battery state of charge is regulated. As the cycle is used to estimate the 
consumption of the vehicle, the results are biased if the state of charge of the battery is not the same between 
the end and the beginning. However it is not possible to ensure that it would be constant. So in order to calculate 
correctly the energy balance, and take into account the energy that can be stored in or taken from the battery, its 
state of charge is taken into account. 

One could argue that the 12V-battery state of charge should also be taken into account. Here it is not, and is 
considered one of the consumer of the 12V-circuit. In normal operation, it is not likely that the 12V-circuit would 
have a negative consumption.  

4.5. Energy balance 

Because of the energy flux through the starter generator, there must be two versions of the hybrid energy 
balance. 

In the case where the starter generator energy is positive, it consists in energy taken from the engine. This 
energy is transformed into electricity; part of it is lost in the components of the hybrid powertrain (Belt, starter 
generator, Battery and DCDC), part of it is used by the 12V-circuit, and the rest is stored or supplied by the 
battery. The corresponding equation is (where all energies are positive): 

#)*'	*$		A$�$	'*D	 +	#6�6*6'EE�	6�	['**$	� = #&�[	64	ED))$) + #$E$N	ND�)(��*6D� + #M6�'EE�	6�	['**$	� (20) 

 

This equation is graphically illustrated in Figure 14. 

 

                                        

Figure 14: The energy balance of the hybrid part when the starter generator work is positive 
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This results in the hybrid energy balance presented in Figure 15. 

 

Figure 15: Hybrid energy balance corresponding to a positive starter generator work 

In the case where the starter generator energy is negative, it supplies energy to the driveshaft. It means that 
energy from the battery is taken, and that part of it is lost in the hybrid components, part of it is consumed in the 
12V-circuit and the rest is transformed to mechanical energy. The corresponding equation is (where all energies 
are positive): 

	#6�6*6'EE�	6�	['**$	� = #)*'	*$		A$�$	'*D	 + #&�[	64	ED))$) + #$E$N	ND�)(��*6D� + #M6�'EE�	6�	['**$	� (21) 

This equation is graphically illustrated in Figure 16. 

                                     

Figure 16: The energy balance of the hybrid part when the starter generator work is negative 
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This results in the hybrid energy balance presented in Figure 17. 

 

Figure 17: Hybrid energy balance corresponding to a negative starter generator work 

The first case where the starter generator consumes more energy than it supplies is the most common. A case 
where it supplies more energy was obtained by setting the initial state of charge of the 48V-battery at 100%. 
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5. Evaluation of strategies to reduce CO2 emissions based on the energy 
balance 

The last assignment of this master thesis was to use the validated energy balance program to assess different 
strategies of CO2 emissions reduction. The aim of the study is to determine how CO2 emissions can be most 
efficiently reduced. Indeed the different contributors to the CO2 emissions do not have the same impact on the 
overall consumption. Thanks to the energy balance program, these contributions can be easily assessed.  

The study is focused on the influence of parameters such as vehicle mass, aerodynamic resistance, rolling 
resistance, frictions and electric load. The trend shows a reduction of these CO2 contributors which is likely to 
continue over the next years. 

5.1. Introduction 

The study was realized on three vehicle models with equivalent engines. A fourth vehicle, hybrid, is used to 
compare the results with savings enabled by hybridization. The vehicles are described in Table 2. 

 

Table 2: Vehicle used for the study 

 
Type Hybrid Mass (kg) Cylinder volume (L) Cylinders CO2 emissions (g/km) 

Vehicle A Diesel No 1590 1.461 4 107.3 

Vehicle B Gasoline No 1360 1.498 3 130.5 

Vehicle C Gasoline No 1700 1.798 4 137.2 

Vehicle D Diesel Yes 1470 1.598 4 104.22 

 

All the vehicles were simulated on a NEDC cycle with a warm start. They all use the Start&Stop strategy, as it is 
nowadays commonly present on new vehicles. 

