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Abstract  
 

 

 

Future emission regulations represent a great challenge for the automotive industry, however the definition 

of powertrain solutions has to take into account at the same time cost constraints and the end-user’s 

requirements. The powertrain design is even more challenging because the legislations are focusing on 

real use of the vehicles. For these reasons new homologation procedures have been defined or are under 

evaluation in all main world countries. 

To fulfill the requirements coming from the end-users and legislations, several powertrain architectures 

and engine technologies are possible, such as Spark Ignition (SI) or Compression Ignition (CI) engines, 

with many new technologies, new fuels, and different degree of electrification. 

The definition of the more promising powertrain architectures, with proper technology mix, and the 

assessment of benefits and costs must be accurately evaluated by means of objective procedures and tools 

in order to choose among the best alternatives. 

Moreover, the impacts on Greenhouse Gas (GHG) or energy consumption should be evaluated in term of 

powertrain Well-to-Wheel or Life Cycle and not only evaluating the Tank-to-Wheel, as many regulations 

are considering. 

The original contributions of this study have been: 

 the definition of a structured methodology to link constraints and end-user’s requirements to 

powertrain technical features, in order to perform a conceptual basic design and an objective 

comparison of architectures and technologies; 

 the development of a conceptual design procedure for the powertrain architectures, with a proper 

technology mix, with the aim of reducing the analysis to the more promising solutions;  

 the analytic comparison of the defined powertrain architectures and technologies, considering their 

effectiveness vs. reguraltions and end-user requirements, the technological maturity and the impact 

on production costs; 

 the analysis and investigations of the powertrain key technologies (e.g. Water Injection, Low 

Temperature Combustions, etc.); 

 the definition of the possible powertrain technology pathways towards 2025 and a forecast for post-

2025 timeframe. 

The methodology adopted for the conceptual design, the analysis and the comparison of the main 

powertrain architectures and technologies is according to a System Engineering approach, based on the 

listed tools and methodologies:  

 a modified QFD aproach for the deployment of technical requirements;  

 the deep technical literature analysis and experimental tests of the key technologies; 

  vehicle and powertrain modelling, with different level of detail to support design and analysis; 

 the technology cost analysis;  

 the methodologies for technology selection and prioritizitation. 
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The basic powertrain areas to be improved are: 

 the Internal Combustion Engine, with particular focus on combustion and heat recovery 

technologies and their controls; 

 the reduction of fossil carbon contents in the fuel, with synthetic fuels produced by means of 

renewable energy and CO2; 

 the powertrain electrification, with several architectures. 

 

For each technology areas the priority solutions have been identified.  

Focusing on ICE evolution, some of the key technologies to face the engine limits are: Water Injection 

(WI) during the combustion, Low Temperature Combustions (LTCs) and Waste Heat Recovery Systems 

(WHRS). 

Water injection is a cost-effective solution to minimize knocking in turbocharged downsized gasoline 

engines, allowing at same time higher compression ratio. Furthermore the =1 engine operation at high 

power is allowed, matching the new requirements of EU7 legislation, starting from 2023. This technology 

has been investigated in simulation and by means of experimental tests on a 1.4L TGDI engine, 

confirming its potential. 

The Low Temperature Combustion concepts are way to combine benefits of CI and SI engines, such as 

high efficiency and performance with easy pollution management, overcoming the limits of conventional 

engines. Different approaches are possible (e.g. PCCI, RCCI, GCI, etc.), but the main principle is to obtain 

a controlled homogeneous or partially homogeneous ignition of the air-fuel mixture, characterized by low 

local temperature and oxygen excess, that leads to high efficiency, low NOx and Soot generation. The 

main issue is the combustion instability, which can be overcome with a proper design of combustion, air 

and fuel systems, and by means of the closed loop control of the combustion process. 

In this study the focus was on the approaches PCCI (Premixed Combustion Compression Ignition) and 

RCCI (Reactivity Controlled Compression Ignition), applying these concepts to a 1.3L diesel engines, 

equipped with an additional multi-point gasoline injection system, with the aim to develop an effective 

and affordable control system demonstrator.  

The engine management was performed by means of an RCP system, that has allowed the development of 

an innovative combustion control, based on virtual sensors, and the investigation of key aspects of these 

innovative combustion modes. The control scheme is under study to manage the engine in Gasoline 

Compression Ignition (GCI) operation and it will be the object of future presentations.  

The Waste Heat Recovery technologies have the aim of harvesting the engine waste energy. Packaging 

and costs are the limits to be overcome. Taking into account the technology maturity, the amount of 

recoverable energy, that increases the benefit/cost ratio (gCO2/€), the Rankine Cycle systems are the most 

promising. The evaluations for this technology have been performed by means of simulation models, 

investigating the achievable benefits in term of fuel consumption/CO2 in different driving cycles, which 

can be representative of the real conditions.  

For the effectiveness of the aforementioned technologies the proper control is fundamental. In some cases 

the state variables of the systems are not measurable, for cost and/or reliability of the sensors. This is the 

case of angular positioning of combustion for Low Temperature Combustions and engines adopting Water 

Injection. The use of virtual sensors based on grey-box models and sensors already present in the engine 

management system is an effective solution as confirmed in this study. However a novel multifunction 

sensor has been developed. It is based on acoustic sensing and allows to implement at affordable cost the 
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measurements of classic engine parameters (such as knock intensity and turbocharger speed) and new 

parameters (e.g. CN noise), for control and diagnosis purpose. 

The cost and packaging issues of the electric drives and the electric energy storage systems are the main 

concerns to be overcome in order to allow a large application of electric propulsion systems. Among the 

technologies under development the Low Voltage (48V) propulsion systems are very promising solutions 

with good trade-off between benefits and costs, allowing the implementation of real “electric full hybrid” 

vehicle. The application of these low voltage systems at affordable cost is also favored by the power net 

evolution towards higher voltage than the current 12V, due to increase of electric devices on board the 

vehicle. 

An important pathway towards clean powertrain is the fuel de-fossilization, especially in a long term 

scenario beyond 2030. Among the alternatives to fossil fuels, together with the renewable electricity, the 

so called e-Fuels are very promising options. By means of a process named “Power-to-Liquids” synthetic 

fuels can be produced from water, electric energy and CO2. 

Using renewable electric energy and CO2 extracted from the air the e-Fuels can significantly decrease the 

WTW CO2 footprint of ICE based vehicles, taking into account a long term period, when the electric 

energy production is expected mainly from renewable sources, such as sun and wind. In this electric 

power generation scenario, the synthetic fuels are also promising options for large storage and simple local 

distribution of the energy, mitigating the discontinuity of the renewable sources. At the same time 

synthetic fuels can reduce up to four times the pollution production [PM/NOx] during the combustion 

process, decreasing the gap vs. pure electric propulsion. The main advantages compared with BioFuels are 

the negligible water demand and land use. The cost is the main challenge, but recent study forecast a price 

little higher than fossil fuel, considering future production technology improvements.  

 

Finally, as case study, the concept methodology has been applied to define the powertrain architectures 

and the technology paths for a C-class vehicle and a SUV, which cover a large range of vehicle market. 

To fulfill customer requirements and future European legislations for the emissions, without any 

performance penalty, the following technologies mix can be implemented (in case of C-Segment Vehicle):  

 the 2020 regulations (95 g/km CO2 and EU6d final) can be fulfilled with a low grade of 

electrification, employing technologies to improve the ICE combustion and the gearbox 

automatization; 

 for the 2025 legislations (82 g/km CO2 and EU7) an higher electrification degree is needed, but low 

voltage (48V) traction systems can be a valid solutions to mitigate the cost increase; 

 up to 2030 (61 g/km CO2), together with an higher electrification grade, vehicle weight reduction 

and further ICE improvements are needed, with the use of de-carbonized fuels (e.g. blend with bio-

fuels or synthetic fuels over 20% ). 

 

In a long term scenario, considering the WTW CO2 footprint and pollutants towards zero, the adoption of 

de-fossilized fuel cannot be avoided. The BEVs are not the only solution, valid alternative can be HEVs, 

PHEVs and RE-EVs propelled with e-Fuels. 
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ROHR Rate of Heat Released 

SA Spark Advance 

SAE Society of Automotive Engineers 

SI Spark Ignition 

SiC Silicon Carbide 
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SMD Sauter Mean droplet Diameter 

SOC Start of Combustion or State of Charge  

SOEC Solid Oxide Electrolysis Cell 

STP Standard Temperature and Pressure 

TC Turbocharger 

TCO Total Cost of Ownership 

TDC Top Dead Center 

TEG Thermoelectric Generator 

TFP Turbine Flow Parameter 

TKI Tabulated kinetics for ignition 

TRL Technology Readiness Levels 

TTW Tank-to-Wheel 

TWC Three Way Catalyst 

US United States 

VCP Volumetric Cooling Power 

VGT Variable Geometry Turbine 

WHR Waste Heat Recovery 

WI Water Injection 

WLTC World Light duty Test Cycle 

WLTP World Light duty Test Procedure 

VOC Voice of Customer 

WOT Wide Open Throttle 

WTT Well-to-Tank 

WTW Well-to-Wheel 

ZT Dimensionless figure of merit of thermoelectric performance 
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1. Introduction 
 

 

 

 

 

In this chapter the main motivations and goals of the research activities carried out during the PhD 

program are clarified. Then the structure of the thesis is explained. 

 

1.1  Motivations  
 

The macro-trends that are shaping the evolution of powertrain technologies are: 

 sustainability, namely the simultaneous reduction of CO2 / fuel consumption and emissions; 

 autonomous driving; 

 vehicle connectivity; 

 powertrain electrification. 

The definition of powertrain solutions has to take into account at the same time the sustainability 

constraints and the end-user requirements, see Figure 1-1. The powertrain design is even more 

challenging, because the legislations are focusing on the real use of vehicles. For this reason new 

homologation procedures have been defined in USA and recently in Europe with the introduction of 

WLTP [1,9,11] and Real Driving Emission (RDE) [1,9,10,11,104] procedures. Also new emerging 

countries are aligning to this regulation trends. 

To fulfill the requirements coming from the end-users and legislations, several powertrain architectures 

and engine technologies are possible, such as Spark Ignition (SI) or Compression Ignition (CI) engines, 

with many new technologies, new fuels [4,69,70,71,72,73,74], and different degree of electrification 

[16,19,26,35,61,113,114,124,292]. 

The definition of the more promising powertrain architectures, with proper technology mix, and the 

assessment of benefits and costs must be accurately evaluated by means of objective procedures and tools 

in order to choose among the best alternatives. 

Moreover, the impacts on Greenhouse Gas (GHG) or energy consumption should be evaluated in term of 

powertrain Well-to-Wheel path or Life Cycle [17,68,221,231,232,234,235] and not only evaluating the 

Tank-to-Wheel energy transformation, as many legislations are considering. 

For these reasons the definition and evaluation of powertrain architectures and their subsystems 

technologies have to take into account the pathway of energy employed for the propulsion and to perform 

the auxiliary functions (e.g. AC, electric power supply, etc.) on board the vehicle. 
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Figure 1-1 Powertrain design challenges 

 

1.2  Research Objectives 
 

PhD studies started from the previous research activities done to investigate new technologies and control 

methods for conventional powertrains, based on Compression Ignition engines 

[34,36,38,146,154,190,204,295,325] and Spark Ignition  engines [149,189,211,212], with the purpose of 

improving emission, consumption and performances. New advanced technologies for ICEs (e.g. new 

combustion approaches) and powertrain electrification are needed to face the aforementionated complex 

scenario of requirements. Furthermore, the definition, selection and assessment of the new powertrain 

architectures and technologies have to be based on structured and objective methodologies, in order to 

guarantee affordable and effective solutions. 

With these aims, the areas of original contribution and the main research goals of this work are 

summarized in the following list: 

 the definition of a structured methodology to link constraints and end-user requirements to 

powertrain technical features, in order to perform a conceptual basic design and an objective 

comparison of architectures and technologies; 

 the procedure definition for the conceptual design of the powertrain architectures, with a proper 

technology mix, with the aim of limiting the analysis to the more promising solutions;  

 the conceptual comparison of the defined powertrain architectures and technologies, considering 

their effectiveness vs. standards and end-user requirements, the technological maturity and the 

impact on production costs; 

 the analysis and investigations of the powertrain key technologies (e.g. Water Injection, Low 

Temperature Combustions, etc.); 

 the definition of the possible powertrain technology pathways towards 2025 and a general forecast 

post-2025. 
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This work has also the objective of making available to the reader a very wide and accurate literature 

review on the topics discussed. The risk is that the dissertation is very long, but at the same time the 

expected benefit is that an interested reader may find in one single document all the relevant information. 

 

1.3  Thesis Structure Overview 
 

A brief introduction to each chapter is provided in this section. The structure of this work is presented in 

Figure 1-2 as a useful guide for the reader. The topics of each chapter are presented with task and purpose 

that supports the research goals outlined in previous paragraph #1.2. 

 

Figure 1-2 Thesis structural overview 
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The Chapter #2 analyzes widely the factors affecting the powertrain evolution, such as regulation trends, 

automotive market drives, etc., highlighting how they impact on powertrain technologies. 

The Chapter#3 introduces the methodology used for requirement definition, conceptual design of 

powertrain architectures and the selection process of better solutions. 

The subsequent Chapter #4 presents a detailed analysis of the powertrain requirements, using the Quality 

Function Deployment (QFD) with a modified and personalized approach. Finally, the powertrain and sub-

system specifications and the evaluation criteria for a quantitative comparison are defined.  

The Chapter #5 introduces the technology options of powertrain architectures, focusing on electric hybrid 

powertrains and their functions, features and drawbacks. 

In the Chapter #6 the different ICE technologies are described and critically analyzed, highlighting their 

effectiveness versus the main requirements. Such considerations are mainly based on the most significant 

technical and scientific literature. A deep focus has been done on water injection, advanced combustion 

approaches and waste heat recovery technologies, which were object of further investigations in the case 

studies presented in the following sections. Finally, the cost estimations of the main technologies are 

presented. 

In the Chapter #7 the evolution of vehicle electric power nets is presented. The voltage increasing, due to 

new vehicle functions offers an interesting synergy to introduce the electrification in the powertrain 

systems at affordable costs.  

The Chapter #8 describes the main devices for the electric propulsion and the key technology options, 

highlighting their features and effectiveness versus the main powertrain requirements. 

In the Chapter #9 the state-of-art of synthetic fuels (i.e. e-Fuels) from renewable energy sources and a 

comparison with other alternative fuels are presented. 

The Chapter #10 introduces the Powertrain and Vehicle models, which have been used to define,  to 

optimize the subsystems and to assess analytically the relevant architectures and technologies selected in 

the previous sections. 

In the Chapter #11 the focus is on the study and experimental investigation to develop new sensors (e.g. 

acoustic based) and virtual sensors for the control of Low Temperature Combustions. Some case studies 

are presented. Then new model based approaches for Gearbox control and HEV powertrain energy 

management are explained. These algorithms are key for the architecture case study presented in the 

following sections. 

In the Chapter #12 examples of Powertrain Architecture definition and selections are presented, taking 

into account the horizon 2025 and the post-2025 scenario. 

Finally in Chapter #13 the summary of findings and the outlook are provided. 
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2. Factors Affecting Powertrain Evolution 
 

 

 

 

Some macro-trends, shown in Figure 2-1, are shaping the future of the automotive industry and they have 

a considerable impact on the vehicle propulsion systems. The most significant ones are: 

 sustainability, namely the simultaneous reduction of CO2/ fuel consumption [12,16,273,274] and 

pollutant emissions [3,5]; 

 autonomous driving; 

 powertrain electrification. 

 

 

Figure 2-1 Automotive Technology Trends 

 

In this scenario, as shown in Figure 2-2, internal combustion engines will still have a key role, as 

confirmed by many studies [6,275,276,277], in spite of different degrees of electrification will be 

necessary to fulfill the challenging requirements in term of sustainability and vehicle performances. 
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Figure 2-2 Passenger Cars and Light Duty Vehicle Powertrain market scenario, IHS data base 

 

The importance of internal combustion engine can be also explained considering that it converts chemical 

energy stored in the fuel to support functions that are not closely related to propulsion, Figure 2-3: 

 production of electricity for devices on board the vehicle; 

 mechanical energy production for the air conditioning system [7,8,169]; 

 production of thermal energy to heat the passenger compartment. 

 

 

Figure 2-3 Energy flow and functions in an ICE based vehicle 

 

In purely electric vehicles, with the absence of an internal combustion engine that converts chemical 

energy stored in the fuel, such additional functions [7,8] require an electrical energy storage on board 
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possibly much larger than what is necessary for traction only, with negative impacts on cost, weight, range 

and charging times. 

 

2.1  Environmental Sustainability: Greenhouse Gas and Pollutant 

Regulations 
 

Sustainability, namely the simultaneous reduction of CO2/ fuel consumption and pollutant emissions, 

which in all countries are defined by specific norms, updated periodically. The global trend is near‐zero 

tailpipe emissions, considering more realistic conditions of use. 

The last years have seen a continued emphasis on achieving reductions in pollutants and tailpipe CO2 or 

fuel consumption, under dynamometer and real-world driving conditions. This section covers the major 

regulatory initiatives affecting the light-duty and passenger car vehicles. 

 

2.1.1 CO2 and Fuel Consumption Regulations 

The EU has historically been a leader in implementing vehicle CO2 emission standards. In recent years, 

however, most large economies have set converging CO2 emission targets for new vehicles (see Figure 

2-4). The European limt for 2030 is under discussion with a range between 67÷61 gCO2/km, 30÷35% 

lower than 2020 limit. 

 

Figure 2-4 Comparison of global CO2 regulations for new passenger cars (source: ICCT 2018) 

Figure 2-5 summarizes the trends of the new standards shown in Figure 2-4: they will require a 3-6% 

reduction in tailpipe CO2 per year to achieve the fleet-wide passenger car requirements. An overview of 

the regulations for the three main world areas (e.g. Europe, United States and China) is given in the next 

sections.  
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Figure 2-5 The major automotive regions will be requiring 3-6% reductions CO2 per year, with Europe requiring the 

tightest standards 

Europe Standards 

In Europe, the European Commission’s strategy for low-emission mobility aims to limit transport related 

greenhouse gas (GHG) emissions by 2050 to be at least 60% lower than in 1990. In line with the strategy, 

the Commission adopted a legislative proposal in October 2018, targeting reductions in average fleet CO2 

emissions from new light-duty vehicles by 15% in 2025 and 30÷35% in 2030, compared to New European 

Drive Cycle (NEDC)-based CO2 limits of 95 g/km for passenger cars and 145 g/km for light commercial 

vehicles in 2020 [273,274]. OEMs are provided with incentives to introduce zero- and low-emission 

vehicles, with emissions <50 g/km, via credits which can be applied to the fleet CO2 targets. New CO2 

targets are challenging, especially as they are accompanied with changes to the measurement protocol 

(WLTP in 2021), born to overcome some issue of the norms, explained better below. 

United States Standards 

In the US, the Environmental Protection Agency (EPA) re-opened the “Final Determination” on the need 

and feasibility of maintaining the current GHG standards for MY 2022-25 Light Duty vehicles [16,278], 

with revisions in 2018. California, while challenging the re-opening of the GHG standards, is now 

planning for more reductions in GHG emissions beyond 2025. Key strategy elements were listed to 

achieve a 40% reduction in overall GHG emissions over the 2020 levels by 2030. For the transportation 

sector, this includes a 50% reduction in black carbon (BC) and 40% reduction in methane emissions over 

2013 levels. For electrification, the proposed targets are a cumulative 1.5 M zero emission vehicles 

(ZEVs) by 2025, which include plug-ins, fuel-cell vehicles and pure battery EVs. Sales in 2025 of actual 

ZEVs in California are mandated to be an estimated 145,000 vehicles or about 7% of new car sales [279] 

in 2025. For heavy duty, 2.5% and 10% ZEV trucks in the Class 3-7 sector in 2020 and 2025, respectively, 

are being considered. 

 

China Regulations  

China has a broad industrial policy to decrease dependency on imported petroleum and lead the world in 

electric vehicles. In this regard, the Ministry of Industry and Information Technology (MIIT) finalized the 

New Energy Vehicle (NEV) mandate policy [280]. The policy, expands on California’s ZEV credit 

15% 35% 
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system, wherein vehicles get more credits for longer all-electric range, but China is the first to give more 

credit for higher efficiency vehicles. Auto manufacturers are required to generate 10% of NEV credits in 

2019 and 12% in 2020. NEVs include plug-ins, full battery electric and fuel cell vehicles. Three credits on 

average per NEV could result in 4% adoption of NEVs in 2020 [281]. Excess credits can be traded to meet 

the NEV and also the corporate average fuel consumption requirements. 

 

2.1.2 CO2 and Fuel Consumption Regulation Issues 

The current global legislations are even more stringent and challenging for car manufacturers, but there 

are some weaknesses to be improved with aim of reducing global emission footprint. These issues can be 

summarized as follow: 

 gap between laboratory and test conditions for the type approval; 

 using mass, as the utility parameter, disincentives vehicle light-weighting, specific problem of EU 

legislation and derivate regulations; 

 the legislations take only into account Tank-to-Wheel emissions or energy consumption and not 

Well-to-Tank or LCA emissions of vehicles. 

Gap between laboratory and test conditions 

Today, the car manufacturers are on track to meet the EU 2021 target of 95 g/km, as confirmed by a 

pictures of “Best in Class Vehicle for CO2 Emission” in May 2016, see Figure 2-6. This rapid decline in 

CO2 emission values seems to be a rousing success for CO2 standards, but does not consider the real-world 

performance of vehicles.  

 

Figure 2-6 Best in Class Vehicle for CO2 Emission in NEDC Cycle, status at May 2016 
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Real world emissions are usually higher compared to those measured under laboratory conditions. The 

[14] reports that the difference between official and real world CO2 emissions is as high as 30÷40%, and 

growing over the years. The data come on approximately 1.1 million vehicles from 14 data sources, 

including on-road, average estimates for private cars and company cars.  

 

Figure 2-7 Divergence between real-world and manufacturers’ type-approval CO2 emission values (NEDC) for 

various on-road data sources, including average estimates for private cars, company cars, and all data sources 

The same phenomena is confirmed in the six largest vehicle markets and nine of the top 11 have 

implemented standards to curb fuel consumption and greenhouse gas emissions of light-duty vehicles. 

While fuel efficiency standards thus sound like a success, there is evidence of a growing divergence (or 

“gap”) between official and real-world CO2 values, implying that laboratory measurements are 

increasingly overestimating the fuel efficiency of cars. 

Figure 2-8 from [15], based on more than 1.5 million passenger cars in the European Union (EU), the 

United States, China and Japan, indicates that the divergence between the official and real-world CO2 

Emission values has increased over time in all regions. The EU, which has used the New European 

Driving Cycle (NEDC) for vehicle testing, is the market with the steepest annual growth in the gap 

between 2001 and 2014, while Japan and the United States experienced smaller increases. Japan phased 

out the 10-15 mode cycle in the 2008–2011 timeframe, replacing it with the JC08 cycle. The United States 

is the only market with two sets of CO2 values: the more limited two-cycle-based Corporate Average Fuel 

Economy (CAFE) values are used for regulatory purposes, while the U.S. Environmental Protection 

Agency (EPA) provides more inclusive five-cycle-based fuel economy label values to inform consumers 

about the real-world on-road performance of vehicles. The label values were found to offer the most 

realistic fuel consumption figures in the analysis. The label values are the basis for the adjustment factor 

used by U.S. regulators to convert CAFE values to real-world estimates during fuel economy standard 

rulemakings. 
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Figure 2-8 Divergence between official and real-world CO2 emissions for new passenger cars in EU, United States, 

China, and Japan 

The divergence is related to all vehicle types, both conventional ICE based and electric hybrid, as 

confirmed in Figure 2-9 from [14], that plots the average gap between type-approval and Travelcard CO2 

emission values by powertrain types in 2016.  

Travelcard Nederland BV is a fuel card provider based in the Netherlands. Fuel cards are used as payment 

cards for fuel at gas stations and frequently are used by companies to track fuel expenses of their fleets. 

Travelcard passes are accepted in all Dutch fuel stations, as well as in more than 43,000 fuel stations 

across Europe. The company currently serves more than 200,000 vehicles registered in the Netherlands. 

The Travelcard fleet is a large, homogeneous group of drivers, who typically drive new cars and change 

vehicles every few years. Most cars are less than four years old. 

Although vehicles with conventional powertrains and HEVs on average exceed type-approval CO2 values 

by 45%, PHEVs stand out with a gap of 242%. This difference was observed in all build years, with 

PHEVs consistently exceeding the other power train types by more than 150 percentage points. 

A possible explanation of this gap can be obtained analyzing the current ECE R 101 procedure for 

vehicles with multiple energy storage systems on board, e.g. PHEV, and different propulsion systems. The 

low use of electric operation of PHEVs, compared with the assumption of EU norms, is at the basis of 

higher CO2 emissions than the type approval procedure.  
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Figure 2-9 Divergence between type-approval and Travelcard Nederland BV CO2 emission values by power train 

type in build year 2016. Number of vehicles per category presented at the base of each bar 

 

 

Figure 2-10 Evaluation of a PHEV fuel consumption based on the UN ECE R 101 

The ECE R101 method evaluates the fuel consumption (FC) weighting the partial results of Charge 

Depleting (CD) and Charge Sustaining (CS) operation modes (see Figure 2-10) according to the following 

formula, from [282]: 

F𝐶 =
D𝑒∙FC𝐶𝐷+ Dav∙FC𝐶𝑆

D𝑒+ Dav
 

(2.1) 

where 

FCCD: Fuel Consumption during Charge Depleting 

FCCS: Fuel Consumption during Charge Sustaining 

De: Total electric range during Charge Depleting (marked in red in Figure 2-10) 
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Dav: assumed mean distance between charging operations (= 25 km). 

Thereby, CO2 emissions are calculated from the determined fuel consumption, emissions from the 

provision of electric energy are not considered. The parameter Dav is typically 25 km, but if the interval 

increase the real FC and CO2 emissions are higher than the certificated values. 

To address some of the issues related to the testing procedure in EU, the CO2 emissions testing will be 

done using the World-Harmonized Light-Vehicle Test Procedure (WLTP) starting in 2021 [283]. The 

change in test procedure is expected to increase the fleet wide CO2 by 15-25% or 18÷30 g/km, referred to 

C-Class vehicle. In the meantime, the change in procedure for the pollutants has begun in September 

2017, applying to type approvals for new vehicles, and extended to all vehicles in September 2018. 

Correlation of CO2 emissions over WLTP and NEDC will be done using the CO2MPAS tool, developed 

by the European Commission’s Joint Research Centre (JRC) [284]. The new test procedure reduces the 

gap with real conditions but it doesn’t overcome the issue. More significant test conditions (e.g. with AC) 

shoud be needed.  

To overcome these limit, in this work the analysis have been performed considering the EU cycles and 

other standard cycles (e.g. RTS95) that take into accounts the real use. 

 

Disincentives vehicle light weighting (EU standards) 

The CO2 target in EU regulations is an average value for the fleet of car manufacturers and it depends on 

average vehicle mass, the limit 95 g/km is related to 1380 kg. The Figure 2-11 from [13] shows the limit 

curve for 2025 and position of car manufacturers. 

 

Figure 2-11 Average CO2 emission values and vehicle mass of major manufacturer groups in 2016; hypothetical 

2021 targets are based on average 2016 mass; limit value curve for 2015 included for reference 

The formula to determine the CO2 emission target for each individual manufacturer is 

𝐸 = 𝐸0 + 𝑠𝑙 ∙ (𝑀 −𝑀0) 

(2.2) 
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with E0 being the fleet CO2 target, sl the slope of the limit value curve, M the average mass of the 

manufacturer’s vehicle fleet, and M0 the average mass of all manufacturers. Whereas slope sl is fixed for 

the entire duration of the regulation, the M0 parameter is updated every three years (every two years 

beginning in 2024) to account for changes in the average mass of the new vehicle fleet. This adjustment is 

done to ensure that, on average, the fleet target E0 is reached, even if the average mass of all 

manufacturers’ vehicles increases. Irrespective of this (indirect) correction mechanism for the average 

mass of all manufacturers, it is the slope of the limit value curve that determines the disincentive for light-

weighting. 

As observed in Figure 2-12 the reduction of 100 kg in mass can lead, for instance, to a reduction of 4g/km 

of CO2, but it causes the contemporary limit reduction undermining the light-weighting. The steeper the 

limit value curve, the more CO2 heavier vehicles are allowed to emit, and the higher the disincentive for 

light-weighting. A flatter slope could reduce the disincentive for light-weighting. The slope of the limit 

value curve is set based on the relationship between vehicle CO2 emission values and vehicle mass, as 

observed on the market. 

 

Figure 2-12 Mass reduction in a mass-based CO2 target system (left) and in a footprint-based system (right) 

The slope sl of the limit value curve was set at 0.0457 (g/km)/kg for the 2012÷2019 time period and at 

0.0333 (g/km)/kg for the 2020÷2024 time period, reflecting a 27% reduction for all vehicle manufacturers 

(going from the 2015 target of 130 g/km of CO2 to the 2021 target of 95 g/km of CO2). 

Retaining mass as the utility parameter would not only require regular updates of the actual average fleet 

mass M0, as is already the case in current regulation, but also of the slope sl of the limit value curve, in 

order to account for recent market developments and to avoid creating an incentive to increase vehicle 

mass.  

For the 2025 and 2030 CO2 standards, the European Parliament and European Council (EC) could deviate 

from the original EC proposal, remove the utility parameter, and switch to a fixed absolute CO2 target 

value or a fixed CO2 percentage reduction target for all manufacturers. That would simplify the regulation 

and increase the incentive for light-weighting. Alternatively, the European Parliament and Council could 

continue using a utility parameter but transition to vehicle footprint instead of mass. This transition would 

remove disincentives related to light-weighting and reduce overall compliance costs, but the standard 

would remain as complex as today. 
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From Tank-to-Wheel to Well-to-Wheel or LCA emissions 

The current automotive regulations defines the GHG limits only for the in use emissions, named Tank-to-

Wheel (TTW) emissions, that takes into account the CO2 or other gasses production due to process of 

fuel/energy conversion to energy to move the vehicle. These TTW emissions depend on vehicle energy 

needs and powertrain principle to generate energy for movement. In case of an ICE based vehicle, for a 

defined fuel, the CO2 generation is strictly correlated to the fuel consumption. So an improvement of the 

TTW energy consumption means contemporary the TTW CO2 reduction. This CO2 metric is insufficient 

to compare impacts of Plug-in Hybrid (PHEV) and Battery Electric Vehicles (BEV), because the GHG of 

the upstream fuel and vehicle production are not considered. The Figure 2-13 helps to clarify the 

definitions introduced in this section. 

 

Figure 2-13 WTW, PTW and WTP definitions 

In case of pure electric vehicle the in use emission of CO2 is zero and the norms define only a way to 

measure the electric energy consumed from Pump-To-Wheels (PTW), including the battery charging 

consumption named Pump-To-Tank, and the vehicle consumption (TTW). 

The previous definitions are not able to evaluate the global emission (or energy consumption) of a 

powertrain technology and of the related fuel or propulsion energy, considering its production, transport, 

and distribution. The footprint of energy supply processes is named Well–To-Tanks (WTT) emission (or 

energy consumption). The global footprint of a powertrain and the related propulsion energy is called 

Well-To-Wheels. 

With this metric the global GHG footprint of BEV or PHEV depends on country electricity GHG 

intensity.To limit the global CO2 emissions or to evaluate the global energy cost of a propulsion 

technology the legislation target should be defined by means of the WTW definition.  

Life Cycle Assessment is a deeper measurement of powertrain technologies footprint than the WTW. It 

includes compiling inventories of the environmentally relevant flows (i.e. emissions, natural resources, 

material and energy, waste) related to all processes involved in the production, use, and end-of-life of a 

product and based on these, quantifying the associated cumulative life-cycle burdens [285]. The LCA 

methodology is based on international standards [286,287]. The complete LCA includes the WTW stages 

as well as the ‘‘equipment life cycle’’, see Figure 2-14. The equipment life cycle covers production, 

manufacturing, maintenance and end-of-life of vehicle and road infrastructure. 
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Figure 2-14 Simplified scheme of the scope of the LCA  

In a long term scenario up to 2050, the vision of some manufacturers [18] defines a CO2 Well-to-Wheel 

target 90% lower than the 2020 emission, very close the zero emission. This challenging target can be 

only faced with a system design approach of whole vehicle/powertrain and taking into account the proper 

energy carrier (e.g. fuel), as it will be explained in the next chapters. 

 

2.1.3 Pollutant Regulations 

The [5] summarizes the trend of pollutant regulation in main countries. The emission criteria are tighter 

for near‐zero tailpipe emissions, considering more realistic conditions. These constraints are the main 

challenges confronting the design and development of new powertrains, together with safety, comfort, 

drivability/performance, and costs. 

 

Figure 2-15 Criteria pollutants scenario 
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The comparison of trends for the main countries legislations are reported in the next Figure 2-16 and 

Figure 2-17, the details for the main countries are introduced following. In the figure the values for EU7 

are not reported because under discussion. 

 

Figure 2-16 Comparison of NMOG/NMHC+NOX emission requirements in China, the European Union, and the 

United States during 1990 –2025 [257] 

 

Figure 2-17 Comparison of PM emission requirements in China, the European Union, and the United States during 

1990–2025 [257] 
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Europe Standards 

The main issue of EU legislation is the divergence of the type approval tests and real driving conditions, 

as reported in several studies [252, 288] and illustrated clearly in Figure 2-18, that highlights the gap for 

NOx emissions in diesel and gasoline cars. 

 

 

Figure 2-18 Gap between type approval and real emission for NOx (g/km) in Diesel and Gasoline cars 

To overcome the problem new Real-Driving Emissions (RDE) requirements for Euro 6 passenger cars and 

vans was introduced starting Sept 1st, 2017. The draft version of the 3rd RDE package was officially 

published in June 2017 [13], and retains the key elements: Conformity factor (CF) of 1.5 for particulate 

number (PN), strengthening of the regulations by including the first 5 minutes of cold start emissions in 

the urban portion, and an emphasis on transparency with requirements that OEMs make public the 

maximum RDE NOx and PN values and provide an “extended documentation package” on auxiliary 

emission strategies. The regulatory package also sets the stage for inclusion of an evaluation that their 

RDE emission values are comparable with conventional vehicles. 

The final method will be part of the fourth and final RDE package, expected to address in-service 

compliance and special provisions for light-commercial vehicles. Some changes are being considered to 

the RDE framework, such as inclusion of sub-23 nm particles.  

RDE and WLTP are not perfect as there are still conditions in real world driving which are not captured in 

these tests. Emissions of both CO2 and criteria pollutants are high during congested traffic, marked by 

more frequent start-stops and higher idling. [289] found significant increase in roadside emissions due to 

traffic congestion, attributed to both higher fuel consumption at low speeds as well as lower exhaust 

temperatures leading to low power and extensive idling. There is also criticism that the longer duration of 

the new cycles (compared to NEDC) actually diminishes the relative contributions of emissions from cold-

starts. 

There is a proposal under consideration to reform the vehicle type-approval process in Europe. The EU 

Commission will be authorized to carry out independent market checks, issue recalls and impose fines 

independent of the member states. Member states will be required to carry out periodic spot checks and 
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make results publicly available. In addition to the existing ban on defeat devices, the new rules require 

OEMs to provide access to software protocols. 

China. 

China is moving quickly and taking bold steps to tackle its pollution issues. Notable updates in 2017 

include: 

 Provisions to increase the break-in allowance for the conformity of production (COP) tests from 300 

to 3000 km if a gasoline particulate filter (GPF) is installed. 

 Major cities may adopt the regulations earlier, in 2019. The details and timing are yet to be clarified. 

 There is a greater emphasis on ensuring that vehicles meet the regulation on the road.  

On-board diagnostics (OBD) will be used as a primary tool for conformity of production and ensuring in-

use compliance, in addition to retaining full RDE testing as needed. The Ministry of Environmental 

Protection (MEP) also announced a national program to measure tailpipe emissions from in-use light- and 

heavy-duty diesel vehicles via remote sensing [290]. The regulation is aimed at screening highemitting 

vehicles with respect to NO and particulate matter emissions. 

United Stated  

California Air Resource Board (CARB) is focusing on in-use compliance and ensuring that these limits 

are met under real-world conditions. Laboratory studies done at CARB have shown higher than 

anticipated cold start emissions from in-use LEV II ULEV and SULEV vehicles, and there is preliminary 

data which suggests that intermediate cold soaks could lead to higher emissions as compared to overnight 

soaks [291]. Particulate matter regulations are also being phased in, requiring vehicles to emit less than 3 

mg/mi nationwide by 2021, and further tightening to 1 mg/mi in California starting in 2025. 

 

2.2 Car Buyers Needs/Wants 
 

Most methods for product development recognize that customer input is essential in developing product 

requirements. These customer requirements shape the early product concept stages. It is critical for 

developers to consider what type of customers they will be serving. Is it a customer who lives mostly 

within a city, or does the person commute longer distances on highways? How much cargo space is 

needed? Does the customer have the ability to charge an electric car at home or at work? These and many 

other questions derive a catalog of requirements that help developers create concepts focused toward 

customer groups. 

The problem facing developers is that customer input through traditional market research will rarely 

dictate a preference for futuristic technologies. Instead, the customer describes improvements from the 

established product and generates wishes that could lead to a product innovation. 

The Quality Function Deployment (QFD) [248] methodology (also referred to as the House of Quality 

(HoQ) is a tool that is utilized to translate customer requirements into technical requirements. In addition, 

this tool facilitates an assessment between competitors and the firm’s own product. The procedural model 

can be incorporated throughout the development process to maintain the so called “voice of the customer” 

present in design decisions at each product development stage. More details of the tool and its application 

will be presented in the next chapters. 
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The “voice of the customer” translated to the “voice of the engineer” using the QFD/HoQ (see Figure 

2-19) can be very useful in making improvements to generations of product families but has to be properly 

applied in its scope to seek out new technologies. 

 

Figure 2-19 Vehicle requirements from Market survey to QFD methodology 

 

Identification of the Customer Needs 

The auto industry uses a number of methodologies to extract customer feedback, some of which are shown 

in Table 2-1. The most part of these methodologies are effective to complement incremental product 

development innovations and most methodologies can be limited to address the initial purchase motivation 

of future vehicle architectures. 

Table 2-1 Classic methodologies to determine future customer needs in the automotive industry from [134] 
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Specific requirements for a future vehicle must take in consideration current and upcoming regulatory 

requirements, customer needs, competitor market offerings and the manufacturers own business strategy. 

An example of vehicle customer needs/wants evaluation and prioritization is presented in Table 2-2, 

adapted from [134]. The requirements are prioritized taking into account the end-user target. The final 

customer profile is a weighted average of different customer profiles (column of table). And each profiles 

is characterized by own preferences versus each requirement (row of table). The resulting priority is the 

input for the HoQ, that will be presented in the next chapters. 

Table 2-2 Example of design requirements prioritization based on customer profile needs 

 

 

2.3 Smart, Connected and Autonomous Vehicles 
 

Driven by evolving customer behavior, regulations (e.g. "eCall") and a growing amount of connected 

services, vehicles are becoming more highly connected and smarter. FEV estimates that around 2027 

nearly all vehicles on EU's roads are connected (see Figure 2-20). 

Already today, intelligent powertrain applications exchange data with external resources to provide 

advanced eco-driving, predictive energy management, automated maintenance services, pay-as-you drive 

functionality and more. Looking forward, many additional onboard and aftermarket powertrain-related 

services will launch until 2030 using a mix of mobile, vehicle-to-vehicle and vehicle-to infrastructure 

communication. 

 



 
 

 

 

   

37 

 

 

 

 

Figure 2-20 FEV forecast: connected vehicle penetration rate for EU market 

FEV predicts that in 2030 about 10% of EU new vehicle sales are automated passenger vehicles according 

to SAE level 5 and about 85% are at SAE level 3&4 (see Figure 2-21 and Figure 2-22) [117]. On the 

journey to automated driving, major challenges such as refinement of prediction, decision-making 

algorithms, cyber security and efficient testing procedures need to be mastered. 

 

Figure 2-21 Levels of automated driving (Source: [117]) 

 

Figure 2-22 FEV forecast: automated vehicle sales in EU per SAE level 
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The work [117] presents an end-user survey study to evaluate the expectation in consideration of the 

aforementioned vehicles evolution. The market analysis shows the shifts in vehicle user needs/wants once 

vehicles become automated and highly connected. Survey participants had to answer how vehicle 

requirements and buying criteria of over several predefined characteristics change in terms of importance 

depending on the tuple characteristic, see Figure 2-23. 

 

 

Figure 2-23 End-user requirement variation in case of Autonomous Driving for two different users:■  city driving 

with A-class vehicle; ♦ highway driving with C-Class vehicle (adapted from [117])  

The results show that importance is significantly decreased for some requirements, in particular 

performance and drivability categories. In contrast to these outcomes, comfort aspects gain strongly in 

importance, especially the requirements infotainment, thermal comfort, vehicle space and ergonomics 

show a strong increase in importance. 

As a consequence, in next sections the powertrain characteristics impacted by the survey results will be 

shown. Significant optimizations for powertrains of fully automated vehicles in terms of costs and fuel 

consumption are possible, depending on vehicle use. 

2.4 The Power Generation Scenario 
 

Focusing on European scenario, the European Commission is looking at cost-efficient ways to make the 

European economy more climate-friendly and less energy-consuming, to comply with 2015 Paris 

agreement. 

Its low-carbon economy roadmap (see Figure 2-24) suggests that: 

 By 2050, the EU should cut greenhouse gas emissions to 80% below 1990 levels; 

 Milestones to achieve this are 40% emissions cuts by 2030 and 60% by 2040; 

 All sectors need to contribute. 
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Action in all main sectors responsible for Europe's emissions – power generation, industry, transport, 

buildings, construction and agriculture – will be needed, but differences exist between sectors on the 

amount of reductions that can be expected. 

Emissions from Transport could be reduced to more than 60% below 1990 levels by 2050 and the 

intermediate targets up to 2030 have been already presented in a previous section. 

The Power sector has the biggest potential for cutting emissions. It can almost totally eliminate CO2 

emissions by 2050. Electricity could partially replace fossil fuels in transport and heating. 

Electricity will come from renewable sources like wind, solar, water and biomass or other low-emission 

sources like nuclear power plants or fossil fuel power stations equipped with carbon capture & storage 

technology. This will also require strong investments in smart grids. 

 

Figure 2-24 EU low-carbon economy road-map up to 2050 (source European Commission website) 

The share of renewables is expected achieving at least 55% in gross final energy consumption in 2050. 

Renewable electricity generation systems are comprised of running water, biomass, geothermal, wind and 

solar energy. Wind and solar PV electricity are highly fluctuating while the others can be considered as 

much more stable with continuous production profiles  

The fluctuating nature of the energy generated requires inevitably to store large amounts of electricity 

during times of excess production and to release electricity in times of production capacity shortage. These 

storage demands can be supplied by calculating time and power rating of the overage. The power 

requirements and required energy storage times (seconds to days or longer) will ultimately demand on the 

entire system dynamics. From the portfolio of the available energy storage options (see Figure 2-25) the 

most suitable option can be selected. In principle, the grid itself can be considered as a large electricity 

storage device, while potential users are connected. In times of insufficient grid capacity, though, 

additional electricity quantities cannot be fed into or via the grid. 

The consequence is the necessity to implement solutions which can utilize the foreseeable increasing 

electricity generation capacities efficiently and economically. Supply gaps must be closed ideally by 

providing electricity quantities captured during times of capacity availability. Short term storages such as 

pumped hydro and increasingly batteries are becoming more common. Beyond about 50% renewable 

https://ec.europa.eu/clima/policies/lowcarbon/ccs_en
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electricity production, storage using Power-to-Gas (PtG) technologies will emerge as a strong addition to 

existing storage concepts, where the gas can be Hydrogen or Methane. The use of renewable sources for 

hydrogen or methane production by water electrolysis constitutes an effective linking of a clean energy 

economy and low carbon mobility. The use of wind power for hydrogen production has been object of 

many pilot projects with positive results and large scale plants are planned in next years [69]. The 

hydrogen transportation is the main issue of this technology.  

 

Figure 2-25 Segmentation of electrical energy storage, adapted from [256] 

 

There are several pathways for transporting renewable energy from the point of generation to gas demand 

(refueling stations, stationary or backup fuel cells, and thermal power plants). Electricity could be 

transmitted via grid lines to local electrolyzers, but may cause additional grid strain with high current 

fluctuating with variable generation. A more attractive option, considering grid utilization, is large scale 

on-site gas production with transport by trucks or railways, and maybe even by pipelines, that for the 

hydrogen has to be dedicated to maintain high quality needed for the use in low temperature fuel cells.  

In addition to charging infrastructure for battery electric vehicles, the gas technology provides an 

additional link between mobility, and electricity infrastructure. These stepwise improvements will 

accelerate progress towards an economically viable clean energy system. 

An evolution of PtG approach is the Power-to- Liquid (PtL) process, that doesn’t stop to methane 

production but it continues making liquid “e-fuels”. These kinds of fuels can be used without any impact 

in current engines and have the great advantage of using current fuel distribution infrastructures. The 

aviation and marine transportation sectors are pushing the technology evolution of these fuels [4]. The use 

of wind power for eFuels production has been object of many pilot projects with positive results and large 

scale plants are planned in next years [69]. A focus on the eFuels is presented in the Chapter #9. 
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3. Description of Applied Methodology 
 

 

 

 

 

The main objectives of this methodology are the definition, sizing and assessment, with a system 

engineering approach, of the global powertrain and its relevant sub-systems, adjusted on requirements. 

The methodology covers the first two phases of powertrain product development based on Systems 

Engineering V-Model (see steps of Figure 3-1 highlighted in red). 

Systems Engineering V-Model – [2] The V-Model describes a methodology for the interdisciplinary 

development of complex systems and products. The V shape represents the two fundamental parts of the 

model. The left-hand side describes system deployment, whereas the right-hand side describes steps 

necessary in system integration and verification.  

The depiction in Figure 3-1 shows an adaptation of the V-Model to the development of vehicles through 

the entire lifecycle of the product. 

 

 

Figure 3-1 Systems Engineering V-Model to Vehicle Development 
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The V model starts with the customer needs and ends with customer satisfaction, implying that 

product/systems are built primarily for customer or user utility. The left hand side is highly iterative as the 

system is clarified and partitioned. The partitioning starts from gathering the vehicle level inputs from the 

customer, competitor’s products, government regulations and the firm’s own requirements. These inputs 

are formalized in vehicle requirements that are further broken down into vehicle sub-system requirements. 

Finally, the component solution search, selection and design occur at the bottom of the V-Model with the 

help of computer aided engineering, design models and prototyping. 

Requirements develop in a cascading manner providing increasing resolution at each process step as more 

detailed requirement information. Likewise feasibility feedback acquired through the design causes 

iterations in the search for solutions as the project moves from the initial planning phase and on through 

the concept and design phase. 

The right hand side of the V-model shows the integration and testing of the many system parts to make a 

functional whole. This process is mostly serial, meaning that iterations are greatly reduced. Inputs to the 

system verification side of the V-model come from the appropriate levels of abstraction on the left hand 

side. Once the component level design and prototype fabrication is worked out (bottom of the V-Model), 

the testing phase begins starting at the component level, working its way through assemblies of 

components, into the subsystem verification level and finally into the total vehicle verification. The 

production use and disposal of the vehicle is ensured at the top of the left hand side. These process steps 

show that the model extends throughout the lifecycle of the system or product. 

The proposed methodology is necessary because the modern powertrain consists in complex systems with 

many sub-systems and components see Table 3-1, that means many possible solutions, with different 

degree of effectiveness and costs. 

 

Table 3-1 Example of space of solutions for powertrain design 

 

 

Especially considering an electric hybrid powertrain many alternative configurations of the drive train can 

exit, with different positioning and connection of the electric machines and different possible energy 

storage systems.  
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3.1  Methodology Steps 
 

Following a System Engineering approach, the methodology used for the conceptual design, analysis and 

comparison of powertrain architectures and technologies is composed of the listed steps: 

1. Evaluation and understanding of vehicle requirements, including pollution and GHG legislations, in a 

timeframe up to 2025 and beyond, to be considered as criteria for final assessment and selection of the 

solutions. 

2. Identification of powertrain technical requirements, based on multi-level Quality Function 

Deployment (QFD), that allows the propagation of the needs by the users and the legislation 

constraints from the vehicle level to technical specifications at powertrain level, see Figure 3-4. 

3. Quantitative definition of the technical specifications for powertrain and its main sub-systems. 

4.  Analysis of the powertrain architecture options, including the technologies for Internal Combustion 

Engines (ICEs) and Electric Traction Drive Syetms (ETDS); this phase is performed on the basis of 

technical literature, integrating missing data by means of powertrain and its sub-systems modelling 

and experimental tests on engine/vehicle. 

5. Synthesis and dimensioning of key sub-systems and components.  

6. Sensitive analysis versus technical specifications by means of Vehicle/Powertrain models and design 

refinement. 

7. Evaluation of the powertrain architectures and technologies by means of Selection Matrix, using as 

criteria the technical features defined through the QFD. 

 

Figure 3-2 illustrates the workflow of powertrain concept process described above. 

 

 

Figure 3-2 Scheme of powertrain concept process adapted from [247]  
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3.2 Methods and Tools 
 

In the next paragraphs an overview of the main tools employed during the concept process is given. 

 

3.2.1  Powertrain Quality Function Deployment and Requirement 

Management  

The process of requirements and specification definition is supported by a multilevel QFD, that allows to 

translate the qualitative customer needs/wants (e.g. performance, etc.) in technical requirements for the 

vehicle and its subsystems, as explained in [216]. The single unit of the proposed method is the House of 

Quality (HoQ), see Figure 3-3, where by means of a matrix a correlation between the requirements 

(WHAT), on vertical axis, and technical features (HOW) is defined.  

The HoQ is composed of the following “rooms” (Figure 3-3): 

1. Customer attributes (CAs), the requirements; 2. Weightings of CAs;  3. Customer competitive analysis; 

4. Engineering characteristics (ECs) in response to CAs; 5. Technical correlations between ECs; 

6.Relationships between ECs and CAs; 7. Importance weightings of ECs; 8. Target values of ECs; 

9.Technical competitiveness of ECs. 

 

Figure 3-3 Scheme of House of Quality, adapted from [249] 

In this work a modified approach is applied, considering a simplified HoQ with rooms (1), (2), (4), (6), 

(7), (8), but the HoQ use has been extended to different levels of vehicle and powertrain sub-systems. In 

this way a multi-level QFD has been obtained. This is a novel approach, only partially applied to the 

design of aviation gas turbine [116]. 

The Figure 3-4 describes the different levels of used QFD and the top-down propagation flow of the 

requirements and specifications. In particular in HoQ1 (level 1 of QFD), customer desires are defined and 

transformed in terms of vehicle requirements, allowing the definition of the global powertrain 

specifications (HoQ2), used for the powertrain architecture designing in a second phase. 
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Figure 3-4 Multi-level QFD, from Needs/Wants of End-user to Powertrain Technical Characteristics, covers the first 

steps of V-Cycle 

After the definition and ranking of technical features of powertrain in HoQ2 and subsystems in the HoQ3, 

the powertrain, energy storage and subsystem specifications are deduced from vehicle specifications by 

means of a simplified vehicle model. This phase will be detailed in the next chapter. 

 

3.2.2 Simulation in the Concept Process 

Known the global powertrain specifications, after technologies analysis performed by mean of literature 

review or experimental investigation, the more promising architectures among the possible ones are 

defined.  

The simulation of the vehicle and powertrain is then a fundamental step to optimize and to evaluate the 

effectiveness of the technologies selected in the preliminary steps of conceptual design, see Figure 3-5.  