The following parameters were investigated on the three conventional vehicles: 

- Vehicle mass, that could be reduced using different materials; 
- Aerodynamic resistance, depending on the vehicle’s aerodynamic properties 
- Rolling resistance, that depends on the tires and road properties 
- Frictions, coming from the engine 
- Electric load 

As one can see on the energy balance in Figure 18, these parameters are all related to the indicated engine 
work. When reducing the indicated engine work and keeping a constant efficiency, the exhaust and heat losses 
will decrease. As a consequence, the fuel consumption, thus the CO2 emissions, will be lower. 

From the balance, the most important contributors to the indicated work are the aerodynamic resistance, the 
rolling resistance, the inertia (related to brake energy), the frictions and the generator work (the electric load), so 
it is interesting to study them. 

In Table 3 the different contributions for the three vehicles can be compared. 

 

Table 3: comparison of the different contributions to fuel consumption 

% of fuel consumption Vehicle A Vehicle B Vehicle C 

Aerodynamic resistance 9.2% 8.4% 6.8% 

Rolling resistance 9.6% 6.4% 7.% 

Inertia 7.7% 4.2% 5.6% 

Frictions 9.4% 7.1% 7.8% 

Electric load 2.1% 3.2% 3.1% 
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The effective engine efficiency of vehicle A is 29.5%. It is higher than the other vehicles because it has a diesel 
engine. Diesel engines have physical properties that make them more efficient than gasoline engines. They tend 
to have more frictions as well, which is verified here, see Figure 18. 

 

 

Figure 18: Energy balance of vehicle A 

The effective engine efficiency of vehicle B is 24.2%. The brake work has a low contribution here compared with 
vehicle A, partly because the vehicle is lighter, but also because a gasoline engine has more losses than a 
diesel engine. The energy balance of vehicle B is pictured in Figure 19. 

 

Figure 19: Energy balance of vehicle B 
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The effective engine efficiency of vehicle C is 24.6%, see Figure 20. 

 

Figure 20: Energy balance of vehicle C 

All the data were obtained thanks to the energy balance program, which computes the energy of each CO2 
contributor. They can be seen in the Appendices D, E and F.  

In order to make them more understandable and analyze them, the results were summed up. The resulting 
graphs are presented in Chapter 5.2. It allows the comparison of the different parameters easily. With the graphs 
presented below, it can easily be assessed which parameter is the most important contribution to the CO2 
emissions and should be reduced first. 

5.2. Results 

5.2.1 Vehicle A 

This small-sized diesel vehicle is already at a low CO2 emissions level: 107.3 g/km. It is representative of the 
emissions of a nowadays diesel engine. The results of the parameter study for vehicle A are presented in 
Appendix D and Figure 21. 

The energy variations are presented in percent. As seen on the mass variation graph in appendix D, a 14% 
reduction of the inertia energy causes a 3% reduction of the driving work and an only 2% reduction of the fuel 
energy. Comparing the graphs, it can be noticed that a reduction of a given contributor does not necessarily 
have the same effect on the CO2 emissions as another contributor. The contribution of aerodynamic resistance is 
e.g. more important than the contribution of the electric load. It depends on the importance of the CO2 contributor 
as seen in Chapter 5.1. On this vehicle and cycle, the aerodynamic resistance and rolling resistance have similar 
effects on the CO2 emissions, but it is usually not always the case. 

The benefits of the contributor’s reduction on the CO2 emissions must be studied before any decision is taken to 
determine which contributor is more interesting to focus on. It is also interesting to see the CO2 emissions 
reduction of a contributor in g/km towards the 95 g/km goal (Appendix D), as this representation is more 
understandable than the percentage variations. 

For vehicle A, almost all studied contributors have an equivalent effect on CO2 emissions reduction, as it can be 
seen on Figure 21. The inertia force, aerodynamic resistance, rolling resistance and frictions have almost the 
same effect on CO2 emissions (the slopes are very close). As seen before, the electric load has the weakest 
influence on CO2 emissions reduction. In the case of vehicle A, it has a much smaller influence than the other 
parameters. 
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Figure 21: Effect of the studied parameters on the CO2 emissions of vehicle A 

With this vehicle that is already low in CO2 emissions, the 95 g/km target seems to be easily reachable by 
reducing some of the parameters. Diesel vehicles have a better fuel consumption and CO2 emissions than 
gasoline vehicles. That is why the 95 g/km target will be easier to meet with these vehicles than for gasoline 
vehicles. 