Much information to evaluate new technologies relating to the powertrain can in fact be found in literature 

or with proper experimental tests, however, the effects due to the technology mixing and their application 

to different vehicle segments can be predicted only thanks to the simulation approach. 
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Figure 3-5 Simulation in the development process 

 

The adopted models must be at the same time adequately accurate and fast, to carry out evaluations on 

long driving profiles and to be used for system optimization. Chapter #10 will present the models used in 

this study.  

For every technically suitable configuration simulations by means of a Vehicle-Powertrain model can be 

performed considering different driving cycles, with aim to optimize and assess the performances and fuel 

consumption results.  

Furthermore the configurations can be analyzed in regard of technical effects and parameter sensitivities. 

Beside the variation of parameters, the process of Powertrain Synthesis includes the systematic variation 

of characteristic for powertrain components. Already in the concept phase of development, the synthetic 

map approach allows the investigation of sensitivities for parameters and technologies regarding criteria 

like CO2-emissions, driving performance and powertrain costs. The objective assessment of various 

architectures and technologies variants is a key feature of Powertrain Synthesis. For the investigation of a 

wide spectrum of technologies and parameters, the generation of consumption maps is achieved by the 

combination of fast-running algorithms with fully calibrated and predictive 1-D models, as already 

introduced in [216]. These models are calibrated with test bench measurements of existing engines and 

make it possible to predict fuel consumption maps on the basis of geometric parameter. 

 

3.2.3  Powertrain Architecture and Technology Evaluation 

One of the final steps of the concept development is the scoring and selection of the generated solutions, 

as highlighted in the simplified process description in Figure 3-6.  
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Figure 3-6 The funnel of concept definition: focus on scoring 

 

The powertrain architectures and technologies defined with the processes and tools presented in the 

previous sections have to be compared in terms of fulfillment of the design criteria and priorities coming 

from HoQ1 and HoQ2.2 respectively, taking into account not only the GHG emission or fuel consumption 

but also other technical characteristics linked to the purchase reasons of the vehicle (e.g. performance, fun 

to drive, etc.). In addition to the individual technologies, some interesting combinations among them and 

some powertrain architectures can be considered. The comparison was made with a selection matrix (Pugh 

Matrix) shown in the following figure. 

 

                           

Figure 3-7 Technology selection process and Pugh Matrix structure 

 

Example of a Pugh Matrix  
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The values shown in the matrix depend on the technology or architectures effectiveness in satisfying the 

different design criteria. In the lower part of the matrix, the technology ranking can be found. The ranking 

expresses the effectiveness of the technology Requirement Effectiveness defined with following equation  

 

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 =
∑ 𝑊𝑖
𝑛
1  ∙  𝑆𝑖

∑ 𝑊𝑖
𝑛
1  ∙  S𝑚𝑎𝑥

∙ 100 

 (3.1) 

where Wi is the priority [0÷100] of the technical requirements, coming from HoQ, Si is the satisfaction 

degree of technical requirement by the considered technology and S𝑚𝑎𝑥 the maximum value of Si. 

However, another essential aspect is the Value Analysis of the technology or architecture, defined as 

benefit/cost ratio, where the benefit is weighted by means of the costs defined after the powertrain 

architecture definition and subsystem sizing.  

The parameter Technology Value Ratio describes the relationship between the satisfaction of the 

requirements (benefits) and the use of resources (costs), according to the equation: 

 

𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑉𝑎𝑙𝑢𝑒 𝑅𝑎𝑡𝑖𝑜 =  
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠

𝐶𝑜𝑠𝑡
 

(3.2) 

By this procedure, the Technology Value Ratio, for each technology or architecture and their 

combinations, can be obtained. In some case the ranking based on the two parameters above mentioned is 

different.The 𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑉𝑎𝑙𝑢𝑒 𝑅𝑎𝑡𝑖𝑜 has typically priority for the decision of a technology 

implementation in the product. 
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4. Powertrain Requirement Analysis and Basic 

Design 
 

 

 

The bases of every development project are the product requirements. They include and define the 

customer, developer and manufacturer expectations of a potential new product. The product requirements 

represent the basic benchmark for the solution space and the evaluation of possible products. For this 

purpose, the product requirements have to be defined at the beginning of the development process based 

on the existing data. During the development phases, the different requirements will be adjusted, 

substantiated and expanded. The requirements for a development project and the final product are diverse, 

and can lead to conflicting objectives. 

Within the powertrain development, the requirements come from the desired and necessary characteristics 

and functionalities of the powertrain and are not solely based on customer wishes and OEM specifications. 

The constraints are within the individual transport mode, and society, as well as the relevant regulations, 

already introduced in previous chapters. In the context of the early powertrain conceptual design, the focus 

is on driving performance criteria, powertrain manufacturing cost and environmental sustainability based 

on the emission regulations and the mobility demand and habits of the customer. The Figure 4-1 illustrates 

the main steps of powertrain conceptual sizing process, that is not linear, but circular with refinement 

loops. 

 

Figure 4-1 Conceptual sizing process of a Powertrain 

In the next paragraphs the deployment of vehicle and powertrain requirements is described and a 

quantitative methodology to define the specifications of an electric hybrid powertrain is presented. 
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4.1  Deployment of Vehicle and Powertrain Requirements  
 

The vehicle and powertrain requirements can be classified into three categories: 

 explicit customer and societal requirements; 

 legislative requirements, for instance CO2 and pollutant emissions, characterized by combined 

emissions;  

 boundary constraints.  

The functionalities of vehicle and drivetrain have to be ensured in all possible scenarios, depending on the 

different markets. This includes especially comfort attributes, which can have a great impact on the energy 

converters and energy storage systems. 

Legislation requirements are clearly of great importance because vehicle needs to fulfill them to be 

saleable. They are not explicitly considered by the user although their impact on customer’s choice is 

becoming greater, due to the driving bans imposed in many cities to the vehicles complying with old 

legislations. 

Before the conceptual phase of a development program can be started, it is essential to fully understand 

the requirements or needs/wants, which is referred to as the voice of customer (VOC), the standards and 

the manufacturer. In Chapter #2.2 we have seen the methodology for end-user desires collections and 

prioritization. As it has been introduced, the QFD is a tool to create a systematic approach to transfer the 

needs/wants (WHATs) into technical features (HOWs). Another main aspect of QFD is the improved 

communication resulting from the use of a common language between all involved organizations.  

The final results of this methodology are summarized in technical specifications with a detailed 

description of all major powertrain subsystems. As introduced in the Chapter #3, a multilevel approach is 

defined and applied during this study (Figure 4-2): the Level-1 is related to the Vehicle, the Level 2 to the 

vehicle sub-systems, including the powertrain and Level 3 to the powertrain sub-systems (e.g. ICE, 

Transmission, etc.). Specifically, needs/wants are evaluated by the users at the vehicle high level, and 

propagated until the powertrain level is reached, where engine, electric motor and other powertrain 

components are considered. A brief illustration of the process and its application to powertrain 

technologies analysis was already given in [216].  

Table 4-1 shows the House of Quality 1 for the vehicle. On the left side of HoQ1, the WHATs are listed to 

identify the requirements, expressed in qualitative way, with their rated importance, typically obtained 

from market research and analysis [216,227, 228]. The priority of User’s desires and regulations is 

measured with a number (1-low, 7-high). On the top the vertical list is the HOWs, they represents the 

measurable technical features of the vehicle to fulfill the qualitative requirements. The relationship 

between the needs/wants and technical features indicates how they are working with each other, described 

as number rate between 1÷9.  

Specifically, in HoQ1 (house of quality, level 1), driver’s needs are evaluated in an objective way by 

means of engineering variables. For instance, the demand for high performances can be objectified by the 

maximum speed of vehicle, its acceleration (the time from 0 to 100 km/h) and so on. 
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Figure 4-2 Multilevel QFD: User and Standard requirements deployment to technical features of Vehicle and 

Powertrain sub-systems 

 

Table 4-1 shows the measurable requirements, which, in turn, represent the inputs for the second level, 

coming from regulation or driver’s point of view. 

The technical vehicle specifications, the columns of HoQ1, can be simplified as reported in Table 4-2, for 

each of them a target has to be assumed. For the application in the next chapters, this compact form will be 

used. In addition to prioritization for human driving vehicle, the priorities for the autonomous vehicle are 

considered, taking into account the considerations presented in Chapter #2.3.  

Legislation requirements are clearly of great importance, because vehicle needs to fulfill them to be 

saleable. As already explained, they are not explicitly considered by the user, although their impact on 

customer’s choice is becoming greater.  

In case of autonomous vehicle, the requirements related to performances (such as vehicle speed or 

acceleration time) become less important. The opposite is true for those related to comfort, such as NVH, 

torque regularity, vibration. However, the constraints on CO2 and pollutant emissions remain at high 

priority and are the main driver of the technological change requested to new vehicles and powertrains. 
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Table 4-1 Example of HoQ1 
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Table 4-2 Measurable Vehicle Requirements and Priority, reported from HoQ1  

 

 

The priorities and requirements targets in Table 4-1 and Table 4-2 depend on the vehicle segments as 

described in the Chapter #2.2 and [216,227,228], legislation standards and the manufacturer position 

among the competitors. Moreover, it is important to underline that costs are not considered here. The 

reason is that cost is one of the main requirements for the end-user and its weight would not be enough 

important if considered at this level. It instead the cost requirement will be considered by means of the 

Technology Value Ratio, as defined in the Chapter # 3.2.3. 

 

4.2  Introduction to Hybrid Powertrain Architectures  
 

Hybrid electric vehicle architectures are composed of two systems, a fuel (1) and an electric (2) power 

system. Figure 4-3 shows a generic representation of possible hybrid vehicle system configurations. In 

principle, parallel hybrid powertrain systems refer to additive systems that combine both drives, whereas 

the series hybrid powertrain system works in a sequential manner having the fuel based powertrain 

provide power to the electric powertrain, as seen in Figure 4-3 depicted by the red arrow path. The energy 

load refers to the energy needed in propelling the vehicle. The illustration allows for different operation 

energy flows based on the electrical and fuel based power systems. Vehicles that can mix features of both 

parallel and series hybrid operating modes are referred to as combined hybrid systems. Combined hybrid 

vehicles may either split the energy from the fuel converter into the series and parallel hybrid energy paths 
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simultaneously as in the case of “power split” hybrids. They may also have a distinct switch that allows 

for only parallel or series drives at once.  

 

Figure 4-3 Principle scheme and power flows of a hybrid electric powertrain  

 

The electric hybrid powertrain architectures can be described also in a two dimensional solution space of 

electrical driving range and degree of electrification as depicted in. The first dimension entails the electric 

distance the car can achieve with the electrical propulsion system alone, whereas the Degree of 

Electrification (DoE) is determined by the ratio of the cumulative peak electric motor power to the 

maximum combined electric and engine power, according to the following expression: 

𝐷𝑜𝐸 = 
𝑃𝑝𝑒𝑎𝑘,𝑒𝑙𝑒𝑐𝑡

𝑃𝑝𝑒𝑎𝑘,𝑒𝑙𝑒𝑐𝑡 + 𝑃𝑚𝑎𝑥,𝑖𝑐𝑒
 

(4.1) 

A DoE equal to zero describes a conventional internal combustion engine vehicle with no electric 

propulsion system, whereas a DoE of one describes a battery electric vehicle with no internal combustion 

engine installed. 

 

4.3  Functions of Electric Hybrid Vehicles  
 

Some vehicle functions characterize electric hybrid powertrains and they are value added of electric 

hybrid systems for the customer. These functions pertain directly to the various operating modes 

presenting in Figure 4-3 and are explained briefly in this section. The main functions include: 

 engine start & stop; 
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 sailing;  

 regenerative braking;  

 power boost; 

 electric driving; 

 battery charging by engine; 

 torque gap filling during gear shifts;  

 all wheel driving; 

 torque vectoring; 

 external battery charging.  

 

The listed functions are briefly discussed below. 

Engine Start & Stop – The engine start-stop function is a basic function found in all hybrid vehicle 

concepts. As soon as the hybrid control system senses that the vehicle will come to a complete stop, for 

example at a traffic light, the engine will shut off and be prevented from idling. The engine is restarted by 

means of an electrical motor or starter-generator as soon as there is a power requirement that merits it to 

start again. In micro hybrid systems that do not offer electric driving, the automatic start stop feature is 

able to start the engine and have it available for acceleration in less than a second. The driver’s signal to 

start the engine is normally depressing the clutch for manual transmission cars or releasing the brake for 

automatic transmission cars. For architectures that have electric driving capability, the transition from rest 

to starting the engine can be delayed by using the electric driving mode as a first means of propulsion 

before starting the engine for additional power. 

Sailing – The “sailing” function is somewhat trivial but never the less useful in optimizing a hybrid 

control strategy. The function refers to the decoupling of both the engine and the electric system from the 

wheels and using the force of gravity or the inertia to move the vehicle without friction losses of 

powertrain loads. Conventional vehicles can glide when placed in neutral during downhill operation. 

Hybrids however, must have the ability to rapidly connect the appropriate powertrain that best suits the 

driving situation moving in and out of a gliding operating environment. 

Regenerative Braking – The term regenerative braking refers to the capturing of braking energy that 

would normally be lost to friction and heat in conventional car systems. It is most relevant function to 

achieve higher fuel economy and lower CO2 emissions. Brake energy recuperation is achieved by setting 

the electric traction motor in a generative mode that serves as a counter force to the vehicle direction of 

movement. The energy obtained through regenerative braking can be directly stored in the traction battery 

and later used for boosting, electric driving or powering the electrical system components. 

The use of electric motors as brakes could be sufficient for most braking situations. However, redundant 

friction braking systems are still required for safety purposes. Hybrids with enough power systems display 

a regenerative braking capability that can prolong the life of traditional friction brakes as an added benefit 

to the customer. As presented in Chapter #4.5.6, regenerative braking is limited by the battery system and 

motor ability to allow for impulse power storage in short time scales. Super capacitors have been proven 

to be well suited for regenerative braking in the case of micro and mild hybrid systems, where 2-3 seconds 

of high power inputs and outputs are used in charging and discharging from the capacitor device. 

Power Boost – When the driver’s situation requires excess acceleration power beyond what the 

combustion engine can deliver the electric motors provide additional torque to the wheels known as 
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boosting. Power boosting situations also include driving on inclines or towing use cases. In this mode, the 

battery charge is depleted and delivered through the electric motors as an additional source power. 

Boosting is particularly effective in improving car acceleration specifications (e.g. 0-100km). Figure 4-4 

shows that the electric motor delivers the highest torque starting from rest and low RPM values (0-900 

RPMs), whereas the typical otto-cycle combustion engine achieves maximum power at higher RPM 

values (2000-2500 RPMs). In a typical hybrid car the resulting system performance is enhanced when 

accelerating from rest by initially using the torque that the electric motor supplies to the drive train. 

 

 

Figure 4-4 Example of Torque vs. Transmission Speed for an electric motor and combustion engine; Boosting 

function allows for additional torque for acceleration, especially when starting  

 

Electric Driving – Electric driving is performed by using electric energy stored in the traction battery to 

power the propulsion motor that powers the wheels. During the electric driving mode, the combustion 

engine is decoupled from the powertrain. It is either shut-off or used to generate electric power. Electric 

driving is limited by the energy availability of the electrical storage system. 

Battery Charging by Engine – Based on energy management logics the ICE is turned on to recharging 

the electric battery. In case of parallel hybrid powertrain the battery charging can be performed by the 

engine with the contemporary propulsion. In serial hybrid the engine is used only to recharge the battery 

with the aim to extend the electric traction operation. The battery energy management can be carried out in 

the folowing main modes: charge-depleting, charge-sustaining and blended operations. 

Charge-depleting refers to a mode of vehicle operation that is dependent on the energy from the battery 

pack and is typical of pure electric vehicles. In charge-sustaining the battery state of charge (SOC) is 

maintened according to logics of energy management that alternate electric propulsion, engine proulsion 

and battery recharging modes, with the contemporary aim of minimizing fuel consumption. In case of 

plug-in hybrids blended charging modes are used. More details of battery energy management will be 

presented in Chapter #11.2. 

Torque Gap Filling during Gear Shift - A typical issue of an Automated Manual Transmission (AMT) 

is the absence of traction during gear shifting, that is consequence of discomfort for the driver. The 

availability of an electric motor, positioned in the driveline downstream the gearbox (see P3 architecture 

in Chapter #5.2 ) or an electric driven axle (P4 architecture), allows to overcome the drawback. In this 

way the comfort of an AMT is comparable with other more expensive transmission systems (e.g. DCT and 

AT). The disadvantage of this function is the electric energy consumption, with negative impact on fuel 

consumption and electric autonomy. 

https://en.wikipedia.org/wiki/Charge-sustaining
https://en.wikipedia.org/wiki/Battery_pack
https://en.wikipedia.org/wiki/Battery_pack
https://en.wikipedia.org/wiki/Battery_electric_vehicle
https://en.wikipedia.org/wiki/Charge-sustaining
https://en.wikipedia.org/wiki/State_of_charge
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All Wheel Drive (AWD) - By means of an axle electrification (see P4 architecture in in Chapter #5.2 ) is 

possible to implement the four wheels driving, without any changes on the conventional front/rear wheel 

drive powertrain of the vehicle. In this case the function is named e-AWD. 

Torque Vectoring - Torque Vectoring (TV) is the ability to vary the torque delivered to each wheel. This 

function allows for the wheels to grip the road for better launch and handling. The TV function is typically 

performed by means of a mechanical differential on the same axle and a torque splitter between the front 

and rear axles, in case of AWD. These mechanical devices are electronic controlled in recent applications. 

The use of an electric driven axle to implement an AWD vehicle makes the TV function available too. 

External Battery Charging – External battery charging differentiates plug-in hybrid concepts from all 

other hybrid vehicle concepts. In addition to the typical hybrid components, a battery charging unit can be 

added to the car with the possibility to plug into an external electrical grid. The possibilities of connecting 

hybrid and electric cars to the electrical grid opens up possibilities for night time charging when electricity 

is cheapest and the electric load capacity of local power stations are at their lowest level. Vehicle to grid 

studies within electric mobility research are complementary areas of study that have garnered recent 

attention. 
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4.4 Deployment of Powertrain Requirements  
 

In the level two of QFD, in HoQ2.2, the requirements and priorities for the powertrain, described in Table 

4-2, are mapped in Table 4-3 with its technical characteristics, with appropriate specifications in order to 

effectively satisfy the requirements.  

Table 4-3 Example of House of Quality2.2 
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The Table 4-4 reports the technical parameters in the column of Table 4-3, for an easy reading. The 

priority specifications are reported in case of driver or driverless vehicle. The relevance of the different 

characteristics in case of human driving is highlighted by the green histogram on the left. Among all, the 

powertrain weight, including the contribution of the energy storage system, represents the most important 

factor in addition to the energy generation efficiency for the propulsion. Among the technical 

characteristics with higher ranking, it must be noted that the energy refilling time is critical for pure 

electric powertrains but not for hybrid ones. Clearly, emissions still have a crucial role. In case of vehicle 

with autonomous driving, the powertrain characteristics related to the performances are less important, 

whereas the comfort features are more relevant. This is true in case of the vehicles being used exclusively 

in driverless mode.  

Table 4-4 Powertrain Technical Characteristics and relevance from HoQ2.2  

 

 

The reported characteristics and their targets are the inputs for the next phase of definition and selection of 

the powertrain architecture. In the following section a procedure to define the quantitative powertrain 

characteristics is presented. 

 

4.5  Evaluation of Powertrain Specifications to match Vehicle 

Requirements 
 

In this section the focus is on quantitative powertrain specifications of Table 4-4 deduced from the 

quantitative end-user requirements from Table 4-2. Solving the equation that describes the classical 
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vehicle longitudinal motion, it is possible to define power and torque specifications of the powertrain from 

vehicle performances, in particular:  

 maximum vehicle speed; 

 acceleration (time to go from 0 to 50 or 100 kph); 

 take-off capabilities (to move off the vehicle on a 10÷35% slope). 

 

Instead the CO2 emission, fuel consumption and maximum vehicle range, especially in electric mode, are 

used to define the powertrain overall efficiency, kinetic recoverable energy and energy storage capacity. In 

particular, the electric energy storage system is specified to match with range requirements in electric 

mode. 

User comfort and accessories, that influences the energy consumption of the vehicle, are considered 

constant in this work. The pollutant requirements impact mainly on combustion mode and after-treatment 

technologies.  

To be consistent in the procedure, it is mandatory to integrate, at each step of the design process, a 

relevant vehicle mass evaluation.  

Since the mass of powertrain and energy storage system affects highly the performance, emissions and 

autonomy of the vehicle, the masses of both systems are assumed for the preliminary definition of 

powertrain characteristic. Then they can be refined with re-calculation loop and, after the architecture 

selection, the final sizing are assessed with vehicle model simulation. 

The work flow for the specification definition starting from the aforementioned vehicle requirements is 

illustrated in Figure 4-5. As it can be observed the process is not linear, but loops are possible to refine the 

specifications.  

 

Figure 4-5 Block diagram of the specification workflow (SP =specific power, SE= specific energy) 
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The key formulas to define many powertrain parameters are obtained from vehicle longitudinal model. A 

vehicle is subject to different forces, correlated with the fundamental dynamic principle: the aerodynamic 

drag force, the rolling drag force, the gravitational force and the powertrain traction force. 

Introducing the power in vehicle dynamic model, the powertrain traction power Ptrac can be calculated 

with the following equation: 

𝑃𝑡𝑟𝑎𝑐 = 𝑀𝑉 (𝑎 + 𝐶𝑟 ∙ 𝑔 + 𝑔 ∙ 𝑝%) ∙ 𝑉 +
1

2
 ∙ 𝜌 ∙ 𝐶𝑥 ∙ 𝑆𝑓 ∙ 𝑉 

3 

(4.2) 

where Mv is the vehicle mass and a the acceleration, Cr represents the rolling coefficient, p the road slope 

(in percent), ρ the air density, Cx and Sf the aerodynamic drag coefficient and the vehicle frontal area 

respectively and V the vehicle speed. 

From the equation (4.2), introducing the wheel radius r, the traction toque Ttrac can be evaluated with 

following equation: 

𝑇𝑡𝑟𝑎𝑐 = (𝑀𝑉 (𝑎 + 𝐶𝑟 ∙ 𝑔 + 𝑔 ∙ 𝑝%) +
1

2
 ∙ 𝜌 ∙ 𝐶𝑥 ∙ 𝑆𝑓 ∙ 𝑉 

2) ∙ 𝑟 

 (4.3) 

To proceed with the calculation some vehicle parameters have to be assumed. According to the workflow 

in Figure 4-5 the power required for the top speed requirement is evaluated as first step. 

The powertrain power obtained from vehicle maximum speed requirement is typically the maximum 

needed and it depends little on weight, so the uncertainty in the mass doesn’t introduce significant error in 

the calculation.  

 

4.5.1 Powertrain Features for Maximum Vehicle Speed 

Assuming zero acceleration in the equations (4.2) and (4.3), and considering the required vehicle speed Vmax from 

HoQ 1 (Table 4-2), the powertrain traction power and torque can be calculated: 

𝑃𝑉𝑚𝑎𝑥 = 𝑓1(𝑀𝑣, 𝑉𝑚𝑎𝑥) 

(4.4) 

𝑇𝑉𝑚𝑎𝑥 = 𝑓2(𝑀𝑣, 𝑉𝑚𝑎𝑥) 

 (4.5) 

The Vmax is according to the target set in Table 4-2 and for the vehicle mass 𝑀𝑣, a preliminary weight 

from similar applications is considered.  

 

4.5.2 Energy Storage Capacity for Vehicle Autonomy 

Considering the vehicle speed profiles and the preliminary vehicle mass defined in the previous section, it 

is possible to define with equation (4.2) the power in the driving cycles to move and brake the vehicle and, 

as consequence, by means of an integration process the energies EMOV needed to move the vehicle and 

dissipated Ebraking. 
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To evaluate the battery capacity as a function of electric autonomy requested in Table 4-2, the following 

equations can be used. 

The electric energy requested for the trip Etrip to be stored is calculated with the equation: 

 

𝐸𝑡𝑟𝑖𝑝 = ∫ 𝑃𝑏𝑎𝑡 𝑑𝑡 − 𝐸𝐾𝐸𝑅

𝑡𝑡𝑟𝑖𝑝

𝑜

    

(4.6) 

where the power Pbat, that the energy storage system has to be delivered, can be obtained from the 

following equation:  

𝑃𝑏𝑎𝑡 = 𝑃𝑎𝑢𝑥 + 𝑃𝑡𝑟𝑎𝑐  ∙  𝜂
−1 

(4.7) 

where 𝜂 is the efficiency, that takes into account the transmission and the electric traction drive losses. 

𝑃𝑎𝑢𝑥 is the auxiliary power, considered constant during the trip. Re-writing equation (4.6) the following 

expression is obtained: 

𝐸𝑡𝑟𝑖𝑝 = ∫ 𝑃𝑏𝑎𝑡 𝑑𝑡 − 𝐸𝐾𝐸𝑅 =
𝑡𝑡𝑟𝑖𝑝

𝑜

𝐸𝑀𝑂𝑉/𝜂 + 𝐸𝑎𝑢𝑥 − 𝐸𝑏𝑟𝑎𝑘𝑖𝑛𝑔 ∙ 𝜂  

(4.8) 

The battery capacity 𝐸𝑆𝑆 is calculated with the subsequent equation  

𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = 
𝐸𝑡𝑟𝑖𝑝

𝛼 ∙ 𝛽
∙
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐴𝑢𝑡𝑜𝑛𝑜𝑚𝑦

𝑇𝑟𝑖𝑝 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 

(4.9) 

in which 𝐸𝑡𝑟𝑖𝑝 is the value of NEDC with 20%÷40% of increasing, to take in to account the gap with 

realistic condition, α is the factor used to estimate the useful energy of total battery energy capability, and 

β the factor that takes into account battery aging. From the energy need ESS, considering the specific 

energy SEbat, and packaging factor γ, the mass of battery pack Mbat is calculated: 

 

𝑀𝑏𝑎𝑡 =
𝛾 ∙ 𝐸𝑠𝑠
𝑆𝐸𝑏𝑎𝑡

 

(4.10) 

4.5.3 Vehicle and Powertrain Weight Evaluation 

The preliminary vehicle mass Mv can be updated with the equation 

 

𝑀𝑣 = 𝑀𝑐ℎ𝑎𝑠 + 𝑀𝑝𝑤𝑡 +𝑀𝑒𝑠𝑠 +𝑀𝑑𝑟𝑖𝑣𝑒𝑟 

(4.11) 

where Mchas is the vehicle chassis mass, depending on vehicle segment and  

 

𝑀𝑒𝑠𝑠 = 𝑀𝑓𝑢𝑒𝑙 + 𝑀𝑏𝑎𝑡 

(4.12) 
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with 𝑀𝑏𝑎𝑡 calculated as in the previous section and 𝑀𝑓𝑢𝑒𝑙 the mass of fuel and tank assumed according 

typical value. The more critical parameter is the mass of the battery, that can vary among 10÷20 kg in an 

HEV and up to 70÷100 kg of in a Plug-in hybrid electric vehicle.  

The powertrain mass Mpwt is composed of: 

𝑀𝑝𝑤𝑡 = 𝑀𝑡𝑟𝑎𝑠𝑚 + 𝑀𝑖𝑐𝑒 +𝑀𝑒𝑡𝑑𝑠 

(4.13) 

with Mtrasm, Mice, Metds, respectively the masses of transmission, internal combustion engine and one or 

more Electric Traction Drive (ETD) systems, depending on the power of these subsystems. 

The masses of powertrain elements can be assumed on the basis of similar vehicles or considering the 

power from equation (4.4) to reach the top vehicle speed and the typical value of the machine power 

density, as indicated in [63,229] and in next Chapter #8.2.  

 

4.5.4 Powertrain Features to fulfill Vehicle Take-off Requirements 

The powertrain traction power and torque to achieve vehicle take-off requirements can be calculated with 

the equations (4.2) and (4.3), where the acceleration is defined as a = 1.6 - 0.08(p-10), linking the vehicle 

target acceleration to the slope p [182], and the vehicle speed is assumed equal to 10 km/h. A payload 

Mpload is added to the vehicle mass. 

𝑃𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 = 𝑓3(𝑀𝑣 +𝑀𝑝𝑙𝑜𝑎𝑑, 𝑉𝑡𝑘𝑜𝑓𝑓, 𝑎𝑡𝑘𝑜𝑓𝑓) 

(4.14) 

𝑇𝑡𝑎𝑘𝑒−𝑘𝑜𝑓𝑓 = 𝑓4(𝑀𝑣 +𝑀𝑝𝑙𝑜𝑎𝑑 , 𝑉𝑡𝑘𝑜𝑓𝑓, 𝑎𝑡𝑘𝑜𝑓𝑓) 

(4.15) 

 

4.5.5 Powertrain Performances for Vehicle Acceleration Requirements 

Generally, vehicle acceleration requirements are defined by criteria such as time interval to go from 0 to 

50 kph or 0 to 100 kph, with the target defined in Table 4-2. Analytically the power requested can be 

obtained from the integration of equation (4.2). Assuming that the traction power Ptrac of the powertrain 

is constant, the calculation of the duration tf to go from a zero speed to a final speed Vf can be carried out 

by solving the following equation: 

 

𝑡𝑓 = ∫
𝑀𝑉 

𝑃𝑎𝑐𝑐
𝑉 −𝑀𝑉 ∙ 𝐶𝑟 ∙ 𝑔 −

1
2 ∙ 𝜌 ∙ 𝐶𝑥 ∙ 𝑆𝑓 ∙ 𝑉 

2

𝑉𝑓

0

𝑑𝑡 

(4.16) 

4.5.6 Powertrain Features to Recover Vehicle Kinetic Energy  

One of the main advantages of an electric hybrid powertrain is the capability to recover the vehicle kinetic 

energy during the driver braking request. The recovered energy can be used for vehicle propulsion, 
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allowing significant energy/fuel saving. The braking events are characterized by short duration and high 

amount of kinetic energy, that is typically dissipated by means of mechanical braking system. The 

harvested energy depends mainly on the braking power and the efficiencies of the electric machine and the 

battery. 

The power can by evaluated using the equation (4.16) where the initial vehicle speed is the current speed 

Vc and the final is zero or a lower level Vl and tbraking the braking duration 

 

𝑡𝑏𝑟𝑎𝑘𝑖𝑛𝑔 = 𝑓5(𝑀𝑣, 𝑉𝑐 , 𝑉𝑙, 𝑃𝑏𝑟𝑎𝑘𝑖𝑛𝑔) 

(4.17) 

The recoverable energy is lower than the kinetic energy available, due to the efficiency of energy 

conversion in the transmission, electric motor and battery. 

The maximum regenerative braking power has high impact on the performance of the battery too. 

Table 4-5 shows as an example the maximum braking power Pbraking in different standard cycles, for two 

different vehicles: it is higher in the cycles with fast transients and for vehicle with higher mass. 

 

Table 4-5 Maximum braking power Pbraking for different standard cycles 

 
 

To maximize the energy recovered EKER, the Electric Traction Drive (ETD) and battery have to be 

designed having a peak power higher than the maximum peak of braking power Pbraking, defined with the 

equation (4.17) and with efficiencies ηetd and ηbat as high as possible, as indicated in equation (4.18). 

Furthermore the proper definition of transmission ratio between the electric machine and the wheels is key 

to achieve high efficiency of energy recovery, because it influences the operation points and so the 

efficiency of the ETD. This aspect will be shown in a next section. 

 

𝑃𝐾𝐸𝑅 = 𝑃𝑏𝑟𝑎𝑘𝑖𝑛𝑔 ∙ 𝜂𝑡𝑟𝑎𝑠𝑚 ∙  𝜂𝑒𝑡𝑑 ∙  𝜂𝑏𝑎𝑡 

(4.18) 

EKER = ∫ PKER dt
ttrip

0

 

(4.19) 

 

4.5.7 Power and Torque Specifications for ICE and ETD Driveline 

The powertrain maximum power Ppwt and torque Tpwt at vehicle wheel can be defined considering the 

maximum of the terms evaluated above, with the equations: 

𝑃𝑝𝑤𝑡 = max (𝑃𝑉𝑚𝑎𝑥 , 𝑃𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 , 𝑃𝑎𝑐𝑐 ) 

(4.20) 
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𝑇 𝑝𝑤𝑡 = max (𝑇𝑉𝑚𝑎𝑥 , 𝑇𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 , 𝑇𝑎𝑐𝑐 ) 

(4.21) 

Typically the more demanding power request is due to the maximum vehicle speed, whereas the torque 

has the maximum value during the take-off with the slope of 25÷35%.  

The equations (4.20) and (4.21) define the total outputs requested to the powertrain without any 

differentiation between electric motor and internal combustion engine.  

In case of HEVs or P-HEVs, the above specifications are related to ICE mode operation, whereas specific 

requirements for the electric propulsion mode have to be considered.  

Taking into account in addition the power for kinetic energy recovery, the specifications for the ETD 

driveline can be deduced, for the peak and continuous values: 

 

𝑃𝑒𝑙𝑒𝑐𝑡  𝑝𝑒𝑎𝑘 = max (𝑃𝑏𝑟𝑎𝑘𝑖𝑛𝑔 , 𝑃𝑒−𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 , 𝑃𝑒−𝑎𝑐𝑐 ) 

(4.22) 

𝑃 𝑒𝑙𝑒𝑐𝑡 𝑐𝑜𝑛𝑡 = 𝑃𝑒−𝑉𝑚𝑎𝑥  

(4.23) 

𝑇 𝑒𝑙𝑒𝑐𝑡 𝑐𝑜𝑛𝑡 = max (𝑇𝑏𝑟𝑎𝑘𝑖𝑛𝑔 , 𝑇𝑒−𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 , 𝑇𝑒−𝑎𝑐𝑐 ) 

(4.24) 

𝑇 𝑒𝑙𝑒𝑐𝑡 𝑐𝑜𝑛𝑡 = 𝑇𝑒−𝑉𝑚𝑎𝑥  

(4.25) 

The continuous Power and Torque specifications depend only on top speed target defined for the electric 

operation. 

 

4.5.8 Transmission Specifications 

The previous quantities for power and torque are the values at the wheels. To deduce the power and torque 

at engine and electric motor shafts, we need to consider the transmission that links the machines to wheels, 

introducing the gear ratio τ, defined as 

 

𝜏 =
𝜔𝑚𝑜𝑡
𝜔𝑤ℎ𝑒𝑒𝑙

=
𝜔𝑚𝑜𝑡
𝑉/𝑟

 

(4.26) 

Considering also the efficiency of transmission ηtrasm, the power and torque for the ETD become: 

 

𝑃𝑒𝑡𝑑 = 
𝑃𝑒𝑙𝑐𝑡
𝜂𝑡𝑟𝑎𝑠𝑚

 

(4.27) 

𝑇𝑒𝑡𝑑 = 
𝑇𝑒𝑙𝑐𝑡

𝜂𝑡𝑟𝑎𝑠𝑚 ∙ 𝜏
 

(4.28) 

The same equations can be used for the ICE. The gear ratio and transmission efficiency depend on the 

transmission type and the hybrid powertrain architecture. Furthermore the values of τ have a significant 
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impact on powertrain performances and energy consumption, because of the great influence on the 

machine efficiency and sizing. A sensitivity analysis will be presented in the case study in Chapter #12.1. 

 

4.5.9 Powertrain Features for Fuel Consumption and CO2 Requirements 

 

The reduction of CO2 produced by the vehicle can be achieved with two main actions, see Figure 4-6: 

 the substitution of fuel used for the ICE propulsion, with its de-carbonization (e.g. CNG) or de-

fossilization, for instance using bio-fuels or other energy curriers (e.g. electricity); 

  decreasing the vehicle energy consumption. 

 

 

Figure 4-6 Pathway for a de-Fossilized Vehicle 

 

The first item will be discussed in the Chapter #9, the second one is analyzed in this chapter. 

The energy/fuel consumption and CO2 targets in HoQ1 is the more challenging for the vehicle due to even 

more stringent norms, as presented previously. In the current legislation they are defined as integral Tank-

to-Wheel targets on standard driving cycles (e.g. NEDC in EU). It is not immediate to transform these 

requirements in quantitative powertrain specifications,  

To fulfil the fuel consumption and CO2 requirements, a global system approach has to be employed for the 

vehicle design, with the following main actions, see Figure 4-6 and Figure 4-7: 

 reducing the energy for the vehicle movement, that depends on mass, aerodynamic characteristics 

of the vehicle and wheel rolling resistance, according to equation (4.2); 

  reducing the energy used on board by the accessories (e.g. AC, etc.) and other electric devices 

(e.g. heaters, lamps, etc.) or producing it in more efficient way; 

 improving the energy conversion efficiency from fuel to mechanical energy for propulsion;  

 recovering the vehicle kinetic energy, otherwise dissipated during braking. 
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Figure 4-7 Energy requirements for vehicle with gasoline engine in US combined Highway/Driving cycle (source: 

www.fueleconomy.org). 

 

Reduction of Vehicle Energy Needs for propulsion  

The energy needs for the propulsion is mainly dependent on vehicle segment and chassis characteristics. 

The powertrain impact on energy needed to move the vehicle is due to the weight and volume. The second 

feature sets constraint for vehicle shape and aerodynamic resistance. Due to these reasons higher specific 

power and power density for the powertrain are preferred.  

Furthermore the mass and volume of energy storage systems are particularly critics, especially in P-HEVs 

and BEVs, as already explained in the previous section. 

The electric hybrid powertrains are disadvantage compared with pure ICE powertrains, since the mass 

increase causes fuel penalty, which reduces the electrification benefits. 

 

Reduction of Energy Needs for Auxiliary Functions 

The reduction of energy not used for propulsion is another challenging item to improve the fuel economy 

and the CO2 emission. In [21] the main technology options to face this point at vehicle level are presented. 

However the request of new vehicle functions, for instance autonomous driving and connectivity, implies 

the addition of many sensors and electric devices [24,25], that contrasts the improvements due to 

efficiency increase of the conventional electric systems on board the vehicle. 

The vehicle energy needs not used for propulsion has an undirected impact on powertrain systems, and the 

following Figure 4-8 can clarify it. 

For instance, the cabin heating is an important requirement for the end-user, that depends on engine 

features. In fact the high efficiency engines (e.g. Diesel ones), due to lower heat losses, cannot be able to 

perform the fast heat-up of cabin in worst cold conditions and electric heating systems or engine exhaust 

heat recovery systems have to be adopted, see Chapter #6.9.  

http://www.fueleconomy.org/
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Figure 4-8 Energy flow and functions of an internal combustion engine in a vehicle 

In the real use of vehicle, the AC system is another great energy consumer device. It can affect 

significantly the fuel consumption and vehicle autonomy. Focusing only on the aspect related to 

powertrain, that can improve the AC function, the heat to cooling energy conversion should have high 

advantage. In this field, the more promising technology is based on adsorption principle and it will be 

described with more details following.  

Vehicle Kinetic Energy Recovery  

The recovery of braking energy is an important function to improve vehicle efficiency and it has great 

impact on powertrain architecture, because it forces to introduce devices that are able to harvest the 

braking energy of vehicle. Among the technology options (e.g. hydraulic based, etc.) the recovery based 

on an electric system is the most widely adopted solution, favored by the technological progress of the 

ETD and batteries in the last decades.  

Table 4-6 shows the typical values of energy requested to move two different vehicles and the energy 

dissipated during braking, considering different driving cycles. It can be noted that 20÷35% of energy 

used during the trip is dissipated by means of the braking and as consequence its harvesting can lead to an 

important advantage in terms of fuel consumption and emission reduction. 

Table 4-6 Energy for vehicle moving and dissipated during braking, considering two different vehicles 

 

Improvement of Propulsion Efficiency  

The last contribution affecting the fuel consumption and CO2 emission is the conversion efficiency of fuel 

to mechanical energy for propulsion, known as Tank-to-Wheel efficiency of the engine/motor. With focus 

on the SI engines, favorable for lower cost of exhaust gas after-treatment, the study [216] analyzes the 

critical areas of engine to be improved, as shown in the engine operating map in Figure 4-9: 

 pumping losses at partial loads in zone n.1; 
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 limited thermodynamic efficiency due to reduced compression ratio, to avoid knocking 

damages at high loads, mainly in zones 2 and 3;  

 combustion chamber and exhaust system thermo-mechanical stresses at high loads in zone 

n.4, where the enrichment of the mixture is necessary to protect the engine components, such 

as the turbine. 

In [5,216] and in Chapter #6 the engine technologies options are presented, showing that maximum Brake 

Thermal Efficiency (BTE) over 40÷45% can be achieved. High efficiency is needed in an area of the 

engine map as large as possible, especially to ensure low fuel consumption and CO2 emission in real use 

conditions, where a wide area of operating conditions are involved. 

 

Figure 4-9 Strategic zones of improvements for SI Engine 

The use of automated transmissions (e.g. DCT or AT) with high number of gears and proper shifting 

strategies can bring the engine to work in the most efficient area. The market penetration of automated 

transmission is expected to increase in the near future, to fulfil new comfort requirements and to allow the 

implementation of autonomous driving.  

In addition to energy recovery, the electric propulsion helps to overcome the limit of engine at part load, 

below the blue line in Figure 4-9, reducing the engine operation points with low efficiency in zone 1 and 

shiting the engine operation at high load with higher efficiency. Considering the blue line as an iso-power 

curve, its position depnds on the electric traction drive and the engine efficiency. The higher the efficiency 

gap among the electric system and the internal combustion engine, the higher is the power level where 

electric propulsion will be convenient. 

However to fulfill the even more stringent requirements on fuel consumption and CO2, considering driving 

cycle with higher operating load (e.g. WLTC and in the near future maybe EU RDE cycles), the 

electrification of the powertrain doesn’t allow to relax the specifications target for the engine. In Figure 

4-10 this concept is clarified. The electric propolsion zone, considering its estansion due to use of kinetic 

energy recovery, covers a lower part if the driving cycle load is extended, with lower benefits. To improve 

global powertrain efficiency, ICE has to increase its efficiency in area not covered by the electric 

propulsion. 

As consequence of these consideration, the engien technologies that overcome the ICE limits in the zone 

2, 3 and 4 have higher priority in the design and they will be presented in a follwing chapter. With 

simulation models, presented in the Chapter #10, it is possible to obtain a quantitative target for the 

efficiency of ICE, and to evaluate how much such area has to be extended. 

 

Electric Propulsion zone 

ICE Propulsion 
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Figure 4-10 Operating points of WLTC and RDE cycles in SI Engine maps 

 

4.5.10 Powertrain Features for Pollutant Requirements 

As already mentioned the trend of new emission standard is towards zero tailpipe pollutants in real 

conditions; this is the aim of new standard cycles. With focus on EU regulations, real conditions mean 

tests for type approval with higher load and colder conditions, for instance cycle starting at ambient 

temperature of -7°C [5]. 

Higher load can lead engine to operate in zone 4 of Figure 4-9, characterized by thermo-mechanical 

stresses for the engine components, such as the turbine, that can be protected with dedicated cooling 

systems or by means of the enrichment of the mixture.  

The first solution is not suitable for all components and in some cases not sufficient. The new EU7 

standard forces to limit HC/CO and PM/PN emissions at high load, as consequence operation at =l is 

needed. To fulfill these technical requirements, avoiding performance or engine specific power reduction, 

some technologies are mandatory (e.g. EGR, Water Injection) and they will be discussed in a dedicated 

chapter for the ICE. 

The monitoring of PM and PN in real conditions with lower limits forces the improvement of the GDI 

combustion process with higher fuel injection pressure (>350 bar) and the adoption of dedicated exhaust 

after-treatment devices, like the Gasoline Particulate Filter. The support of electric motor during load 

transients can help to reduce the PM/PN production by the engine. 

To cope with the cold start issue and avoiding the reduction of electric mode operation to warm-up the 

catalyst, faster catalyst light-off is requested. The main technological solution is the Electric Catalyst 

Heating that offers advantages in conventional powertrains, higher in case of electrification. 

  

Electric  

Propulsion 

ICE Propulsion 

NEDC WLTC RDE 
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5.  Powertrain Architecture Options 
 

 

 

 

In this chapter the powertrain architecture classification and the relation with energy pathways are 

presented. Then the focus is on electric hybrid powertrains and their functions, highlighting features and 

drawbacks. 

The right selection of powertrain architecture is key to obtain a tailored solution able to satisfy the 

powertrain requirements. The architecture has a great impact on ICE, Transmission and ETD technical 

features. As introduced in the previous chapter, the efficiency (Tank-to-Wheel) is one of the key 

specifications of the powertrain and the electrification is one of the most effective ways to improve it. 

 

5.1 Powertrain Architecture Classification and Energy Pathways  
 

Powertrain architecture refers to the linkage of components in a particular configuration to meet a desired 

set of functional goals or requirements. Understanding that the vehicle is a complex system consisting of 

multiple sub-systems and components, three types of powertrain architecture exist, considering the vehicle 

propulsion system dependence on external energy sources: monovalent, bivalent and multivalent 

architectures. 

Monovalent Architectures – Vehicle with the propulsion system depends on one external energy source. 

Most vehicles today are monovalent cars that use an internal combustion engine (ICE) with a one liquid 

fuel such as gasoline or diesel. Hybrid vehicles that exhibit a secondary internal fuel source in form of an 

electric battery are also referred to be monovalent, as the powertrain remains dependent on one external 

fuel source. 

Bivalent Architectures - Vehicles that exhibit a propulsion system with two external energy sources, as 

already presented in Chapter #4.2. An example of a bivalent vehicle, or fuel flexible car, is a plug-in 

hybrid electric vehicle, where two external energy sources are transferred and stored within the vehicle, 

electricity and fuel. 

Advances in vehicle architecture are expected to evolve through various lines of development, otherwise 

known as “pathways.” The fuel pathways shown in Figure 5-1 present how energy is transformed from 

primary sources to a variety of energy carriers (fuels).  

Primary Energy Sources - Primary energy sources include fossil fuels, nuclear, biomass and renewable 

sources. Fossil fuels are used as an input source of energy for making all other energy carriers, whereas 

renewable energy and nuclear sources are used mainly in the production of electricity. Biomass is a 

growing alternative to produce liquid and gaseous fuels. 

Energy Carriers – Years of research and development have gone into developing “cleaner fuels” and 

experimenting with developing varying stoichiometric mixtures of hydrocarbons. In addition to the 

gasoline and diesel fuels derived from crude oil widely available around the world, liquid fuel 

compositions of similar content can be developed using process of synthesis from other energy sources. 
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Among synthetic fuels Biofuels blended with gasoline or diesel are today used mainly in Brazil and in 

Europe. The synthetic fuels are widely analyzed and compared each other in the Chapter #9. Among 

gaseous fuel compressed natural gas (CNG) needs particular attention because its use in ICE allows a 

significant reduction of CO2. 

 

Figure 5-1 Propulsion energy pathways and vehicle powertrain architectures 

Finally Hydrogen, by means of fuel cells, and electricity in Plug-in Electric Vehicles permit to achieve 

zero tail pipe emissions.  

Powertrain Architectures – Four general powertrain architecture pathways are known to date. These 

include steam, internal combustion engine, battery, and fuel cell based architectures with multiple 

combinations thereof. Steam based architectures, which once dominated the early automotive market from 

approximately 1790 to 1906, have not seen successful commercialization at a large scale ever since. 

Attempts have been made and are under evaluation to combine the early steam concepts with internal 

combustion engine, using exhaust gasses to generate steam and consequently mechanical power. These 

kind of systems are Rankine Cycle based and they will be analyzed in Chapter #6.9. 

Gasoline-powered spark ignition (SI) engines and diesel-powered compression ignition (CI) internal 

combustion engine (ICE) types are well known alternatives. Other combustion engine alternatives for 

vehicles, such as turbine engines, have also been studied but have failed to meet the equivalent 

performance in fuel consumption to SI and CI engines. New combustion concepts, named Low 

Temperature Combustions, have opened a new age for the internal combustion engines. These advanced 

approaches are key technologies studied in this research and will be presented in Chapter # 6.4, with focus 

on controls in Chapter # 11.5. The use of new synthetic fuels (see Chapter #9) from renewable sources can 

reduce significantly the GHG footprint of ICEs based vehicles, as shown in the Chapter #12.2. 

Electrified powertrains are gaining favor, as environmental demands for the reduction of exhaust gasses in 

transportation have become a leading issue. Hybrid electric vehicles (HEVs) represent the first 

commercially available alternative to the conventional ICE. Initial hybrids feature small electric systems 
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that assist the internal combustion engine in delivering power to the wheels. The emission regulations are 

forcing to introduce larger battery electric architectures with external battery charging, as in the case of 

plug-in hybrid electric vehicles (PHEVs). Battery electric vehicles (BEVs) are gaining importance for city 

driving and thanks to battery cost reduction some models are able to achieve more than 250 km of 

autonomy. The large advantage of the battery based architecture pathway is the ability to reduce tailpipe 

emissions and gained flexibility in selecting less CO2 emission intensive production of electricity from 

primary energy sources. The greatest limitation to battery-based architecture is the battery itself. 

Improvement in battery life, energy density limitations and costs are key factors to making the battery-

based pathway a success. 

Finally, the fuel cell architecture is considered an alternative solution to overcome autonomy limits and 

long re-charging time of the BEV. A Fuel Cell Electric Vehicle (FCEV), considered as technology 

reference, has been commercialized by Toyota in 2015, but there are some steps to improve the maturity 

and costs of the technology. FCEVs combine a large battery electric system and a fuel cell range extender 

with the ability to chemically convert fuel into electricity to be used in powering electric motors. Fuel cell 

powertrains may feature hydrogen as a fuel or a variety of liquid fuel carriers such as methanol.  

 

5.2  Electric Hybrid Powertrains Topologies and Classifications 
 

This section introduces the terminology used to describe vehicle architecture structures for the wide 

spectrum of hybrid and electric vehicles. Following the definition of vehicle architecture presented in 

previous section, the classification of vehicle architecture structures is primarily dependent on the 

functional concept of the system and the general configuration of key component subsystems such as the 

engine (or fuel converter), transmission, electric motors and energy storage devices, described in the 

following sections. Each configuration differs in the overall vehicle functionality achieved.  

Topology by the Operation Mode 

The hybrid electric architectures can be classified by means of the operating mode, meaning mainly 

degree of electrification (DoE) and electric autonomy. The basic architecture types, that populate solution 

space, are: conventional ICE, micro hybrid, mild hybrid, full hybrid, plug in hybrid, range extender 

electric vehicle, the battery electric vehicle and fuel cell electric vehicle. The Figure 5-2 illustrates the 

main aforementioned powertrain architectures, and for each one the key sub-systems are highlighted. 

For each architecture the main features are described below: 

 Conventional Internal Combustion Engine (ICE): the conventional ICE is the current dominant 

architecture, characterized by a DoE and electric driving range equal to zero, without any electrical 

propulsion system installed. 

 Micro Hybrid Electric Vehicle: Micro hybrids achieve propulsion exclusively by an ICE, but offer 

some functionality of hybrid vehicles; the most important is the engine Start&Stop function. The start-

stop function of a micro hybrid can be achieved by a 12V electric battery system and requires a more 

robust starter generator system. Some micro hybrids also exhibit limited regenerative braking. 

 Mild Hybrid Electric Vehicle: Mild hybrids differentiate themselves from micro hybrids in that they 

offer limited functionality in electric driving (some mild hybrids do not offer electric-only driving). 

Mild hybrids thus include the three key components of the electric drive system: a 48V or high voltage 

battery, an electric motor/generator for propulsion/electric generation and an Energy Management 

System that determines when the electric and the combustion engine systems works. Mild hybrids are 
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solely parallel systems as described in Figure 4-3 and offer additional functionality of motor assist and 

expanded regenerative braking. 