To illustrate this, a scenario of parameter reductions was realized and applied to the car, see Table 4. 

Table 4: CO2 emissions scenario for vehicle A 

Mass 1470 kg 

Rolling resistance 20% reduction 

Aerodynamic resistance 20% reduction 

Frictions 30% reduction 

Electric load 8% reduction 

 

Thanks to those savings, the vehicle reaches a CO2 emission level of 91 g/km, which is lower than the 95 g/km 
limit. The new energy balance of the vehicle can be seen in Figure 22. 



 

 

  

Master thesis - Report                                              Energy balance of a vehicle 30 

 

Figure 22: Energy balance of vehicle A with reduced CO2 (data according to Table 4) 

The contribution of brake work has increased. Indeed, brake work is not only influenced by the inertia. Brake 
work decreases with inertia, but increases when the aerodynamic and rolling resistances decrease because they 
participate in the braking of the vehicle (as resistive forces). Here the absolute value of energy dissipated by 
brake remained constant, because of a compensation effect. All other absolute contributions have decreased, as 
seen in Figure 23. 

 

 

Figure 23: Comparison of absolute contributions of vehicle A for the original setting (now) and with reduction due 
to vehicle data according to Table 4 

The overall energy was reduced by 15.2%. Heat and exhaust energy decreased as well, since the indicated 
engine work decreased. They are linked through the engine efficiency. 

For vehicle A, equivalent to small diesel passenger vehicles, reduction of some CO2 contributors was enough to 
reach the 95 g/km target. 

 

 

 

-15.2% 
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5.2.2 Vehicle B 

This gasoline engine is close to what is actually on the road in terms of CO2 emissions. The simulation results 
gave 130.5 g/km of CO2 on a NEDC driving cycle.  

The results of the study for vehicle B can be found in Appendix E and Figure 24. Here, the rolling resistance and 
aerodynamic resistance have slightly different effects in terms of energy savings. The savings due to friction 
reduction are relatively equivalent to those of vehicle A.  

 

 

Figure 24: Effect of the studied parameters on the CO2 emissions of vehicle B 

What is interesting is that vehicle B has a much different behavior compared with vehicle A. The slopes are in 
overall lower than for vehicle A, with only one exception, which means that the potential for CO2 emission 
reduction is smaller. The parameter which has most influence, the aerodynamic resistance, shows a very 
interesting potential and should be privileged when trying to find a solution to lower the CO2 emissions of this 
car. Rolling resistance and friction have the same influence, followed by the inertia force. Here the electrical load 
is again the less interesting parameter, even though it shows a higher potential than for vehicle A. 

A version of vehicle B with reduced parameters was simulated to show what could be the result in terms of CO2 
emissions, see Table 5. 

Table 5: CO2 emissions scenario for vehicle B 

Mass 1250 kg 

Rolling resistance 20% reduction 

Aerodynamic resistance 20% reduction 

Frictions 30% reduction 

Electric load 18% reduction 
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Thanks to those savings, the vehicle reaches a CO2 emission level of 112.6 g/km. The new energy balance of 
the vehicle can be seen in Figure 25. 

 

Figure 25: Energy balance of vehicle B with reduced CO2 (data according to Table 5) 

The new absolute contributions can be compared with the old ones in Figure 26. There is a 14% energy saving 
in overall thanks to all the reductions. 

 

Figure 26: Comparison of absolute contributions of vehicle B for the original setting (now) and with reduction due 
to vehicle data according to Table 5 

The CO2 emissions were drastically reduced (from 130.5 g/km to 112.6 g/km) but it was not enough to reach the 
95 g/km target. 

5.2.3 Vehicle C 

Vehicle C is the heaviest vehicle in the study, with the biggest engine. Its CO2 emissions (137.2 g/km) are close 
to the 2011 average in the European Union (135.7 g/km) (see [2]) 

In Figure 27 it is shown that aerodynamic resistance and rolling resistance have the same impact on the CO2 
emissions. Electric load influence is again the least important of the contributions. It can be concluded that 
electric load is not the most interesting parameter to focus on when it comes to reducing CO2 emissions (in 
terms of energy efficiency) 

-14% 
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The graphs in Appendix F show how far the vehicle is from the EU 2020 target, and how much effort would need 
to be put in in order to reach it. Drastically reducing the frictions, aerodynamic resistance and aerodynamic 
resistance would likely not be enough to meet the CO2 emissions target. In conclusion there might be need for 
more efficient technology to manage the 95 g/km target. 