 

 

Figure 5-2 Main Electrified Powertrain Architectures 

 Full Hybrid Electric Vehicle (HEV): Full hybrids display larger degree of electrification (10% ÷50%) 

than mild hybrids and are characterized by short electric driving distances (up to 5÷10 km). The 

primary propulsion system still remains with the internal combustion engine but the electric system 

can assist in providing power to the wheels. Most full hybrids exhibit parallel or combined 

configurations. Full hybrids exhibit all functions of mild hybrid and have a larger capacity for 

regenerative braking. 

 Plug In Hybrid Electric Vehicle (P-HEV): Plug-in HEVs are differentiated from other HEV types by 

the ability to charge the traction battery externally through a battery charger and plug to an external 

energy source. PHEVs come in a wide range of architectures including parallel, series and combined 

configurations and offer extended electric driving ranges (> 25km). PHEVs offer a degree of 

electrification typically above 40%.  

 Range Extender Electric Vehicle (RE-EV): This is a particular type of P-HEV with hybrid series 

architecture. The ICE is used to extend the vehicle range and can vary from large ICE power systems 

to small “limp home” emergency system IC engine. The DoE is equal to 1 and the pure electric 

autonomy is higher than 100 km. 

 Battery Electric Vehicle (BEV): The battery electric vehicle falls outside of the HEV solution space 

with a DoE equal to one. BEVs have no internal combustion engine installed and are plug-in vehicles 

by definition, with the electricity the only energy source. The electric range of BEVs is dependent on 

the level of electrification installed and varies between 150 and 500 km. 

 Fuel Cell Electric Vehicle (FCEV): Fuel cell cars exhibit an electrochemical cell that converts a 

source of fuel into an electrical current. FCEVs are primarily configured in a series architecture where 

the fuel cell power system provides energy to the electrical power system for propulsion. 
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The Figure 5-3 shows the positioning of electrified vehicles in the space of the electric range and of the 

electrification degree. 

 

Figure 5-3 Positioning of electrified vehicles in the space of Electric Range and Degree of Electrification 

 

Topology by Electric Machine Position 

Alternatively to DoE, the architectures of hybrid electric powertrain can be defined by means of the 

electric machine positioning, denoted by P0, P1, P2, P3 and P4 in the Figure 5-4. 

In Figure 5-5, in addition to the electric machine positioning, the power flows between the main 

powertrain elements are presented. 

 

Figure 5-4 Electric machine positioning in HEVs 

 

From B to F, the powertrain degree of electrification (DoE) increases, this implies a greater availability of 

electrical power with respect to the total power used for traction and a higher pure electric range.  
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Figure 5-5 Powertrain Architectures by operating mode and positioning with energy flow 

 

Each architecture is analyzed below, with the aim of highlighting the main features, advantages and 

drawbacks: 

P0- it means that the Electric Motor (EM) is coupled to the crankshaft via a belt in a configuration known 

as Belt Starter Generator (BSG). 

 The power, the torque, the recuperation and the hybrid functions are limited. Pure e-drive is not 

possible, due to limitation by belt drive tension and engine friction losses. 

 The package is beneficial because the combustion engine can remain in the original position, 

minimizing impact on vehicle package (e.g. position of transmission), left/right steering variant and 

production or after sales. 

 

P1- when the EM is directly coupled to the crankshaft by a toothed wheel or a chain, the configuration is 

known also Integrated Starter Generator (ISG).  

 This configuration allows reaching a higher maximum torque than the belt driven electric machine, 

due to the higher power from recuperation and the more robust connection.  

 The diameter of the e-motor can be bigger, which is beneficial for torque assist.  
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  Due to the fact that the e-motor cannot be decoupled from the combustion engine, the recuperation 

potential is smaller and the hybrid functionality is reduced.  

 The package is more challenging due to the fact that additional space between engine and transmission 

is required.  

 

P2-in this configuration, the EM is located upstream the transmission between one or two clutches, in 

parallel to the ICE. 

 P2 configuration allows the functionality of pure electric driving, with higher fuel consumption saving 

than P0/P1 architectures, because a clutch allows EM decoupling by the engine. 

 The torque delivered by the EM is limited by the maximum torque of transmission; hence in case of 

contemporary use of ICE and EM, the gearbox must transmit the sum of the torques delivered by the 

two machines. 

 Compared with other hybrid concepts such as P3 and P4 hybrids, the P2 hybrid concept has the 

advantage that, when the speed of the vehicle changes, the speed of the electric motor stays within the 

optimum efficiency range of the electric motor, because the transmission gears also act on the electric 

motor. 

 The coaxial variant is often limited in powertrain length and the system complexity increases because 

of additional clutch control and hybrid functionality.  

 The parallel e-motor can be driven by gear set and need less space in length, but some additional 

package space on the side of the powertrain.  

 In case of two clutches, see Figure 5-4, the EM can also be used as generator and driver of the AC-

compressor during the vehicle stop condition (e.g. in case of stop & start function), avoiding the 

addition of a generator in position P0 and of an electric compressor. 

 

P3- the EM is connected in parallel to the ICE downstream, between the gearbox and the differential. 

 The full hybrid functionality can be realized with such a concept. The powertrain can remain on the 

standard position. Due to additional gear set also a high speed e-motor is possible.  

 The package space is often limited and the additional gear ratio from the transmission cannot be used 

in a concept like this. 

 The e-motor cannot be used for engine start and to charge the battery during engine stops, therefore a 

BSG or ISG (>4kW) is recommended in addition.  

 In case of AMT the EM can be used to reduce torque gap during gear-shit, with significant 

improvement on the comfort. 

 

P4- electrical axle, installed rear and/or front vehicle.  

 The full hybrid functionality is given including the potential for four wheel drive and torque vectoring. 

Single or multi speed can be realized in the e-axle.  

 An additional BSG or ISG should be used for engine start and battery charging in idle.  
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 This configuration allows the integration into most vehicle platforms, especially on platforms with 

AWD-option, because the available space can be used. This keeps the integration efforts at a 

reasonable cost level.  

 In addition no changes on the conventional combustion front wheel drive powertrain of the vehicle. 

This allows a cost effective modular approach of entry electrification as well as a free choice of 

additional internal combustion engine (ICE) and transmission measures to perfect the vehicle. 

A mix of the previous architecture is possible, when more electric machines can be installed, in this case 

some drawbacks can be overcome.  

Power Split- ICE is connected at the same time to the generator and the electric motor by a planetary 

gearbox, and the motor shaft is connected to the wheels with a final gear reduction.  

 Power split concept combines features of both series and parallel hybrid. 

 Full hybrid functionality can be obtained with the highest energy recuperation potential. 

In [298] a comparison between Powerplit and P2 architectures is shown. The Power-Split layout is more 

efficient and flexible, but it pays the disadvantages in terms of costs and integration, because a redesign of 

driveline is needed.  

  According to this classification RE-EVs, FCEVs and BEVs are includes in the P4 architecture. The 

architectures from C (only P2) to F in Figure 5-5 can be plug-in, with the possibility to recharge the 

battery like a pure electric vehicle. Considering the described architectures, the possible functions are 

summarized in Table 5-1. 

 

Table 5-1 Functions in hybrid electric powertrains 

 

 

The P2, P3, P4 and Power Split architectures are implemented with a minimal nominal voltage of 48V for 

the electric traction drives. 
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5.3 Architecture Prioritization 
 

Taking into account the previous analysis, an objective prioritization of powertrian electrified 

architectures has been carried out on the basis of the ability to meet the targets defined in the HoQ1. With 

this aim, Table 5-2 shows a comparison of the architectures and their mix by means of an evaluation 

matrix that uses the technical specifications defined in the HoQ 2.2.  

 

Table 5-2 Selection Matrix of electric hybrid architectures 

 

 

 

 

The ranking of architectures, and consequently their effectiveness, increases with the electrification 

degree. Focusing on the analysis targets (i.e. EU 2025 standards) and taking into account the cost target, 

the preferable architectures are the intermediate ones; in particular P2, P0+P4 and P2+P4, and their 

application will be presented in the Chapter #12. 

 

  

DoE increasing 

Cost decreasing 

Effectiveness increasing 
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6.  Technologies of ICE Based Powertrains  
 

 

 

 

 

As previously presented, lower CO2 emissions may be achieved by reducing fuel consumption, or by 

using fuels with smaller carbon content, such as bio-fuels or natural gas [68]. Furthermore, the efficiency 

increase should proceed in parallel with the reduction of pollutant emissions, both during regulated driving 

cycles and real driving conditions [10]. These constraints are the main challenges confronting the design 

and development of new internal combustion engines (ICE), together with safety, comfort, drivability, 

performance, and costs. 

Among ICEs, new gasoline engines, operating with stoichiometric mixture, appear particularly promising 

for the simultaneous reduction of fuel consumption and pollutant emissions. The Three-Way-Catalytic 

converter is a well-proven, affordable and very efficient after-treatment system. Diesel engines are more 

efficient, but NOx and PM reduction is much more complex, expensive and potentially highly impacting 

on end user use. In fact the SCR system will be used more frequently to respect the new NOx limits under 

real driving conditions, thus requiring urea refills more often [83,84]. Alternatively to SI and CI engines, 

“advance combustion” concepts have been analyzed. They are very promising to overcome the drawbacks 

of the two engine families, joining their advantages.  

This chapter presents a conceptual comparison among the most promising technologies for the Internal 

Combustion Engines (i.e. spark ignited and with advanced combustions types), considering their 

effectiveness, technological maturity and impact on powertrain production costs. With this aim a deep 

review of technical literature related to the engine technologies has been carried out and some promising 

technologies were investigated with more detailed research activities (e.g. Water Injection and Low 

Temperature Combustion concepts). The technology mix has been evaluated with models presented in 

Chapter #10, also taking into account the application in electric hybrid powertrain, and then a 

prioritization with technical criteria form QFD is carried out. The considered timeframe horizon is up to 

2025, with an overview beyond. 

The last part of chapter is dedicated to the analysis of ICE waste heat recovery technologies, with focus on 

the most relevant ones. 

 

6.1 The state of arts of SI-ICEs  
 

Downsizing concepts, including turbocharging in combination with direct injection, have significantly 

contributed to the recent improvements of internal combustion engines [79,80,102]. Among these, 

gasoline engines, operated with stoichiometric mixture. Nonetheless, SI engine efficiency is still to be 

significantly increased to respect the next and future CO2 regulations. To better identify and understand 

the most effective technologies that could be introduced or adopted, one should firstly focus on the main 

limiting factors affecting efficiency and transient response. Referring to Figure 6-1 and [86,87]:  

 pumping losses at partial loads in zone n.1; 
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 limited thermodynamic efficiency, due to reduced compression ratio, to avoid knocking 

damages at high loads, mainly in zones 2 and 3;  

 combustion chamber and exhaust system thermo-mechanical stresses at high loads in zone 

n.4, where an enrichment of the mixture is necessary to protect the engine components such as 

the turbine; 

 turbo-lag for turbo-downsized engines, in zone n.2 where scavenging strategies should be 

adopted with negative effects on the Three-Way Catalyst (TWC). 

     

Figure 6-1 Engine requirements and issues of SI engines 

 

6.2  ICE Technologies Options to Improve Efficiency and 

Pollutions 
 

This section summarizes the most relevant technologies for SI-ICE, highlighting their advantages and the 

main drawbacks, considering a GDI turbocharged engine as baseline. The considered technologies can be 

classified according to working principle and sub-systems, as described in the Figure 6-2. 

The aforementioned technologies have been chosen for their degree of maturity with respect to the horizon 

of year 2025; moreover, they are considered the most effective for overcoming the limits of SI-ICEs, 

exposed previously. 

Furthermore, the technologies to reduce ICE mechanical friction and the power from auxiliaries, 

especially in the type approval cycles when the system starts from cold conditions, can be considered 

already state-of-art in many applications. They can be summarized as follows: 

 electrification of coolant and lubricating systems, allowing to optimize pumping requirements for the 

coolant and oil, depending on the real needs of the engine, in contrast with non-variable mechanical 

pumps; furthermore, the combination of the electrification with split cooling, allows the engine to 

achieve warm conditions sooner, while the charge air cooler is kept colder in order to keep the filling 

efficiency at an appropriate level; 

 crankshaft offset adjustments, bearings design or steel pistons (instead of aluminum). 

After-treatment systems are presented with focus on of stoichiometric combustion, and in particular 

PM/PN reduction and cold condition management. In case of engines with Advanced Combustions, if the 

NOx emission are not enough low, another catalyst to reduce NOx, such as SCR or LNT must be added, 

following the development on going for diesel engine.  
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Furthermore, the benefits achievable with alternative fuels (e.g. biofuels) will be illustrated in Chapter #9. 

 

 

Figure 6-2 Technologies to improve ICE based powertrains 

 

6.3 New Technologies for GDI engine with stoichiometric 

combustion 
 

In this section the analysis of technologies to improve GDI engine, based on stoichiometric combustion, 

are presented. However, these technologies can be added also to new combustion approaches that will 

illustrated in paragraph #6.4. The considered technologies can be classified according to the engine 

subsystems, as described in the following table: 

Engine Subsystem Technologies 

Combustion System Miller/Atkinson Cycle 

Variable Compression Ratio 

Water Injection 

Cylinder Deactivation 

Air System External EGR  

Multistage Air Charging 
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Miller/Atkinson Cycle 

Miller-Cycle describes a combustion system with early or late intake valve closing [86,87,88,89,90,91]. 

Figure 6-3 illustrates the two possibilities used to perform the Miller cycle. 

 

Figure 6-3 Miller cycle: Early and Late Intake Valve Closing (IVC). (Source: FEV 2015) 

Miller cycle is based on Otto cycle, having an expansion stroke which is longer than the compression 

stroke. In late intake valve closing Miller cycle (LIVC), the intake valve is kept open during a significant 

part of the piston movement during compression, so that part of the mixture contained in the cylinder is 

sent back to the inlet manifold, allowing the reduction of mixture mass that is “trapped” in the cylinder. 

Moreover, pumping losses are reduced, and the volume of the ‘trapped’ mixture corresponds to the 

cylinder volume at the closure of the intake valve. In early intake valve closing Miller cycle (EIVC), the 

descent of the piston creates a vacuum inside the cylinder, achieving the manifold pressure somewhere 

during compression, near the position where the intake valve was closed on the downward movement of 

the piston. 

The major benefits of Miller cycle can be obtained in combination with boosting and charge air cooling, 

with a higher compression ratio (which increases part load operation efficiency). Moreover, in medium 

load conditions, lower peak pressure and temperature are reached, leading to a lower knock tendency.  

Atkinson-Cycle is instead a combustion system with increased expansion stroke realized by a different 

crank train, which involves a system redesign. Atkinson, as Miller, has a lower effective compression ratio 

compared to the expansion ratio.  

On the other hand, both for Miller and Atkinson cycles, depending on the gasoline engine configuration, a 

turbocharger upgrading or installation might be necessary to ensure the specific power and the low-end 

torque. In naturally aspirated engines, the lower engine power and torque might also be compensated by 

an increased displacement which in turns increases the friction losses. 

In [86], FEV estimates that the Miller cycle reduces fuel consumption by 3.9%÷5.7% over a baseline, 1.0 

L downsized turbocharged engine with variable valve lift and timing. Part of the efficiency increase is due 

to the increase of geometric compression ratio from 10:1 to 12:1. 

VW recently implemented the Miller cycle concept in EA211 1.5L TSI EVO engine family [89] and the 

claimed average efficiency improvement is 10% compared with the previous generation engine (1.4L 

TSI), including also a VGT (variable geometry turbocharger), cylinder deactivation and other in-cylinder 

improvements to increase engine efficiency. However, the reduction of BSFC, due to the Miller cycle 

implementation, was estimated to be at least half of the overall benefit. The new engine shows a reduction 

in fuel consumption between 5÷10%, compared to the previous generation over most of its engine map. 
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Furthermore, for a significant portion of the low loads region, Miller cycle enables 10-30% reduction in 

fuel consumption. 

In [90], Audi shows a significant fuel economy improvement for the 2.0L TFSI with Miller cycle, 

implemented by means of the EIVC, in which, some additional gas expansion occurs, which helps 

reducing in-cylinder temperatures. In this configuration, engine compression ratio was increased from 

9.6:1 to 11.7:1. Compared to the previous generation, fuel consumption is reduced up to 21% (on the 

NEDC), while power output is increased up to 25%. 

In [92], Hyundai presents its fully variable VVL system and evaluates its benefits in 1.6L 4-cylinder 

gasoline engines, both NA PFI and TC DI. VVL, by the combination of four valve timings (IVO, IVC, 

EVO, and EVC), has the potential to improve the fuel efficiency by 4 to 5 %. Low speed torque, in the NA 

PFI engine, is increased by more than 5 to 10%, while in the TC DI engine, it is increased by more than 

10%. 

Variable Compression Ratio 

Increasing the Compression Ratio (CR) is an effective way to improve the engine efficiency, as clearly 

stated by equation (10.37) in Chapter #10.4.5. However, this solution is limited by high peak cylinder 

pressures and temperatures, which affect the powertrain design (friction and materials) as well as 

increasing knocking tendency in gasoline engines. Alternatively, the reduction of compression ratio helps 

solving the problems mentioned before, reducing the overall friction, but also getting some improved 

powertrain efficiency at full load operation. However, this possibly leads to cold start problems, 

combustion stability issues and worse efficiency at part load.  

Currently, in the market, both tendencies of increasing and decreasing the compression ratio can be found, 

requiring different side measures, as shown in Figure 6-4. To get the best from both trends, a Variable 

Compression Ratio (VCR) system should be employed, using a higher CR at engine part load operations 

and a lower CR at higher loads. 

. Two possible VCR technical solutions have been recently developed: 

 a 2-step compression ratio [87, 93], that improves full load performance, reducing emissions 

and friction with lower compression ratios, while it increases the thermodynamic efficiency at 

lower loads with higher compression ratio; 

 a fully variable VCR [87, 94, 95], that allows adjusting the optimal CR for each operating 

point, using the full potential of this technology. 

In addition, there are no significant disadvantageous interdependencies with other technologies. Compared 

to the fully variable VCR, the cost of the 2-step VCR is much lower [93], and at the same time more than 

80% of the fuel consumption reduction potential of the continuous system can be achieved in gasoline 

engines. 

Moreover, in 2-step VCR, the compression ratio can be maximized at lower loads without redesigning the 

different systems which are subjected to high stresses, e.g. piston or crankshaft, with important advantages 

in terms of packaging, modification of production and friction. Clearly, theoretical potential will not be 

fully available; indeed, due to the piston design for maximum compression ratio, disadvantages in the 

combustion efficiency and knock limit arise. Moreover, the modified conrod is usually heavier than the 

original one. 
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Figure 6-4 Relationship between maximum BMEP and geometric compression ratio, series gasoline engines MY 

2015/16 (Source: [93]) 

In [93], AVL presents its 2-stage VCR system based on the connecting rod length variation. The concept 

allows modular integration in the existing engine architecture without significant modifications, with only 

minor adaption of the production lines and thus it represents a highly attractive solution with respect to 

costs. Depending on the vehicle class, the load profile and the power rating, a CO2 reduction between 5% 

and 9% in the WLTC is achievable. 

 

Water Injection 

Water injection (WI) is a cost-effective solution to minimize knocking in (downsized) gasoline engines, 

especially with high compression ratio, and to lower the exhaust gas temperature in engine high power 

region. This technology is already well-known because it has been used in motorsports and aviation 

industry. The current trends in legislation related to the automotive sector make it particularly relevant for 

serial production in passenger vehicles. Water injection can be exploited as a solution to reduce fuel 

consumption and CO2 emissions, especially at medium and high load, as well as to increase the engine 

power output [76,81,96,97]. The main concept is to inject water and to use its high latent heat of 

vaporization to reduce gas temperatures before their combustion. In fact, the addition of vaporized water 

would result in an efficiency decrease due to the reduction of cp/cv ratio. However, the evaporation of 

water results in a significant temperature reduction of the mixture of air or air/fuel and water, permitting 

the adoption of a higher spark advance, thus possibly reaching the optimum MFB50 position. This effect 

can overcompensate the efficiency decrease expected when adding gaseous water. At the same time, the 

dilution of the mixture with water and the reduced temperature level in the combustion chamber have 

minor influences on the losses due to unburned fuel and the losses due to heat transfer. 

Furthermore, the cooling effect may be utilized in different ways according to the desired benefits: 

 knock tendency reduction higher compression ratio enabled/ advanced spark ignition 

permitted fuel efficiency increase at the same desired brake torque; 

 reduction of exhaust temperatures under full load operation mixture enrichment can be 

avoided fuel efficiency increases at the same desired brake torque; 
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 knock tendency reduction advanced spark ignition torque increase at the same fuel 

consumption.  

The ability of WI to lower the exhaust gas temperature is also of interest, since it can allow the engine 

operation at =1 in all engine area, avoiding mixture enrichment, and it may be used as an enabler for 

employing turbochargers with variable geometry turbines (VGT) even in gasoline engines, thus allowing 

further downsizing potential. Alternatively, it may be used to reduce material costs on the turbochargers, 

due to reduced thermal stresses on the component. 

As shown in Figure 6-5, three different implementations of water injection systems are possible: 

1. Port Water Injection (PWI). In this approach, water is injected on the inlet side with a low-pressure 

system (5 ÷ 20 bar). The advantage of this solution is its simplicity because it includes a simple 

pressure supply with an electrically driven water pump. Furthermore, corrosion and freezing issues 

caused by water are relatively easy to handle. 

 

2. Direct Water Injection Mixture (DWI-M). Water is mixed with gasoline and it is directly injected via 

a modified high-pressure injector. Water quantity is metered based on the intake air mass 

measurement; the water-fuel mixture is compressed to an emulsion by the high-pressure pump after 

which it is injected via the high-pressure water-fuel injectors directly into the combustion chamber. 

While the amount of water required is slightly lower than PWI, the system suffers from several 

technical challenges and risks. Firstly, the presence of high-strength steels in such high-pressure 

systems is not trivial and thus magnifies the challenges associated with corrosion damage. This 

implies a major and complete overhaul of the existing high-pressure fuel system. Secondly, to enable a 

quick availability of water in the system, the connecting pipes and components need to have small 

cross-sectional areas and volumes, respectively. This creates high pressure pulsations and thus high-

pressure peaks in the injectors and in the high-pressure pump. Therefore, a completely new and 

complex high-pressure system is required, which has a negative effect on costs and risks. Furthermore, 

when the engine is stopped, water needs to be removed from the fuel system by running the engine 

and flushing it with pure gasoline. This makes the solution less effective when used together with 

hybrid powertrain solutions and start-stop technology. Finally, the challenges associated with freezing 

and corrosion are magnified in such a high-pressure system. 

 

3. Direct Water Injection Separate (DWI-S). A high-pressure water injection system is installed in 

parallel to the existing high-pressure fuel injection system requiring additional high pressure direct 

water injectors to be integrated in increasingly smaller and complex cylinder heads. Component costs 

are then higher than the equivalent low-pressure variant. As in the previous case, the presence of high-

strength steels magnifies the problem of corrosion damage, while keeping the robustness against 

freezing, i.e. due to anomalous water expansion. In addition, reversing the flow through the high 

pressure mechanical pump is achieved only with additional valves and a high system complexity 

which adversely affects weight and costs. 

As a result of the previous considerations, the Port Water Injection concept is the best candidate for series 

production. Its main drawback with respect to the other possible solution is the higher water consumption. 

The general limit of WI is the availability of good quality of water (deionized) on-board the vehicle. Three 

main solutions are under investigation: refilling by the user, A/C condensation and rainwater harvesting, 

exhaust gas condensation. The first one is the most promising because it is cheap and accepted by the end-

customer, as reported in the survey [76]. The other solutions are considered to be developed to minimize 

the end-user impact and refilling costs. 
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Figure 6-5 Description and comparison of possible implementations for a water injection system 

 

In [76], the benefits of PWI with a CR increased by 2 points were studied, resulting in 4% of fuel saving 

on WLTC, 13% in real word conditions and up to 20% in full load. Water rate related to fuel was up to 

60%, with a water consumption under real world driving conditions between 1.3-2.8 L/100 km, 

considering a large family car equipped with a turbo GDI engine with 115÷130 kW rated power. 

In [81], the DWI-S technology combined with Miller cycle, cooled exhaust gas recirculation and variable 

compression ratio was investigated. After a single cylinder experimental investigation, driving cycle 

simulations were carried out in order to understand both the fuel and water reduction potentials. The 

combination of water injection with the Miller cycle and cooled EGR has allowed to improve the indicated 

specific fuel consumption up to 197 g/kWh together with a significant enhancement of the region of very 

attractive efficiency values, especially at low engine speeds and high loads. Increasing the VCR up to 

10.7/14.7 from 9.5/13, the resulting fuel consumption benefit in WLTP was up to 6.7 %. At the same time, 

water consumption was up to 3 l/100km. Therefore, onboard water generation or, at least, the utilization of 

tap water for a refill tank are required, in order to ensure an affordable cost also from the ownership’s 

perception. 

The WI technology has been also investigated with dedicated research activities presented in different 

publications [216,217,218,225] and the main results will be presented in the next sections.  

 

Cylinder Deactivation 

Cylinder Deactivation (CD) allows a significant reduction of the pumping as well as heat transfer losses at 

lower engine loads, by reducing the number of active operating cylinders [98,99,100]. The active 

displacement is reduced, increasing manifold pressure and reducing pumping losses. The requested load 

on the cylinder (BMEP) is also increased, which reduces the relative heat transfer to the cylinder walls 
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with respect to the available heat. Since other technologies (e.g. downsizing or VVT) can reduce pumping 

and friction losses, the coupling of CD with other technologies could be not so effective. 

There are two possible main solutions to implement cylinder deactivation: 

1. A variable valvetrain is used to shutoff the intake and exhaust valves of the deactivated cylinders. 

 

2. Electronic Cylinder Deactivation, in which, the exhaust system is duplicated (for instance, each 

cylinder pair 1-4 and 2-3 has a dedicated exhaust line) and the injection is switched off for one 

cylinder group.  

The second mode is an alternative method without the need for additional flexibility in the valve train and 

it additionally offers the chance to utilize the deactivated cylinders with the characteristic sound of the 

engine. The main drawback is the packaging impact of the exhaust line. 

The conventional cylinder deactivation, the first solution, is normally applied only to large engines with an 

even number of cylinders. In this way, the cylinders are deactivated symmetrically in order to avoid 

intense torque fluctuations and vibrations. Furthermore, higher improvements can be attained with the 

dynamic deactivation of individual cylinders. Regarding this particular technology, many systems are 

being currently developed. These systems continually change the active cylinders and have many potential 

advantages over conventional cylinder deactivation, such as: 

 maintaining uniform engine operation temperatures; 

 allowing the throttle to remain nearly fully open by controlling the engine power by varying 

the firing cylinders; 

 handling noise, vibration and harshness by dynamically controlling the active cylinders, 

allowing the adoption of cylinder deactivation at lower engine rpm; 

 expanding the range of applicability to smaller engines, even to 3-cylinder engines or with an 

odd number of cylinders. 

An example of this new CD system is the DSF (Dynamic Skip Fire) system, described in [100], that 

claims to achieve a fuel benefit between 10÷20%, depending on engine type. 

In [98], the benefits achievable with the Electronic Cylinder Deactivation in a 4 Cyl 1.4L TC GDI engine 

are shown. In the NEDC cycle, fuel consumption improvements are up to 7%, with small penalty in 

comparison with a 2 Cyl 0.9L TC GDI engine.  

 

 External EGR 

The external Exhaust Gas Recirculation (EGR) [80, 85, 87, 97] is an alternative to the internal one, made 

using VVA systems. It can be carried out according to the three layouts described in Figure 6-6: 

 High Pressure (HP-EGR);  

 Low Pressure (LP-EGR); 

 Dedicated EGR (D-EGR). 

High pressure and low-pressure split is also possible. In the HP-EGR solution, exhaust gases are recycled 

from upstream the turbine to the intake manifold; in the LP-EGR version, exhaust gases are recycled from 

downstream the catalyst to the compressor intake. In both cases, gas is cooled with an air/water cooler 

before entering the control valve, typically driven by a DC-motor. For the LP-EGR case, a lower pressure 

ratio for the gas flow is available, however, the main advantage is the lower temperature in the manifold 
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[112]. Indeed, exhaust gases are cooled both in the LP-Cooler and in the turbocharger intercooler, which is 

designed for the maximum engine power, a faraway condition from the operating area of LP-EGR. 

Furthermore, LP-EGR leads the compressor to work in an area with greater efficiency, with benefits on 

fuel consumption for the lower exhaust pressure at turbine upstream due to the reduced compressor 

requested power. In SI engines, EGR can be used for the reduction of NOx emissions, the de-throttling at 

partial loads and knock mitigation. An additional benefit is at high engine power, thanks to the avoiding of 

the enrichment of the mixture with advantages on BSFC and PN production. 

The main EGR drawbacks are the reduction of maximum power with a given turbocharger layout and the 

negative impact on transient response at low engine speeds, because of the increased turbocharger size to 

compensate for maximum power loss with EGR. Furthermore, cooling capacity of the engine cooling 

system as well as for the charge air intercooler (for LP-EGR) has to be adapted and integrated to the front 

end of the vehicle.  

In [85], the following advantages with the adoption of LP-EGR are shown: 

 1% BSFC improvement at partial loads; 

 more than 4% BSFC improvement, with the same PN-emission, by shifting the 50% MFB50 

to the optimum in knock limited engine operating points. 

In [105], an extreme downsizing from a 3.7L V6 NA engine to a I4, 2.5L turbocharged engine is allowed 

by a cooled HP-EGR in combination with scavenging, achieving an increase in the low-end torque and 

maximum efficiency by more than 30%, as well as a significant weight and size reduction. 

The third variant for the external EGR is called “dedicated EGR”, as shown in Figure 6-6. The dilution of 

the intake charge with the traditional EGR provides benefits in terms of cycle efficiency and knock 

resistance. However, it also poses challenges in terms of combustion stability, condensation and power 

density.  

With D-EGR [38,106], one cylinder, which operates in rich condition, produces EGR for all four cylinders 

of the engine, introducing reformates such as CO and H2 into the intake charge by means of a mixer 

installed upstream the intake manifold, bringing back some of the stability lost for EGR dilution, leading 

to a higher ratio of specific heats and a benefit on effective RON of the fuel. To enable the technology, in 

addition to the high-pressure EGR loop and EGR cooler, a supercharger with a bypass valve and an after-

cooler is used. A cold start valve is installed as alternative path for exhaust gases when the EGR valve is 

closed. A PFI injector can be added to the intake manifold which allows flexibility in the way the extra 

fuel to the 4th cylinder is delivered. 

In [106], D-EGR improves the knock resistance of a 2.L GDI engine allowing a compression ratio equal to 

11.7. In this configuration, the improvement in engine efficiency was at least 10% across the whole 

performance map, with substantially higher improvements for certain engine operating points. For 

instance, BSFC @ 2000 rpm/ 2 bar BMEP improved from 385 g/kWh to 330 g/kWh and the lowest BSFC 

in the engine map was 212 g/kWh compared to 236 g/kWh of the original engine. The addition of 2-stage 

boosting also allowed the engine to meet its BMEP target of 17 bar from 1500 to 5500 rpm while 

maintaining good transient response and low engine-out emissions. The main drawbacks of D-EGR are 

the need to control combustion stability and the complexity due to a second stage of air boosting to 

recover the power loss at high loads.  
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Figure 6-6 External EGR System Layouts: 1. HP-EGR, 2. LP-EGR, 3. Dedicated EGR (Source SwRI) 

 

Multistage Air Charging 

The most effective way to reach a higher specific power output is increasing the boost pressure. This 

allows more air (oxygen) into the cylinders. Furthermore, increased boost pressure is necessary in 

combination with increased EGR and the application of Miller Cycle to avoid reduced volumetric 

efficiency and reduced full load torque.  
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The extension of boosting operative range can increase the low–end torque, which is a critical issue 

especially in extreme downsized engines [97], with fun to drive benefits and/or possibility to implement 

down-speeding strategies. Furthermore, the use of complex charging systems is necessary to fulfill the 

new European emission standards, where scavenging strategy will not be implementable, because it can 

cause the decrease of TWC efficiency.  

The extension of the boosting range is possible employing a VGT turbocharger, as long as exhaust gas 

temperature is low enough, however better results can be attained employing multistage charging layouts, 

according to two main solutions (see Figure 6-7): 

 2-stage turbocharger;  

 mechanical supercharger or electric turbocharger in addition to the first turbocharger stage. 

 

 

Figure 6-7 2-Multristage air boosting systems: 2stage turbocharger and electric supercharger in addition to the 

turbocharger 

In the first solution, two differently sized turbochargers are used and chosen to be operative in different 

areas of the engine map. This solution has huge impact on cost and layout. In the second solution, the 

tendency is to use an electric turbocharger (or an e-booster only), that can deliver air at maximum boosting 

pressure within 300-1000 ms [107,108]. This technology is particularly suitable when used in conjunction 

with a 48 Volt power net and a Belt Starter Generator (P0 architecture in Chapter #5.2), allowing to 

achieve a fuel economy improvement over 10% and a significant gain in the fun to drive, as shown in [79, 

107,108]. 

Summary of Technology benefits and drawbacks for GDI engines 

The technology impact on the GDI engine features, obtained from literature analysis, is summarized in 

Table 6-1. The focus is on advantages in terms of efficiency improvement and CO2 benefits on normed 

test cycle. This data will be used as reference to validate the vehicle and powertrain models presented in 

Chapter #10. 
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Table 6-1 Summary of technology impact from literature analysis 

 

Moreover the evaluated technology benefits, drawbacks and the influences in the main zones of engine 

map referring to Figure 6-1 are illustrated in Table 6-2.  

Focusing on new EU7 standard that forces to limit HC/CO and PM/PN emissions at high load, the 

enrichment engine operation must be avoided, as consequence the combustion operation at =l is needed. 

To fulfill these technical requirements, avoiding performance reduction or engine specific power 

reduction, some of the aforementioned technologies can be employed (e.g. EGR, Water Injection). 

In [109] a comparison of the possible technologies to achieve engine =l operation is presented. The 

analysis has been carried out for two different GDI base engines, with specific power outputs of 110 kW/L  

and 90 kW/L, named respectively “A” and “B”. Both specific power values are typical for the current 

gasoline engine market. The base engine A is a high power variant with a large turbocharger (TC) and an 

integrated exhaust manifold (IEM). To reach the specific power of 110 kW/l, a strong fuel enrichment 

(approximately λ = 0.7) is necessary. In contrast, with a smaller TC, higher compression ratio and less 

enrichment for component protection (approximately λ = 0.8), base engine B only reaches 90 kW/l.  
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Table 6-2 Summary of Technology benefits and drawbacks for GDI engines 

 

The next Figure 6-8 shows the technology options to obtain =l combustion. The Water Injection is the 

most effective technology to fulfill the technical requirement of =1 combustion. Indeed only the Water 

Injection is able to ensure stoichiometric combustion, without any reduction of engine specific power. The 

cooling power of the WI at high load is confirmed also by the PhD activity research presented in a next 

section of this work.  

 

 Figure 6-8 Comparison of engine technologies for =1 combustion for two different base engines 

A 
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6.4  Advanced Combustion Concepts 
 

The conventional SI combustion has the aforementioned limits; alternatively the CI combustion is 

characterized by high efficiency, but due to lean operation NOx is not easy to reduce in the exhaust after-

treatment systems and the diffusive combustion generates high Soot quantity. The Figure 6-9 compares 

the main combustion features of SI and CI engines. 

In several studies new combustion concepts have been investigated to overcoming the problems of these 

combustion approaches. For SI engine the main investigated field was the GDI stratified lean combustion 

and at end of the ‘90s some engines were launched in production by some car manufacturers. For cost 

reason, mainly due to the exhaust aftertreatment, the SI lean technology was abandoned, but recently the 

interest is come back, due to even more strict requirements on CO2 and the technological improvements of 

engine management systems.  

For CI engines many technologies have significantly reduced the Soot (e.g. High pressure fuel injection, 

over 2200 bar) and NOx (e.g. EGR-HP and LP) generated in cylinder, but the recent emission regulations 

have forced the introduction of complex and expensive after-treatment systems, with DPF, LNT and SCR 

catalysts.  

The more promising combustion technologies, object of many studies, are the Low Temperature 

Combustions, that will be analyzed in the next sections.  

 

Figure 6-9 Comparison of the SI and CI combustion features  

 

6.4.1 GDI Lean Combustion 

Lean combustion in gasoline engine has proven to significantly increase the overall efficiency [86]. 

Unfortunately, like diesel engine, an expensive exhaust after-treatment is necessary because the three-way 

catalyst cannot reduce NOx in case of excess of oxygen in the exhaust gas. To mitigate the catalyst cost 

increase, engine has to operate in extreme lean conditions (e.g. lambda > 1.8), thus obtaining a drastic 

reduction of engine out NOx emissions and further engine efficiency improvement, thanks to the higher 

ratio of specific heats and lower heat losses to the cylinder walls. Figure 6-10, from [22], is an example of 
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the operating modes of a lean concept in the engine working points, highlighting the operating range in the 

WLTC cycle. 

 

Figure 6-10 Lean concept operating modes in engine working points (Source: [22]) 

In addition to the increased demand on the air charging system, further challenges arise with the extreme 

lean operation. The ignition of the diluted mixture is strongly hindered by the poor thermal boundary 

conditions that might lead to misfiring, therefore ignition system technology development is often required 

[208 ]. An additional limitation under lean conditions is the increased cycle-to-cycle variations (CoV) due 

to the slower combustion. CoV can be minimized with higher turbulent combustion velocity by enhancing 

the in-cylinder charge motion. Hence, port and combustion chamber design as well as the spray pattern 

layout play a key role in the development of extreme lean combustion concepts. Furthermore, the transient 

operations including the switching between operating modes, e.g. from stoichiometric to lean air/fuel 

ratios or vice-versa, have to be properly managed. As for all lean gasoline engines, the control of NOx 

emissions remains a challenge, therefore Lean NOx Trap (LNT) or SCR solutions are needed. LNT was 

already employed at end of the ’90s in the first vehicles (Toyota, Mitsubishi, VW) equipped with GDI 

lean engines, and in the recent years it has been widely adopted in diesel engine applications. 

In [23], Ricardo shows a lean burn combustion concept that uses spray guided lean stratified operation. 

NOx emissions control is carried out by means of a LNT catalyst. The study highlights the BSFC 

improvement achievable in stratified lean burn conditions (2.0 L turbo, 200 kW rated power) for a D-

segment vehicle. Over NEDC, the solution has been simulated producing a 14% reduction of CO2 

emissions compared with the equivalent stoichiometric turbocharged GDI engine, considering LNT 

regeneration. Over WLTC, the fuel consumption reduction is 12%. 

6.4.2 Low Temperature Combustion Concepts 

The aim of these type of combustions is to increase fuel conversion efficiency ensuring at same time low 

emissions, in particular Soot/PN and NOx, overcoming the limits of both gasoline engine and diesel 

engine. These results are achieved performing a fast ignition of mixture air-fuel. The ideal ignition occurs 

for compression in a wide area of combustion chamber with high excess of oxygen, the Figure 6-11 and 

Figure 6-12 show the comparison of SI and Homogeneous Charge Compression Ignition (HCCI) 

combustion principles. The main features and advantages of LTC engines are: 

 the heat release is fast, lowering the heat exchange with cylinder walls; 

  the local temperature is low, preventing NOx formation; 
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 Soot/PN is low because the higher oxygen concentration guarantees the absence of local rich 

points; 

 no trade-off between NOx and Soot affects the combustion; 

 de-throttling, due to ultra-lean operation, with benefit on pumping loss reduction and fast 

transient load responsiveness; 

 flexibility of fuel use, including gasoline, diesel, bio-fuels and others synthetic fuels.  

 

Figure 6-11 SI and Homogeneous Charge Compression Ignition (HCCI) combustion principles  

 

Figure 6-12 Comparison of SI conventional combustion with lean (misfired) and HCCI combustion 
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The main concerns [40, 41, 42, 47, 219, 223, 226] of these combustions are: 

 load limitations, typically low-to-medium loads, thus for real-world application transition 

between LTC and conventional operation has to be managed, see Figure 6-13; 

 the instability, due to difficulty in controlling combustion timing and high sensitivity to air and 

chamber thermal state; 

 lower in-cylinder temperature impedes post-oxidation of HCs and conversion of CO to CO2; thus, 

LTC basically suffers from the problem of high HC and CO emissions. 

 

Figure 6-13 Issues with the HCCI combustions 

High accuracy in air and fuel delivery and a closed loop control of combustion are mandatory to overcome 

the issues. As introduced LTC engines generally suffer from high levels of carbon monoxide (CO) and 

unburnt hydrocarbon (UHC) emissions, but, in recent years, several researchers have demonstrated that 

boosted LT combustions can exhibit nearly 100 per cent combustion efficiency [250, 308]. These 

improvements come through the use of piston designs featuring minimum crevice volumes, as well as use 

of high intake pressures. 

The Figure 6-14 summarizes the alternative approaches to implement the Low Temperature Combustion 

concepts with a mapping on used fuel characteristics.  

Between the different solutions investigated in last decade the more promising, born to overcome the 

drawback of the HCCI combustion, are: 

 the PCCI (Premixed Charge Compression Ignition) or the variant PPCI (Partially Premixed 

Compression Ignition), implemented using diesel or gasoline fuel; in last case the acronyms of 

GCI (Gasoline Compression Ignition) or GDCI (Gasoline Direct Compression Ignition)[45,46] are 

also used; 

 the spark assisted HCCI; 

 the RCCI (Reactivity Controlled Compression Ignition), based on dual fuel to obtained the proper 

fuel with chemical characteristic useful for the combustion. 
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Figure 6-14 Low Temperature Combustion concepts 

 

6.4.3 Premixed (PCCI) and Partially Premixed Compression Ignition (PPCI) 

Combustions 

These combustion approaches are evolutions of HCCI combustion to improve combustion stability. The 

control over combustion events with direct injection strategy is retained and a greater percentage of the 

total charge is premixed prior to ignition relative to conventional diesel combustion. Depending on the 

level of homogeneity of the air-fuel mixture, PCCI combustion strategy uses early direct injection while 

PPCI applies late direct injection of fuel to prepare partially premixed mixture of air and fuel. In both 

engines, fuel is injected at an intermediate timing between that of HCCI and conventional CI engine. This 

results in a partially premixed fuel–air mixture, which auto-ignites similar to HCCI combustion mode. 

PCCI and PPCI combustion seem better compared to HCCI combustion, due to the better control over the 

combustion events, which leads to relatively superior engine performance. 

Various injection strategies are available for PCCI combustion, but commonly advanced injection timings 

are used to increase fuel–air mixing time. Despite the charge not being completely premixed 

(homogeneous), the same principles are applied to obtain low emissions as with HCCI. 

The factors used to promote combustion conditions toward the PCCI mode of operation are primarily the 

injection strategy and EGR rate. PCCI combustion is a single-stage combustion technique in which most 

fuel is burnt in premixed combustion phase. There is very small or practically no fuel remaining in the 

combustion chamber for diffusion combustion, which results in a relatively lower bulk temperature inside 

the combustion chamber. PCCI engines at high loads are facilitated with high boost pressure [250], which 

helps in oxidation of fuel resulting in relatively lower CO and HC emissions. Therefore, PCCI engine not 

only offers benefits of LTC with lower NOx and PM emissions but also results in lower HC and CO 

emissions. 

One of the major challenges of PCCI combustion is to prepare the premixed charge (highly diluted fuel–

air mixture to give reasonable burn rates) before auto-ignition temperature is attained and combustion 
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starts in the combustion chamber. In PCCI combustion engines, effective mixture preparation technique is 

required for achieving high efficiency, low HC, and PM emissions and preventing lubricating oil dilution. 

There are several techniques employed for charge preparation in PCCI combustion engines, depending on 

test fuel properties and control strategies being used. 

For any combustion mode, combustion characteristics inside the combustion chamber affect overall 

performance parameters of the engine such as power output, emissions. Considering the fluid mechanics, 

PCCI combustion can be divided into three distinct phases, namely pre combustion, combustion, and post-

combustion Figure 6-15 Low Temperature Combustion phases. 

 Pre-combustion: flow dominates; small change in species. 

 Combustion: chemistry dominates; heat release occurs so rapidly and globally that turbulent 

mixing does not have time to be a significant influence. 

 Post-combustion: chemistry and turbulent mixing are likely to have some coupling, but no 

chemical heat release occurs. 

 

Figure 6-15 Low Temperature Combustion phases 

 

Figure 6-16 presents the comparison of the emissions between a Conventional Diesel Combustion (CDC) 

and a PCCI combustion, obtained in the experimental tests, during research activities, with a 1.3L 

Common Rail diesel engine, installed on engine dyno in University of Bologna. The engine operation 

point is at 2000 rpm and 3 bar of BMEP. The CDC was characterized by 2 Pilot Injections of 1 

mm
3
/stroke, in addition to a Main injection of 8 mm

3
/stroke. The PCCI combustion has been obtained by 

means of a single pilot injection of 4 mm
3
/stroke anticipated of 10 CA deg compared with the CDC and 

rail pressure increase from 550 bar up to 900 bar. The premixed combustion is characterized by lower 

NOx and Soot, with slight increase of HC and CO and approximately the same fuel consumption. 

 

Control Parameters of PCCI Combustion 

Stable and efficient operation of LTC engines need accurate controlled combustion timings. One of the 

main challenges in LTC engines is the combustion control since onset of combustion depends on in-

cylinder temperature, pressure, and fuel–air mixing inside the combustion chamber, and there is no direct 

control for initiating the combustion. When combustion control is not fast enough, too advanced or too 

retarded combustion can take place in the engine. Too advanced combustion can yield unacceptable RoPR 

or unacceptable peak cylinder pressure, thus causing excessive noise and potentially damage of the engine. 
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Additionally, NOx emissions from the engine tend to increase with ignition advance [309]. Another driver 

for an effective closed-loop combustion control is the fact that late combustion timing leads to incomplete 

combustion and increasing emissions of CO and HC. The worst case of “too late combustion” leads to a 

complete misfire, which if repeated, can cause the engine to stall. The main combustion control 

parameters are explained following. 

 

 

Figure 6-16 Comparison of CDC and PCCI combustion in 1.3L diesel engine (Smoke [FSN] and CO [%vol] have 

been multiplied by 100) 

 

EGR is essential to achieve simultaneous reduction in Soot and NOx emissions from LTC without 

prohibitively high fuel consumption penalties due to poor combustion phasing. Tuning the amount of EGR 

is the most commonly used technique to adjust the in-cylinder temperature, which controls the SOC [302]. 

LTC is achieved by varying the inlet air temperature and EGR fraction over a range of equivalence ratios. 

High heat capacity constituents of EGR are CO2, H2O, N2, O2, CO, PM, HC, NOx, and other intermediate 

species of combustion reactions which control the LTC. These constituents showed following four effects 

on the combustion and emissions: 

- First was the preheating effect, in which the inlet charge temperature increased when hot EGR was 

mixed with the fuel–air mixture. 

- Second was the dilution effect, where by the introduction of EGR led to substantial reduction in 

oxygen concentration.  

- Third was the heat capacity effect, in which total heat capacity of the mixture of EGR, air, and fuel 

would be higher owing to higher heat capacity of CO2 and water vapor. This would lead to a reduction 

in gas temperature at the end of the compression stroke.  

- Fourth and final was the chemical effect, where unburnt combustion products in the EGR would take 

part in chemical reactions. HC, CO, CO2, NO, H2O, etc., in the EGR take part in chemical reactions 

and lead to a moderate effect on the reaction rates.  

Integrating all these effects, SOC during the LTC and combustion duration can be controlled by regulating 

the EGR quantity. Therefore, EGR makes it possible to suppress the excessively advanced SOC by low-
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temperature reactions in the LTC phase. This excessively advanced and rapid combustion causes 

knocking, which limits the operating range of LTC. EGR use can be internal EGR and external one, as 

presented in Chapter #6.3. Internal EGR rate can be controlled by changing the valve overlap period and 

the external EGR rate can be adjusted by the combined effect of the exhaust backpressure and EGR valve. 

Cooled external EGR reduces the fuel–air mixture temperature in the compression stroke and hence delays 

the SOC of high cetane fuels such as biodiesel.  

However, the research studies also pointed out the need to control dilution ratios because maximum fuel 

conversion efficiency was obtained at moderate charge dilution levels. Over-dilution leads to poor trade-

off between work conversion efficiency and combustion efficiency, thus reducing fuel conversion 

efficiency. Another advantage of charge dilution is increased ignition delay, which can improve IMEP and 

COV. Asad et al. [303] performed LTC experiments using different EGR rates to postpone SOC by 

increasing the ignition delay and to reduce the severity of high RoPR. They stated that EGR was effective 

in delaying combustion phasing toward higher thermal efficiency window by withholding the cylinder 

charge from early ignition. Figure 6-17 shows that increasing EGR rate results in stable combustion. It 

was concluded that combustion efficiency reduced with increasing EGR, which was compensated by 

improvement in combustion phasing. This trade-off between combustion efficiency and emissions showed 

the importance of EGR in LTC engines. 

 

Figure 6-17 Effect of EGR on HCCI combustion and emissions [302] 

Injection Pattern - Early injection can lead to impingement of fuel on the cylinder walls, particularly at 

high BMEPs. Single-injection LTC is applicable to limiting conditions, where tighter controls on 

operating conditions are required compared to conventional CI combustion. Issues of LTC such as high 

HRR and uncontrolled combustion can be resolved by using split fuel injection strategy. Major quantity of 

fuel was injected early in the compression stroke (100° BTDC) to prepare premixed charge, and the 

remaining quantity was injected near TDC to control SOC. This resulted in better combustion 

characteristics, precise control of SOC, and higher BMEP.  
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Results clearly showed that NOx emissions from PCCI combustion were much lower compared to CI 

combustion and advanced pilot injection (from 100° BTDC to 150° BTDC) showed further reduction in 

NOx. The effect of split injection strategy on emission formation in a PCCI diesel engine was investigated 

in [310,311].  

The researchers realized that higher thermal efficiency and lower NOx emissions at moderate loads could 

be achieved by single-injection strategy; however, they experienced problem of very high RoPR. In case 

of split injection strategy, a small quantity of pilot injection helped in suppressing higher RoPR. The 

application of early pilot injection resulted in a significant improvement in thermal efficiency and 

reduction in engine noise and emissions by optimizing SOI timings and EGR rate. They later dealt mainly 

with effect of pilot injection on engine noise and performance. Engine noise remained one of the major 

factors governing combustion and performance characteristics. They reported a reduction in BMEP with 

an increase in pilot quantity above 40%. Further, relatively higher engine noise was observed for almost 

all early single-injection timings, mainly due to very high RoPR. The inclusion of pilot injection proved to 

be very effective in reducing noise, but it also led to reduction in BMEP. 

Neely et al. [304] investigated the effect of number of pilot injections (up to 3) to achieve PCCI 

combustion in order to reduce NOx in light-duty and heavy-duty vehicles. They stated that an early single 

pilot injection was effective for 14% NOx reduction, but it was at the expense of higher CO and BSFC. 

However, CO and BSFC penalty significantly reduced along with NOx by employing multiple pilot 

injections at lower loads. This was mainly due to superior fuel–air mixing. For heavy-duty vehicles, 

multiple pilot injections proved to be ineffective in reducing NOx compared to single pilot injection. In 

addition, multiple pilot injections also led to higher HC and CO emissions. Asad et al. [303] performed 

HCCI experiments and suggested that optimized SOI of the multiple injections could assist in preparation 

of a near-homogeneous charge that resulted in near-zero soot emissions.  