 

 

Figure 27: Effect of the studied parameters on the CO2 emissions of vehicle C 

Vehicle C shows a behavior closer to the one of vehicle A than vehicle B. Again, the contributions of inertia 
force, aerodynamic resistance, rolling resistance and friction are very close, when the electric load has - like in 
the other cases – a more limited influence. 

A combination of reduced parameters was applied on the vehicle to simulate a CO2 reduction version, see Table 
6. 

Table 6: CO2 emissions scenario for vehicle C 

Mass 1590 kg 

Rolling resistance 20% reduction 

Aerodynamic resistance 20% reduction 

Frictions 30% reduction 

Electric load 22% reduction 

 

The vehicle then reaches a CO2 emissions level of 119 g/km. The reduction is equivalent to vehicle B results   
(18 g/km). Again, it is not enough to reach the EU target. The new energy balance of the vehicle is presented in 
Figure 28. 
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Figure 28: Energy balance of vehicle C with reduced CO2 (data according to Table 6) 

The new absolute contributions can be compared with the original ones in Figure 29. There is a 13.2% energy 
saving in overall, thanks to all the reductions. 

 

Figure 29: Comparison of absolute contributions of vehicle C for the original setting (now) and with reduction due 
to vehicle data according to Table 6 

5.2.4 Vehicle D 

In order to assess what could be the benefits in terms of CO2 emission of the hybridization, a fourth model was 
studied. Vehicle D is an AMESim model where mild hybridization was implemented. It is the model for which the 
hybrid version of the energy balance was developed. It comes with a diesel engine equivalent (in terms of CO2 
emissions) to the engine of vehicle A.  

Without hybridization, but with the Start&Stop strategy, as it is allowed in all the other models, the CO2 emissions 
of vehicle D are 104 g/km. 

The energy balance of vehicle D without hybrid features can be found in Figure 30. Without hybridization 
allowed, the starter generator work is equivalent to the generator work of a conventional model. It can be noticed 
that the 48V-battery state of charge almost does not vary. 

-13.2% 
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Figure 30: Energy balance of vehicle D without hybrid features 

The effects of different hybrid features on the CO2 emission were studied separately, then jointly. In this model, 
three strategies are considered: 

- Regenerative braking, recuperation of the braking energy. 
- Torque regulation, which consists in adapting the engine operating point and store the excess of energy 

in the battery or supply the lacking energy from the battery. 
- 12V voltage regulation, in which the voltage of the 12V-network is adapted to the driving mode in order 

to optimize the use of energy. 

A pure-electric driving mode also exists, but it is not considered here, because the vehicle does not enter this 
mode on a NEDC cycle. 

The results of the three strategies described above, separately and jointly, can be found in Figure 31. 

 

Figure 31: Effect of the hybrid strategies on the CO2 emissions of vehicle D 
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The effects of the strategies do not add, because they interact. These strategies influence among other things 
the engine operating point in order to improve the engine efficiency. The overall CO2 reduction achieved is 8.5 
g/km, which is a decrease of around 8%. 

The energy balance of vehicle D with the hybrid features is presented in Figure 32. It can be noticed that the 
brake work contribution has much decreased compared to Figure 30. The engine efficiency is almost the same 
and the battery final state of charge is higher. 

 

Note:  

Variation of the battery state of charge 

The difference in the battery state of charge between the beginning and the end of the simulation should be 
taken into account, since energy is either stored in or taken from the battery. Indeed if energy is stored in the 
battery, thus can later be used, the actual CO2 emissions are lower than the measures, and vice-versa. To 
avoid this difficulty, the controller is programmed to maintain the battery state of charge at the same level. The 
difference is thus small (see Figures 30 and 32) and the corresponding change in the CO2 emissions negligible 
(~0.1 g/km in Figure 32). 

 

Finally, the absolute contributions to the CO2 emissions can be compared between the hybrid and conventional 
cases in Figure 33. 