Following the more interesting studies on PPCI engines with alternative fuels to diesel (e.g. Gasoline and 

Naphtha) are presented. 

 

Gasoline Direct Compression Ignition (GDCI) Engine 

One of the more interesting studies on PPCI engine with gasoline fuel is carried out by Delphi, which is at 

the third generation of its GDCI engine [46]. Key objectives of this demonstrator engine include diesel-

like fuel efficiency, extremely low tailpipe emissions on-cycle and off-cycle, to meet US 2025 CAFE and 

Tier 3 Emissions, and robust GDCI combustion with good transient control. The following picture shows 

the engine architecture. The powertrain main features are: optimized GDI fuel injection system, advanced 

boost, thermal management, EGR, and exhaust gas after-treatment systems that meet packaging 

requirements for a D-class passenger car. 

 

Figure 6-18 Architecture of GDCI engine 
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The engine can operate with a range of gasoline fuels including less-processed, low-octane gasoline and 

higher-octane, highs sensitivity gasoline. The test results using RON91 fuel indicated very low fuel 

consumption, while meeting targets for engine out NOx and PM emissions, combustion noise and 

stability. BSFC at the 2000 rpm and 2 bar BMEP global test point was 250 g/kWh. Minimum BSFC was 

measured at 205 g/kWh with inert catalysts over a wide range of medium loads where customers regularly 

drive. The exhaust gas after-treatment system exhibited high exhaust temperatures and high conversion 

efficiency for HC and CO emissions. Preliminary tests at cold cranking conditions indicated robust first-

cycle combustion with the potential for fast catalyst light-off. 

 

Figure 6-19 BSFC at 1500 rpm as a function of load for the three generations of the GDCI and comparison of the 

Gen.3 engine at 6 bar IMEP with various competitive engines 

 

The Figure 6-19 shows the evaluation and the assessment of BSFC data at 1500 rpm and 6 bar IMEP 

compared with variety of class leading powertrains including a 2.0L turbo Spark Ignited (SI) engine, a 

2.4L naturally aspirated SI engine, a 2.0 L turbo diesel engine, and a 3rd-generation Prius Atkinson-cycle 

engine. The Gen.3 GDCI engine exhibited the lowest BSFC of 214 g/kWh of the group, and was 

approximately 11 percent lower than the 2.0 L diesel. 

 

Gasoline Compression Ignition (GCI) Engine  

This engine is based on PPCI combustion and characterized by the use of less processed fuel compared to 

diesel or gasoline, and hence easier to manufacture, with “low quality”, i.e. RON between 65 and 85 

(Cetane number less than 25) and no strict requirement on volatility. In [110] the benefits of the GCI 

approach were investigate by means of a single cylinder GDI engine in the most significate point of FTP 
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cycle. The main future of the engine were: Compression Ratio 14, piston bowl like diesel, central mounted 

outwardly open injector up to 150 bar, and an exhaust rebreathing strategy to trap the exhaust gas (35-45% 

internal residual at part load when intake and exhaust manifold pressure difference about 15kPa). A single 

and double pulse strategy for the injection is used with Light naphtha fuel (RON 68, DCN 31, Evaporation 

T90 70 °C).  

Compared with conventional stoichiometric SI operation, over a range of part load operating points 

representative of the federal test FTP, an average 26% of improvement was achieved, whit engine out 

ISNOx below 0.3 g/kwh and PM below 0.2 FSN, see Figure 6-20 with the complete engine maps. 

 

Figure 6-20 Engine Load-Speed Contour Plots with light naphtha + CR 14 piston configuration: High load line is 

limited by maximum pressure rise rate (5bar/°crank) and low load line is limited by COV of IMEP. 

 

6.4.4 Spark Assisted HCCI Combustion 

This approach was proposed by Mazda to overcome the controllability problem of HCCI combustion and 

they named this kind of combustion system SPCCI (Spark Controlled Compression Ignition) and the 

engine “Skyactiv-X”, as reported in [47]. The implementation is claimed for production at beginning of 

2019 and the new engine is the convergence of the first generation PCCI engines, named “Skyactiv-D” 

and “Skyactiv-G”, respectively diesel and gasoline engines [48, 105]. In the SPCCI combustion the spark 

plug is used as control factor of the compression ignition. The fire ball, generated with spark, increases the 

in cylinder pressure causing the simultaneous ignition in many places of combustion chamber in high lean 

condition ( up to 2.5) burn in, see Figure 6-21. In this way the compression ratio can be maintained 

around 16 limiting knock issues at high loads. 
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Figure 6-21 SPCCI basic concept  

As presented in [47] the SPCCI works over a wide range of engine speed and loads and allows stable 

switching between HCCI and SI combustions, performed at high engine speed and load. The engine in 

LTC mode operates in high lean condition with cold EGR and de-throttling. The performance at high load 

is supported by a mechanical compressor, allowing good EGR tolerance to contrast the knock and fast 

responsiveness. The Figure 6-22 illustrates the improvement of output Torque curve for Mazda’s SPCCI 

engine with previous generations, considering two different gasoline fuels. 

 

 

Figure 6-22 Comparison of output Torque curve for SPCCI engine of Mazda with previous generations 

In [48] the efficiency of previous Mazda’s engines, based on PCCI combustion, was assessed. The 

benchmark-by means of engine testing performed by EPA shows the better performance in significant 

engine points, see Figure 12-16. 
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Figure 6-23 BTE comparison of Mazda’s engine (SkyActiv-G) with other competitors and the BSFC evolution of 

new SkyActiv-X vs. SkyActiv-G 

 

Another important feature of the SPCCI engine of Mazda is the flat BSFC curve, see Figure 6-24, that 

allows little difference in fuel economy performance in the real world. Driving pleasure as combination of 

performance & efficiency is the global achievement of Mazda approach. 

 

 

Figure 6-24 Comparison of BSFC curve for Mazda’s SPCCI engine with conventional engine 

 

6.4.5 Reactivity Controlled Compression Ignition (RCCI) Combustion  

LTC dual-fuel combustion is commonly referred to as RCCI combustion and has been demonstrated 

extensively for diesel–gasoline and diesel–ethanol blends. In this LTC approach, two fuels with different 

auto-ignition properties are used. The system would have a main fuel with a high octane number and a 

secondary fuel with low octane number, that is use to ignite the air-fuel mixture. Different auto-ignition 

properties of dual-fuel systems are used to control the combustion phasing in LTC as blending two fuels in 
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different proportions changes their auto-ignition properties. In [41] a wide review of this combustion 

approach is presented by Rietz et al. Between the analysis reported, the main results obtained by his 

research group has been presented. Focusing on passenger cars, the experimental activities were carried 

out on 1.9L diesel Common Rail engine, with a rated power of 110kW and compression ratio equal to 

17.5. A port fuel injection system was retrofitted. The engine was used to investigated the combustion 

phenomena in RCCI mode, using different fuel mixture, including biofuels, and different engine control 

parameters, such as SOI, injection pattern, and intake temperature and pressure. The experimental 

activities have been supported by CFD analysis that led to combustion chamber optimization, modifying 

the piston bowl compared with diesel engine.  

A comparison in term of engine outputs between a Conventional Diesel Combustion (CDC) and the RCCI 

combustion performed with gasoline and a mixture E85 has been presented in [41] with more details in 

[236]. From Figure 6-25 it can be seen that the BTE of RCCI is higher than CDC at higher load. 

  

 Figure 6-25 Pressure and HRR in RCCI with gasoline (left), BTE for Gasoline and E85 compared to CDC (right) 

The NOx emissions of RCCI operation with E85 are lower than CDC operation, especially at high speed, 

as depicted in Figure 6-26. In the same figure PM emissions of RCCI operation were nearly zero. The soot 

concentration was estimated by correlation with the filter smoke number (FSN). 

The hydrocarbon emissions for G/D RCCI and E85/D RCCI were higher than for CDC operation (see 

Figure 6-27). RCCI with E85 provided decreased HC emissions compared to RCCI with gasoline and this 

decrease in HC was observed with increases in load and speed. 

The CO emissions followed the same trends as seen for the HC emissions, as shown in Figure 6-27. At 

lower load, CO emissions for RCCI with E85 were higher than RCCI with gasoline and vice versa at the 

higher load, but at all the loads and speed CO emissions of RCCI with both the PFI fuels were higher than 

with CDC operation. 

The exhaust temperatures as measured at the turbocharger outlet are shown in Figure 6-28. The exhaust 

temperatures for RCCI operation range from 22% to 35% lower than that of CDC operation. This aspect is 

a critical issue for the catalyst operation and has to be proper managed.  

Moreover in [41] a sensitivity analysis of HCCI, PCCI and RCCI versus intake pressure and temperature 

has been presented, resulting an high impact on combustion of these parameters variations. These facts 

confirm the need of a combustion closed loop control to compensate the dependence on mixture thermal 

variations. 
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Figure 6-26 NOx emission (left) and PM emission (right) in RCCI vs. CDC 

 

 

Figure 6-27 CO emission (left) and HC emission (right) in RCCI vs. CDC 

 

Figure 6-28 Exhaust gas temperatures in RCCI vs. CDC 

 

The LTC Control is one object of investigation in this PhD study and the main finding are illustrated in the 

Chapter #11.5 and published in [209,223,226]. Since the RCCI concept has shown to provide better 

control of combustion in more wide area of engine operations, without complex engine modifications 

compared to other approaches, the research activity was focused on it.  
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6.4.6 Summary of Advanced Combustions Benefits and Drawbacks for ICE 

The main features of the advanced combustion approaches are summarized in the following Table 6-3. 

The references are GDI turbocharged and Diesel Common Rail Turbocharged engines. 

Table 6-3 Summary of Advanced Combustion technologies benefits and drawbacks 

 

The RCCI allows a wider engine operation area, but it is weak in terms of cost and easy use for the end-

user. Indeed, in addition to duel fuel refilling, a de-NOx after-treatment device is needed in high power 

condition, due to lean operation like a diesel engine. The Spark Assisted HCCI combustion seems to be 

the batter trade-off between benefits and costs. In addition to the part load advantages, like other LTC 

approaches, the s-HCCI can operate in stoichiometric mode allowing the use of Three Way Catalyst, 

especially in high power conditions, avoiding expensive after-treatment for the NOx. 

 

6.5  Exhaust Gas After-treatment Technologies  
 

As mentioned the trend of new emission standards is towards zero tailpipe pollutant in real conditions; this 

is the aim of new standard cycles. With focus on EU regulations, the real conditions are verified for type 
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approval with higher load and colder conditions, for instance the test cycle starting at ambient 

temperature-7°C [5]. 

Focusing on SI engines, higher load can lead the engine to operate in a zone characterized by thermo-

mechanical stresses for the engine components, such as the turbine, that can be protected with dedicated 

cooling systems or by means of the enrichment of the mixture.  

The first solution is not suitable for all components and in some cases not sufficient. The new EU7 

standard forces to limit HC/CO and PM/PN emissions at high load, as a consequence the operation at =l 

is needed. To fulfill this technical requirement, avoiding performance reduction or engine specific power 

reduction, some technologies are mandatory (e.g. EGR, Water Injection) and they has been discussed in a 

previous section. 

The monitoring of PM and PN, in real conditions with lower limits, forces the improvement of the GDI 

combustion process with higher fuel injection pressure (>300 bar) [305, 320 ,321] and the adoption of 

dedicated exhaust after-treatment devices, like the Gasoline Particulate Filter (GPF) [321]. The support of 

an electric motor during load transient can help to reduce the PM/PN production by the engine in hybrid 

electric vehicles, but it can not avoid the GPF application. 

Gasoline Particulate Filter 

The GPF is an exhaust after-treatment device with the purpose of trapping particulate within its porous 

honeycomb ceramic substrate (wall-flow filter). Pores generally have a diameter in the range of 10 μm ÷ 

30 μm, trapping bigger particles and being passed through by the gaseous components. Ceramic is used 

for the substrates due to high temperatures which the GPF is exposed to, via extruding a porous ceramic 

material in order to obtain a monolithic cylinder. Blind parallel channels are made in the substrate, being 

alternately open/close at their upstream and downstream extremities, forcing gases to pass through the 

porous walls and to deposit suspended particles, see Figure 6-29. Particle agglomerates cumulate on the 

filtering surfaces, enhancing GPF capability to trap increasingly smaller particles, but also rising back-

pressure.  

 

 
 

Figure 6-29 GPF assembly and filtering scheme inside its channels 

 

The GPF is periodically cleaned through an oxidation of the deposits by means a procedure called 

«regeneration». Two different kinds of regeneration can be performed, depending on O2 availability and 

the temperature conditions: 

 

 Passive Regeneration, the GPF is capable of auto-regeneration, in case of sufficiently high 

temperature, without external energy contribution. 

 Active Regeneration, external energy contribution is needed to reach temperature for GPF 

regeneration (e.g. expansion injection of fuel to keep the combustion during the exhaust stroke). 

The GPF technology is derived by Diesel Particulate Filter (DPF). The following Table 6-4 illustrates a 

comparison of the main features and summarizes the data published in [237,238]. 
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Table 6-4 Differences between GPF and DPF (Veng: engine displacement) 

 
 

The higher DPF efficiency can be explained with the soot cake formation [238]. In GPF the soot cake is 

easily eliminated due to passive regeneration, favored by higher temperature during fuel cut-off events. 

There are a number of options for the positioning of GPF in the exhaust system, see Figure 6-30 from 

[239]: in the underfloor position, in a position close to the engine and behind a TWC or in a CC1 (Closed 

Coupled 1) position close to engine. All concepts respectively offer different advantages and 

disadvantages and impose various requirements on the coating which are contrasted below. 

 

Figure 6-30 Overview of the possible positioning of the GPF with the integrated TWC functionality in the exhaust 

system 

 GPF in the underfloor structure behind a TWC allows the GPF to be used as an “add-on” solution 

in many applications. The configuration of the application close to the engine can remain 

unchanged and the diagnosis of TWC in the CC position must not be changed either. A challenge 
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for using the GPF in the underfloor position is the soot regeneration of the filter. It must not only be 

guaranteed that the necessary temperature for the combustion of the soot is generated, but the 

necessary oxygen must be provided as well.  

 GPF in the CC2 position behind a TWC is characterized by good temperature for easy passive 

regeneration. The packaging is the main challenge, due to the positioning in engine compartment 

close to the engine. For this reason compact solution can be adopted, with negative effect on the 

backpressure.  

 GPF in the CC1 position is a closed-coupled position as the first catalytic component in the exhaust 

system offers the best conditions with respect to soot regeneration. The filter must have a low light-

off temperature even after severe ageing to ensure the emission in cold start, in the relevant cycles 

as well as under all RDE conditions. This low light-off temperature is primarily important because 

the filter substrate has a higher thermal mass than a conventional three-way catalytic converter 

discharge substrate and therefore has disadvantages during cold start. Another challenge is that the 

complete on-board diagnosis (OBD) must take place using the GPF since the GPF is installed at the 

CC1 position. This poses special requirements for the oxygen storage capacity of the GPF. For the 

diagnosis, it must be ensured that an adequate amount of oxygen storage capacity is available after 

relevant ageing, while the amount in fresh state must not be too high. These prerequisites for the 

coated GPF make it necessary to develop a special coating that can fulfil the requirements of 

positioning in CC1. 

Electric Heating Catalyst 

To cope with the cold start issue, a faster light-off of catalyst is requested. The main technological solution 

is the Electric Heating Catalyst (EHC), which offers advantages in conventional powertrain and higher 

electrification ones. In fact in HEVs, in cold starts condition, the thermal engine is maintained on until the 

catalyst reaches the operation temperature, delaying the pure electric mode operation. The EHC can 

accelerate the catalyst warm-up and maintaining it warm, extending the electric mode operation. 

 

The EHC system can be enabled by the introduction of 48V power net on board the vehicle, that can easily 

support the needed peak of power over 4 kW. 

In the EHC an electric coil is installed in a metal catalyst, and supplied and heated with energy from the 

traction battery. The electric catalyst is a thin catalyst disc directly followed by another, often ceramic, 

catalyst [147]. The resulting heat energy of the first catalyst disc is transported through the complete 

catalyst by secondary air or the exhaust gas flow. In this way the whole exhaust system is finally heated. 

The electrically heated catalyst is already being used in series in some high performance cars. This 

technology benefits from the increasing electrification of the powertrain, because higher voltages (> 12 V) 

allow a sufficient heating level (> 4 kW) and higher battery capacity from traction batteries can be used. 

As already proven in some studies [147,148], this technology allows a fuel saving versus the conventional 

light-off management, as illustrated in Figure 6-31. 

 

A similar temperature level can be achieved using electric heating or engine-based catalyst heating, even if 

the energy used in the EHC is much lower. This is predominantly the effect of the lower mass flow rate in 

EHC based catalyst heating than engine-based catalyst heating. Temperatures and mass flows at the 

catalyst using a range of different heating processes. This means that in engine-based catalyst heating the 

energy needed consists of two contributions: the first one is the energy needed to heat up the mass flow 

from the temperature reached during normal operation to the desired temperature. 

The second is the energy needed to heat up the additional mass flow to the desired temperature. This 

second contribution is needed to heat up the catalytic converter as fast as possible. Therefore, in order to 

achieve a defined catalyst temperature, an energy level that is almost three times as high as with electric 

heating will be necessary (Figure 6-31). Thus, in the context of modern automotive architectures, the EHC 

appears particularly interesting from the energy requirement point of view. 
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Figure 6-31 Comparison of primary energy used and resulting energy at the catalyst in the first 100s for identical 

emissions level using both heating processes [147] 

6.6 Engine Technology Cost Analysis 
Cost estimations for the powertrain manufacturers, during the early phase of technologies investigation or 

product development, are subject to several uncertainties. These uncertainties are related to information 

concerning the product and the production, including the production process and its resources. 

Nevertheless, especially when developing a new technology, the assumed product costs must be tracked in 

order to lead the product to a successful market introduction. The sources of technology costs are [80,87, 

93, 99]. Information coming from these works was reviewed, and the estimated costs at 2025 of the main 

technologies are summarized in the following Table 6-5. The baseline is a 4 cylinders Turbocharged GDI 

engine. 

Table 6-5 Costs of analyzed technologies 

 

 

6.7  Prioritization of Engine Air and Combustion Technologies  
The engine technologies analyzed in the previous chapters by means of the literature review and using the 

models that will be presented in Chapter #10, can be compared both in terms of CO2/energy consumption 
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on the reference cycles and, in a more effective and complete way, in terms of fulfillment of the design 

criteria and priorities coming from HoQ2.2, taking into account not only the GHG emission or fuel 

consumption, but also other technical characteristics linked to the purchase reasons of the vehicle (e.g. 

performance, fun to drive, etc.). In addition to the individual technologies, some interesting combinations 

among them and some powertrain architectures listed in the previous chapter are considered in this work. 

The combinations and architectures have been chosen considering the time horizon of 2025 and certain 

assumptions on the emission legislation. The comparison was made with the selection matrix shown in 

Table 6-6. The values shown in the matrix depend on the technology effectiveness in satisfying the 

different design criteria. In the lower part of the matrix, the technology ranking can be found. The ranking 

expresses the effectiveness of the technology and it is graphically summarized by the green and light blue 

histograms for human and autonomous driving, respectively.  

As it is clearly shown, the powertrain characteristics that impact on CO2 and emissions are still the most 

important both for human and autonomous driven vehicles. Conversely, the characteristics linked to the 

performances are more relevant for the human driven vehicles. The most effective technology 

combinations include a mix able to improve the limits of gasoline engines shown in the previous chapters. 

In particular, the downsizing from 4 to 3 cylinders, with a second turbocharger stage (e.g. electric type), in 

conjunction with Miller and port water injection is a particularly interesting solution. This best engine 

configuration has been optimized and assessed in terms of CO2 reduction by means of modelling 

simulations, obtaining the results shown in Chapter #12.1. 

Table 6-6 Selection Matrix of Technologies to ICE improvement (2025 timeframe)  
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However, another essential aspect is the value analysis (benefit/cost), where the benefit is weighted by 

means of the costs, summarized in the previous chapter. The Technology Value Ratio describes the 

relationship between the satisfaction of a requirement (benefits) and the use of resources (costs), according 

to the equation (3.2). 

For this aim, the function effectiveness is measured by means of the ranking in the selection matrix, Table 

6-6, whereas the costs are evaluated according to Table 6-5. By this procedure, the function/cost value, for 

each technology and their combinations, can be obtained.  

In Figure 6-32, the comparison of the technologies is shown both in terms of ranking from the selection 

matrix and of Technology Value Ratio. According to the last index, water injection, Miller cycle and 

cylinder deactivation are very promising technologies. However, to achieve the CO2 emission target a mix 

of engine technologies are needed even if these combinations (right side of figure) have a lower value, 

showing a growing powertrain cost in order to meet the legislation limits. 

 

Figure 6-32 Comparison of Technologies (Ranking and TechnologyValue Ratio)  

Alternatively, the technologies value can be defined as ratio between the percentage of CO2 savings and 

cost. This evaluation is depicted in Figure 6-33. Assuming that 1% of CO2 saving is slightly above 1 g/km, 

considering the baseline SI engine (125 g/km), it can be observed that all technologies and their mix are 

below the cost of the penalty (95€ /g) foreseen by the legislation. It is also important to remark that the 

affordable cost per gram of CO2 saving depends on the distance of the powertrain emissions from the 

legislation limit. This means that the application of the technologies at higher cost could be mandatory to 

achieve the legislation limits, as long as the cost itself remains lower than the legislation penalty. 
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Figure 6-33 Value Analysis of GDI engine Technologies [Cost/% CO2 Saving]  

 

6.8 Focus on Water Injection Effects on Combustion of GDI TC 

Engine  
 

The outcomes of the SI engine technology comparison have highlighted the high potentiality of the WI 

technology, and a deep investigation has been carried out in the research activity by means of : 

- experimental tests on engine dyno with a 4 cylinder Turbocharged GDI engine, equipped with a PWI 

system [217]; 

-  CFD simulations, to support the experimental activities and to enlarge the understanding of 

phenomena in the intake manifold and in the combustion chamber [218,225];  

- system analysis, to evaluate the achievements in terms of fuel economy and CO2 reduction [216]. 

An overview of the main results obtained by means of the first two activities is presented in this section, 

whereas the system analysis will be presented in Chapter #12.  

 

Experimental Tests 

Experimental tests have been conducted on a prototype Gasoline Direct Injection (GDI) turbocharged 

engine (Table 6-7), whose intake system has been modified in order to install port water injectors and rail. 

 

 

 

 



 
 

 

 

   

117 

 

 

 

Table 6-7 Specification of engine tested with PWI system 

Displaced Volume 1390 cm
3
 

Bore 76.5 mm 

Stroke 75.6 mm 

Compression Ratio 10.1 

Architecture L4, firing order 1-3-4-2 

Number of valves 4 per cylinder 

Exhaust Valve Open 580° BTDC @ 0.1 mm lift 

Exhaust Valve Close 356° BTDC @ 0.1 mm lift 

Intake Valve Open 358° BTDC @ 0.1 mm lift 

Intake Valve Close 132° BTDC @ 0.1 mm lift 

Maximum Torque 220 Nm @ 1500 ÷4000 rpm 

Maximum Power 103 kW @ 6000 rpm 

 

In Figure 6-34 and Figure 6-35 the modified intake manifold water rail and injectors position are visible. 

Water injectors location is as close as possible to the intake valves, according to the CFD indication about 

water evaporation dynamics [218]. Prototype water injectors and pump were developed by Magneti 

Marelli and are controlled by a RCP (Rapid Control Prototyping) system developed by the research group 

in collaboration with Alma Automotive, controlling injection timing and rail pressure, with great 

flexibility. 

.  

Figure 6-34 Detail of the experimental setup: modified intake manifold (red arrow) and water rail (green arrow) are 

visible. Water injectors are highlighted with blue circles. 

 

Figure 6-35 Images of water injector position in intake manifold and spry targeting  

Experimental data here presented have been obtained with constant injection pressure and timing, 10 bar 

and 360°CA ATDC (beginning of the intake stroke), respectively. Such values have the results of 

Injecto rposition 
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preliminary sensitivity analysis. Engine operating point as an example is 3000 rpm, 1.5 bar of intake 

manifold pressure, and stoichiometric mixture. Additional information about operating conditions are 

collected in Table 6-8.  

Table 6-8 Operating conditions for tests 

r In Cylinder Air 

[mg/cycle/cylinder] 
Fuel Mas 

[mg/cycle/cylinder] 
Water Mass 

[mg/cycle/injector] 

0 519.17 35.56 0 

0.2 495.38 33.93 6.78 

0.4 504.86 34.58 13.83 

0.6 500.63 34.29 20.57 

 

where r is defined as  

𝑟 =
𝑊𝑎𝑡𝑒𝑟 𝑀𝑎𝑠𝑠

𝐹𝑢𝑒𝑙 𝑀𝑎𝑠𝑠
 

(6.1) 

 

Combustion phasing  

Figure 6-36 confirms the significant water injection effects on combustion timing and larger markers 

identify maximum efficiency points. Another effect of the water injection is the shift towards lower values 

of CA50%MFB corresponding to maximum efficiency, as water quantity increases. In Figure 6-36 such 

value goes from about 11°CA ATDC for 𝑟 = 0 to about 6°CA ATDC for 𝑟 = 0.6.  

 

Figure 6-36 Effect of water injection on combustion phasing  

 

Indicated Mean Effective Pressure  

Figure 6-37 shows IMEP (Indicated Mean Effective Pressure) values. It results a slight reduction in the 

maximum IMEP achievable as water is injected. Larger markers identify maximum IMEP (and efficiency) 

points. 
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Figure 6-37 Measured IMEP as a function of CA50%MFB, for different water quantities; larger markers identify 

maximum IMEP (and efficiency) points  

 

Exhaust temperature  

Exhaust temperature reduction, should be evaluated (at least in a first analysis) at maximum efficiency 

points (highlighted in Figure 6-38 by larger markers). In fact, because of water injection effect on 

combustion duration, exhaust temperature slightly increases as water mass increases, for the same spark 

advance angle. 