Figure 32: Energy balance of vehicle D including the hybrid features  
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Figure 33: Comparison of absolute contributions of vehicle D for the conventional setting (no hybrid features) 
and for the hybrid setting 

This mild hybridization case allows a CO2 emission reduction of 8%. If it is assumed that a similar decrease 
could be achieved on gasoline vehicle with the same hybrid layout, the 95 g/km target would still not be achieved 
with both vehicle B and C. 

5.3.  Conclusion of the study 

Finally, the aerodynamic resistance, rolling resistance, inertia and frictions have a huge impact on emissions and 
should be focused on when trying to meet the 95 g/km of CO2 target. However, as seen earlier in Chapter 5.2, 
drastically reducing those parameters might not be sufficient to meet the target, at least for gasoline vehicles. 
That is why the hybridization of gasoline vehicles seems necessary to reach the 2020 target set by the EU. As it 
allows improving the engine’s operating point and regenerative braking, the energy savings enabled by hybrid 
vehicles are much higher than for conventional vehicles. However the study of vehicle D showed that this 
particular hybrid layout (mild hybrid with side-mounted starter generator) was still not enough to reach the target 
with vehicle B and C. 

This analysis would be even more complete and interesting if the CO2 emissions reduction could be compared to 
the costs of such parameters reduction. That way, it could be clearly seen which parameter is more interesting to 
study. Besides, when decreasing the mass, aerodynamic and rolling resistance, the performance of the vehicle 
is improved; its maximum speed and acceleration are increased. In order to remain on an iso-performance, the 
gear ratios should be adapted. That would enable further CO2 savings. Another aspect that was not taken into 
account in the study is the possible improvement of the engine efficiency. 

  

-8% 
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6. Conclusion and further work 
The aim of the work was to validate and test a program to realize the energy balance of a vehicle model, and 
use it to conduct a study about CO2 reduction in different vehicle models. The energy balance tool will prove very 
useful in the further work of the team. The tool is now validated and is an asset in vehicle model analysis, 
especially concerning CO2 emissions. In the development the physical modeling was in focus and the practicality 
of the code was not improved. It is recommended to further work on the code as it is not very practical; minor 
modifications require too much time integrating as they impact many different functions. The display is also 
problematic as it consists in too many HTML pages that must be modified one by one. 

It was shown that the contributors to CO2 emissions do not have the same importance when it comes to the 
reduction of CO2 emissions. The study showed the potential of CO2 reduction in different cars and it stands out 
that the EU targets will be probably met for some vehicles, and not in other cases. To go further, the study could 
be completed by assessing the cost of such reductions. For example, it might not be equivalent to reduce the 
rolling resistance and the aerodynamic resistance by 10% in terms of costs, when it is in terms of reduction of 
CO2 emissions. In that case one solution is more cost effective than the other. 

It seems complicated to reach the 95 g/km target for a conventional vehicle without drastically reducing loads. 
The study showed that EU target could be easily met with diesel vehicles, but gasoline might cause some 
problems. Hybridization is thus regarded as an interesting solution to meet the EU requirements (as explained in 
[2]). 
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Appendix A: Full display of energy balance (conventional vehicle) 
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Appendix B: Full display of energy balance (hybrid vehicle) 

 



 

 

  

Master thesis - Report                                                  Energy balance of a vehicle 42 
 

Appendix C: Sankey diagram 
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Appendix D: Results of vehicle A 
 

 

Figure D-1: Fuel consumption savings (%) against parameters variation for vehicle A 
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Figure D-2: CO2 emissions (g/km) vs. parameter variation towards the 95 g/km goal for vehicle A 
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Appendix E: Results of vehicle B 
 

 

Figure E-1: Fuel consumption savings (%) against parameters variation for vehicle B 
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Figure E-2: CO2 emissions (g/km) vs. parameter variation towards the 95 g/km goal for vehicle B 
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Appendix F: Results of vehicle C 
 

 

Figure F-1: Fuel consumption savings (%) against parameters variation for vehicle C 
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Figure F-2: CO2 emissions (g/km) vs. parameter variation towards the 95 g/km goal for vehicle C 

 

 

 