 

Figure 6-38 Measured exhaust temperature reduction, depending on water ratio; bigger markers correspond to MBT. 

A reduction of about 50°C is achieved with 60% of water ratio  

Supposing the highlighted point for 𝑟 = 0 as knock limited (i.e., supposing knock intensity to be above the 

admissible threshold), the achievable gain in terms of exhaust temperature reduction is even greater than 

50 °C. 

Knock  

Experimental knock intensities is shown in Figure 6-39. The knock intensity is evaluated by means of 98th 

MAPO percentile. The Knock Limit (KL) indicated in figure is based on the empirical relationship: KL = 

Engine Speed/2000. What is particularly interesting is the knock intensity reduction for the maximum 

efficiency points (larger markers) as water mass increases. Inconsistently, for 𝑟 = 0.2, knock intensity at 

maximum efficiency is greater than for 𝑟 = 0. This is probably due to an ambiguous identification of the 
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maximum efficiency spark advance value. The selected operating point (1500 rpm, 1.5 bar) is not 

considered to be knock limited, and further investigation on higher load operation is required. Anyway, a 

slight reduction on knock intensity as injected water mass increases is verified. 

  

Figure 6-39 Comparison of knock intensity at different values of water/fuel mass; bigger markers correspond to 

MBT  

Last analysis is on Brake Specific Fuel Consumption (Figure 6-40). Basically, investigated water 

quantities do not affect engine efficiency, confirming that effectively water enables an extension of the 

engine operation, with no compromises. In particular with r=0.4 and an higher SA then baseline (r=0), a 

quite BSFC reduction has been observed (2%), with lower sensitivity MAPO/SA . 

 

Figure 6-40 Measured Brake Specific Fuel Consumption trends for different water ratio values  

 

CFD Simulations 

Numerical simulations can assist in designing water injection systems and in understanding the 

intertwined phenomena occurring from the water spray to the combustion. Some examples of CFD stud-

KL 
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ies have been presented recently in the literature [218, 269]. Two aspects combine: the realistic modeling 

of the water injection process and the robust knock risk prediction. Spray model validations are 

mandatory, for a proper description of the water and fuel distribution in the ports and in the cylinders.  

 

Concerning SI combustion modeling, it has been clearly shown that large eddy simulation (LES) is the 

proper method to account for all statistical phenomena from flame propagation to autoignition [270], at the 

expense of costly multi-cycle simulations. Using tabulated kinetics for ignition (TKI) combined with the 

extended coherent flamelet (ECFM) combustion model, the authors showed high accuracy in capturing 

knock frequency of occurrence and intensity, over a range of conditions.  

However, RANS is still the method of choice for large number of design space explorations [218, 269]. 

Some authors are proposing new advanced models with presumed probability distribution functions to 

include knock statistics upfront in RANS [271,272].  
 

In this section we first show validations of an overall engine model, then we investigate how port water 

injection affects combustion, and lastly, we quantify the IMEP gain that can be achieved adding water and 

re-optimizing the spark timing. The main purpose is a fundamental study on water injection behavior 

using CFD. The water wall film dynamics in the intake ports is of the utmost importance in this problem, 

and several engine cycles are needed to reach a converged behavior. Due to the costly method requiring 

multi-cycle simulations because of the port injection, we limited our range of investigation to a single 

engine baseline point, under a KLSA operating condition. We explored different water injection timings 

and pressures to assess the effectiveness of a fixed amount of water. A well validated G-equation 

combustion model was used to simulate multiple-cycles efficiently. Spark sweeps were then carried out by 

simply restarting the simulations on the last cycle slightly before the ignition, and adopting the ECFM 

model for the combustion coupled with TKI to add autoignition prediction capability. The CFD 

simulations showed to be very useful for estimating the charge cooling effect, the reduction of the burn-

ing rate and ultimately the power increase under the same KLSA criterion. 

Computational setup  

The engine used for the investigation is the same of the experimental activities, see Table 6-7, as well as 

the engine operating point, 1.5 bar of intake pressure and 2500 rpm of engine speed.  

The CFD model is built for a single-cylinder configuration, cutting out just one cylinder from the original 

4-cylinder geometry, as already presented in [218]. Figure 6-41 shows the geometry and how the CFD 

analyses were setup. Water injector and gasoline injector locations are highlighted with white cones in 

Figure 6-41.a and an example of spray patterns is shown with blue and red parcels, respectively, in Figure 

6-41.b. The airbox has been replaced by the hemispherical region positioned at the inlet of the single 

runner configuration. Being aware that during the closed valve period some water droplets could travel 

backwards toward the inlet boundary, because of convection or pressure waves, we checked simulation 

results and verified that no water mass was lost in any analyzed case. Therefore, the adopted inlet region 

(grey in Figure 6-41.a) is considered adequate for the scope of this work. The CONVERGE CFD solver 

has been used in this study, which uses a modified cut-cell Cartesian gridding method to automate the 

creation of the mesh at runtime (Figure 6-41.c). Various fixed and adaptive meshing refinement strategies 

were used, ad-hoc temporally and spatially activated, to achieve 0.75 mm cell size in sprays and 

combustion areas. Around spark a resolution of 0.1875 mm was used. More details about computational 

set-up are provided in the published work [225].  
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Figure 6-41 CFD engine model: geometry with injector locations (a); water and gasoline spray visualization (b); mesh (c) 

Spray Validation  

In order to build a reliable engine model, the preliminary focus was on the accurate setup and validation of 

the spray sub-models. Magneti Marelli is the manufacturer of both water and gasoline injectors and 

provided experimental data collected in a constant volume vessel.  

The water injector features a three-hole nozzle, with almost parallel and interacting jets lying on the same 

plane. All the three holes have been modeled so that the global asymmetric spray morphology is naturally 

reproduced. Injection rates and a population of atomized droplets based on RR distributions are prescribed 

as boundary conditions. Three injection pressures have been explored, namely 3, 6, and 9 bar, with an 

initial Sauter mean droplet diameter (SMD) of 74, 65, 60 μm, respectively. These values have been 

selected after a preliminary calibration based on the comparison of the simulated spray droplet sizes 

against measurements. 

As an example, the validation results for the 6 bar case are following illustrated. The water injected is 8.39 

mg at fluid temperature of 296 K in a chamber at 1bar and 373 K. Results are shown in Figure 6-42. 

Figure 6-43 shows a comparison of the measured and predicted SMD (=D32) and aver-age diameter 

(=D10), at 15 mm from the injector tip (z direction). Simulations are able to reproduce experimental trends 

and values in a satisfactory manner. Only minor differences can be observed, as the experimental curves 

show a mild peak in the center that is less evident in the simulations. 
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Figure 6-42 (a) Spray angles definition; (b) Grid size effects on spray patterns and on tip penetration 

 

Figure 6-43 Comparison of simulated and measured droplet diameters at various transverse locations at 15 mm from 

the tip 

Similarly, the model of 5 holes GDI injector has been validated considering as test liquid Exxsol-D40. 

More details are provided in the published work [225]. 

PWI Multi-Cycle Simulations 

The PWI injection generally causes impingement on the port walls or on the valves, and complex film 

dynamics is generated. Multiple cycles are required to model these phenomena. In the current im-

plementation of the ECMF combustion model it is not possible to handle more than one liquid species, 

therefore multicycle analyses have been conducted using the G-equation combustion model which has no 

restrictions in this regard and allows to have two different injectors with different liquids. The baseline SA 

of 14 CAD before top dead center firing (bTDCf) is knock-free, hence calculations with G-equation are 

correct. Within this framework, the focus of the first part of the work is on the amount of in-cylinder 

trapped water, on the amount of charge cooling due to evaporation, and on the peak pressure reduction 

with fixed SA. Later, in the second part of the study, we will switch to the ECFM+TKI combustion model 

to investigate knock occurrence by varying spark advance. 

Water injection cases that have been analyzed are specified in Figure 6-44.a. Five water SOI timings are 

considered at 3 bar injection pressure, ranging from 0 CAD to 540 CAD after top dead center firing 

(aTDCf). In addition, two pressures with equal SOI of 300 CAD aTDCf are investigated, namely 3 vs. 9 

bar cases, to assess the effect of injection pressure. Water mass is fixed at a 0.3 water-to-fuel ratio, and 

injection temperature is set to 308 K. Special care was devoted to prescribing wall tempera-tures for the 



 
 

 

 

   

124 

 

 

 

critical part of the intake port and runner surfaces. After a preliminary exploration of conditions assessed 

against available measurements, we set a spatially varying condition of the wall temperatures, with a 

linear variation from 330 K in the upstream part of the duct up to 420 K just before the intake valve. 

 

Figure 6-44 Timing and duration of each water injection case (a), and comparison of measured pressure vs. sim-

ulated in-cylinder pressure (b) 

Figure 6-44.b shows the comparison between the computed in-cylinder pressure and the experimental 

trace for the baseline case and for a case with water injected at 3 bar and SOI = 0 CAD aTDCf. It can be 

observed that the reduction of peak pressure due to water injection is to some extent underestimated. The 

main reason is attributed to the specific dynamics of the wall film accumulation and will be discussed 

further in next section. 

Water spray dynamics in the intake runner and ports 

Focusing on the intake runner and ports, results of the liquid water dynamics for each simulation are 

presented in Figure 6-45. In each chart three curves are shown: the cumulated injected water mass, in red; 

the cumulated mass of the water that reaches the cylinder in liquid form, in light blue; and the 

accumulated wall film mass, in green. Vapor phase is not shown for clarity, as it can be easily inferred 

from the information on the liquid phase. First, we notice that none of the cases under investigation leads 

to null wall film mass, meaning that the conditions are not sufficient for vaporizing or stripping off the 

total amount of water impinging on the walls. Also, none of the cases after ten cycles reached a steady 

state amount of accumulated wall film mass. Therefore, part of the water mass sticks to the walls and will 

not contribute to the anticipated scopes on the combustion mitigation. It is likely that in the engine point 

under consideration, longer times are needed to reach fully developed wall films and quasi-steady engine 

behaviors, which unfortunately means long and costly runs. In all the simulated cases, the water mass 

entering the cylinder is noticeably lower than the injected mass, decreasing the overall effectiveness and 

leading to an underestimation of the peak pressure reduction (cf. Figure 6-44.b). This effect can be further 

investigated in the future, also considering higher load points with higher operating temperatures to reduce 

the time scale of the phenomena. The results of all simulated conditions are provided in Figure 6-46, 

which shows the percentages, with respect to the injected mass, of the liquid entering the cylinder and of 

the liquid remaining on the wall. 

In conclusion, we observe that, from the point of view of spray dynamics, the most effective timing at 3 

bar injection pressure is the SOI = 180 CAD aTDCf, which produces the lower amount of wall film and 

the largest amount of liquid water reaching the cylinder.  
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Figure 6-45 Dynamics of liquid water in the ports and runner, focus on case (c) and (f), see the following Figure 6-46 

 

Figure 6-46 Liquid water balance in the ports and runner; percentages refer to the injected water mass 

When comparing the 9 bar injection pressure case against the low pressure case, at 300 CAD aTDCf SOI, 

we observe a rather effective reduction of the wall film (about 0.4x) and an increase of the in-cylinder 

trapped liquid water (about 2x). This is in agreement with what has been already observed in the previous 

published work [218] spanning various injection timings, suggesting that better atomization and shorter 

timings are potentially beneficial. Using higher injection pressure, the mass of liquid water entering the 

cylinder and evaporating with less wall contact increases substantially, therefore a larger impact is 

expected on the combustion. 

Impact on combustion 

Ultimately, the goal of water injection is to affect combustion. A comprehensive view of the water impact 

for the various cases is presented in Figure 6-47. The top left chart shows the reduction of the peak 

pressure caused by the water, normalized with respect to the baseline case without water, far all cases 

compared to measurements. The top right chart quantifies how much the combustion is slowed down in 

terms of MFB50 (crank angle of 50% mass fraction burned). The bottom chart reports the charge cooling 

effect, before spark, as the decrease of in-cylinder temperature w.r.t. the no-water case. 

The reduction of peak pressure which is achieved is in the order of 4÷6% according to the simulations, 

while measurements suggest a reduction of about 7÷8%, depending on the pressure. Experimental data 

were acquired for several injection timings, but a clear trend was not observed, and an overall data scatter 

and uncertainty of about ± 2% was observed. We previously noted that the accumulated water wall film 

mass in the simulation is not quasi-steady after 10 cycles, therefore this can explain the reduced 

(c) 

(f) 
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effectiveness provided by the model. Focusing on the effect of the injection pressure, we observe that due 

to improved atomization level, at constant SOI timing, the charge cooling effect increases, the peak 

pressure reduction is more significant, and the combustion slows down more, consistently. A reduction of 

about 2% in the peak pressure is observed in the simulations switching from 3 bar to 9 bar injection 

pressure, which correlates with measurements. 

Concerning the effect of the injection timing, at 3 bar, we observe that the ~300 CAD aTDCf cases behave 

as the worst, as the peak pressure is less reduced and the MFB50 is less retarded, in agreement with the 

previous conclusions on the spray dynamics (see results in Figure 6-46). The case at SOI = 0 CAD aTDCf 

does not strictly follow this criterion though, and despite the trapped water was not the highest, it produces 

the strongest impact on the combustion. This can be explained including other combined side effects. In 

particular, the amount of vapor being formed in the ports decreases the volu-metric efficiency and alters 

the average equivalence ratio. In this case, being ϕ = 1 in the baseline case, in the water cases the mixture 

tends to be slightly rich (injected fuel is kept constant) because of lack of oxygen replaced by vaporized 

water. This is more pronounced at 0 CAD aTDCf SOI and it explains the reduction of the combustion rate. 

In addition, as visible in Figure Figure 6-47.c, the effect of charge cooling for this case is not the largest at 

3 bar, so the peak reduction is a result of a slight decrease of combustion efficiency, as the air-fuel ratio 

variations are not compensated in the models. 

Results under similar KLSA 

Because water slows down the burn rate, the comparison in terms of performance must be made after the 

spark timing is re-adjusted to the same knock risk margin. As mentioned in the introduction, to do this we 

used the ECFM combustion model with tabulated autoignition data. We run several spark sweeps mapping 

the flow variables from the last available cycle and restart-ing the calculations with different SA timings to 

cover the combustion. Starting from -14 CAD aTDCf, spark is advanced up to -28 CAD aTDCf. Results 

are shown in Figure 6-48, in terms of heat release rate (HRR), maximum amplitude of pressure oscillation 

(MAPO), and lastly in terms of cylinder pressure under the same knock margin. MAPO is calculated by 

taking the difference of point pressure (in the most severe knock occurrence location identified) and 

average in-cylinder pressure, rectifying and taking the maximum, examples were documented in the 

published work [218]. 

As these simulations are run within the RANS framework, without any model for predicting the statistical 

occurrence of knock, we only expect the results to be representative of an ensemble average behavior. 

Knock is clearly non-linear and stochastic, but we are not modeling the likelihood of few cycles exhibiting 

knock. Therefore, results might not be comparable in absolute terms to experiments or ex-pensive multi-

cycle LES calculations, as to the capability of predicting the correct knock onset as SA is varied. 

However, the spark sweeps for various cases provide a consistent indication of the benefits achievable 

with water injection. 

With this in mind, the results for the case with water SOI = 360 CAD aTDCf, which is the most 

conservative in terms of benefits, show that sensible autoignition starts to take place at – 20 CAD aTDCf, 

as visible from the HRR curve, while the knee on the MAPO vs. SA curve occurs at -24 CAD aTDCf. A 

slight advantage is observed for the case with water SOI = 0 CAD aTDCf, which was more effective on 

slowing down combustion (see previous section). In this case at -24 CAD aTDCf, the MAPO level is still 

very small, but the onset is sharp as well.  

Considering that the MAPO knee was located at about -22 CAD aTDCf for the baseline no-water case, we 

conclude from these comparisons that about 2 CAD of spark advance are gained in this engine point, using 

port water injection with a 0.3 water-to-fuel ratio. The value found here is in good agreement with engine 

measurements already reported in [217], for the same engine point, which indicated a shift of about 3 

CAD for the same water-to-fuel ratio. Again, the underestimation could be linked to the time scale of the 

water wall-film accumulation already discussed. The benefits of a KLSA shift of 2 CAD are shown in 
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Figure 6-48.c, comparing in-cylinder pressure curves. The IMEP is 1.8% higher when water is used, 

therefore this improvement is also achieved in terms of overall thermal efficiency. 

 

Figure 6-47 Water effect on (a) peak pressure, (b) combustion phasing, and (c) charge cooling before spark, at -20 

CAD aTDCf. Spark timing is fixed at SA = -14 CAD aTDCf 

 

 

Figure 6-48 Effect of spark timing variation; Heat Release Rates at 3 bar injection pressure and water SOI = 360 

CAD aTDCf (a). MAPO vs. SA at 3 bar and SOI = 0 CAD and 360 CAD aTDCf (b); in-cylinder pressure curves, 

with and w/o water, under the same knock margin (c) 
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Summary 

The work has discussed the effects of PWI in a boosted GDI engine at medium speed and mid-load, under 

incipient knocking conditions, and it has used CFD models to analyze the impact and benefits of various 

water injection strategies. The work has investigated the effect of water injection timing and pressure, 

providing quantitative results for water spray dynamics and charge cooling effects, which are rather 

difficult to assess experimentally. Also, the results compare favorably with available measurements in a 

specific engine point in terms of combustion behavior and efficiency gain.  

Useful predictions can be achieved using a detailed CFD model, which can assist the design, development 

and optimization of water injectors and system architectures. Water injection timing clearly needs to be 

optimized, for a specific port installation position and operating conditions. In addition, the water 

atomization quality has been found to be a tangible parameter for optimum effectiveness of WI. The study 

has shown that an increase of the water injection pressure can lead to substantial benefits. 

Future work will be devoted to more extensive validation in multiple engine points, also considering 

different installation locations and injector designs, as well as different water-to-fuel ratios.  

 

6.9  Engine Waste Heat Recovery Systems 
 

A great amount of the energy in an internal combustion engine is discharged in the exhaust gas, in the 

cooling system and in the environmental, see Figure 6-49. The partial recovery of this energy can improve 

in significant manner the powertrain efficiency. 

 

 

Figure 6-49 In average conditions, about 2/3 of the energy stored in the fuel is lost through the exhaust and cooling 

systems of an ICE 

Engine Waste Heat Recovery (WHR) systems are a set of technologies that can increase overall efficiency 

of ICE based powertrains, bringing the maximum BTE over 50%. 

The energy can be harvested from engine cooling and exhaust gas and employed: 

 to accelarate the warm-up of the engine or the other sub-sytems; 

 to generate mechanical energy, used to reduce the engine load for the propulsion; 
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 to produce electric power, that reduces the alternator load or can be use for the electric propulsion; 

 to cool the cabin in alternative to the conventional A/C system, based on compression cycle. 

 

The next Figure 6-50 adapted from [130] shows an example of the potential benefits of the heat recovery 

systems in a sedan vehicle equipped with a 4 cylinders 1.6 liter Turbo GDI engine. Up to 10% of fuel 

economy can be achieved, depending on the driving cycle and the employed technology. In addition to 

kinetic energy recovery systems, withWHR systems a great part of fuel losses can be recovered. 

 

 

Figure 6-50 Simplified energy balance in vehicle with GDI engine and waste recoverable energy [130] 

 

6.9.1  Engine Heat Recovery Technology Options 

The WHR systems can be divided in two main families and an overview is presented in Figure 6-51. The 

classification depends on the form in which the harvested heat is converted: 

 Heat to Heat systems, that transfers the heat from exhaust gas or engine coolant to another fluid 

(oil, coolant, etc.); the main technologies based on this principle are: 

o Fast Warm-up system for engine, trasmission and cabin fast heating. 

o Adsorption Heat Pump (AHP), that converts heat to energy for cabin cooling. 

 Heat to Power systems, where the heat is converted in mechanical or electric power; the main 

technologies are: 

o Thermo Electric Generator (TEG), based on Seebeck effect the heat is transformed in 

electric energy. 

o Turbo-compound, that generates mechanical or electric power by means of a turbine 

driven by engine exhaust gas.   
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o Rankine Cycle (RC) system, that generates mechanical or electric power by means of a 

proper working fluid in a closed thermodynamic cycle.   

o Stirling Engine, that generates mechanical or electric power. 

 

The main features for each technology are ilustrated following, higlighting the working principle, the main 

benefints and technical challenges. 

 

 

Figure 6-51 Engine Heat Recovery systems: Heat to Power technologies highlighted in blue and Heat to Heat in 

orange  

 

Fast Warm-up system - An heat exchanger (see Figure 6-52), installed typically downstream the catalyst, 

transfers heat from exhauts gas to a fuid, oil or coolant for engine, transmission and vehicle cabin. The 

exchanger is bypassed when the warm up is finished or to reduce exhaust back pressure at high engine 

exhaust mass flow rate.  

The technology is suitable for Hybrid Vehicles [27,28], reducing engine utilization to maintain coolant 

temperature (thermal management) and improving the cabin comfort in winter conditions (faster coolant 

warm-up).  

The technology constraints are the managing of exhaust pressure drop and the avoiding of fluid boiling. 

The Fast Warm-up technology is considered key also in this study and its benefit will be shown in the case 

study in Chpater #12.1. 
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Figure 6-52 Description of Fast Warm-up operating modes 

 

Adsorption Heat Pump (AHP) – The cooling cycle is performed without the mechanical compressor, 

which is repalced by a “ thermal compressor”, the BED1 and BED2 in the Figure 6-53, that alternatively 

exchange heat with cabin and engine (exhaust gas or coolant). The working fluid is typical water or NH3 

and the adsoprtion material used in the two beds are Silica Gel or Zeolite.  

The capability to work also with waste heat at low temperature below 100℃ is a promisng feature for 

automotive applications. The system can be used for the cabin air conditionig or as a refrigerant. The main 

challenge are the system inertia and the maturity of the technology. The Volumetric Cooling Power (VCP) 

achievable is around 1000 W/Liter, comaprable with electric compressor cycle, and the Coefficient of 

Performance (COP) is in the range 0.4÷0.6, as reprted in [29, 30]. 

 

Figure 6-53 Scheme of an AHP system 
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Turbo-compound - An additional turbine, installed downstream turbocharger turbine, generates power 

output either electrical or mechanical (Figure 6-54, case a). It can be used as power boost or as a fuel 

saving component.  

In an alternative layout an elctric moto-generator is integrated on turbocharger shaft (Figure 6-54, case b), 

named typically e-Turbo. In this case, in addition to the energy recovery, the compressor assist is possible, 

allowing turbo lag compensation. The technical challenges of this system are: 

 the engine back-pressure, that reduces the advantage of the energy recovery; 

 the lowering of exhaust gas temperature, in case of the preferred installation upstream the catalyst, 

with negative impact on the catalyst performance; 

 the complexity of system in case of mechanical solution; 

 the relailabilty of electric motor, mainly due to high speed and thermal stress.  

 

 

Figure 6-54 Main layouts for the Electric Turbo-compound 

 

This technology allows fuel saving up to 4÷6 % in standard cycles, if it is used only for the energy 

recovery. This achivement is confirmed by some studies [33], among these one [38] of the thesis author. 

In case of architecture (b), the air boosting assist enables an higer degree of engine downisizing, that 

allows a fuel economy improvement up to 10%.  

The design and integrtaion of motor/generator with the turbocharger are the key aspects of the electric 

turbo-compund. In Table 6-9 a comparison of the possible elctric machines is presented, indicating a 

measurement of their features versus the technical requirements. In the published studies and demostrators 

the preferred solutions are the Brushles Direct Current (BLDC-PM) motor [240, 241] and the Varible 

Reluctance motors [107], both syncronous and switched: the first one for its performance and lower noise, 

the second ones for their benefit/cost ratio and relialablity. 
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Table 6-9 Comparison of the electric machines for Electric Turbo-compound  

 

 

Thermo-Electric Generator (TEG) – It works using an heat exchanger with thermoelectric generators 

layers between exhaust gases and engine coolant. The temperature difference between plates produces 

electron circulation (electric current), according to Seebeck effect. The electric production is performed 

with only one component and no moving parts, that is the main advantage of the technology. The used 

materials are different and in continuous evolution, the preferred ones are Bi2Te2 (Bismute Tellurure), 

Mg2Si and CoSb3 (skatterudite). The efficiency depends on a generating performance index of the 

material ZT according the following equation 

 

(6.2) 

 

For the typical materials ZT has a value between 0.2 and 1.4, depending on the temperature. The back 

pressure introduced in the exhaust line is negligible compared with the turbo-compound system. The 

technology challenges of TEGs are: 

• the efficiency, low with actual materials (<8% thermal efficiency); 

• the heat exchanger sizing (wall thermal resistance and conductance) and packaging; 

• the material costs, that lead to 1÷1.5 €/W for the over all system. 

 

Figure 6-55 TEG packaging and principle scheme of Seebeck cell 
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This technology allow fuel saving up to 1÷5 % in standard cycles, as confirmed by some studies 

[31,32,33], among these one [34] of the thesis author. 

The costs and the limited power density are the main barriers for this technology application in mass 

production. But many researches on new material can improve significantly the TEG systems. 

 

Rankine Cycle (RC) System – The system works with thermodynamic cycle based on Rankine process. 

The system (see Figure 6-56) is composed of the following parts: 

 the Pump, that feeds the evaporator with high pressure liquid;  

 the Evaporator, that generates high temperature vapor with exhaust heat; 

 the Expander, that expands vapor to produce mechanical work;  

 the Condenser, that turns low pressure vapor back into liquid.  

High fuel saving can by achieved up to 10% in real conditions. The back-pressure introduced by the 

evaporator in the exhaust line is lower compared with the turbo-compound system and it can be installed 

downstream the catalyst. These are the key advantages of this technology, that is very promising for ICE 

based powertrain, espcially elctric hybrid ones. 

The technical challenges to be managed are the proper matching of the system with the engine (heat 

exchange sizing, working fluid and expander), the system complexity and mainly the packaging. For the 

high potential benfits and synergy with electric hybrid powertrian a deep analysis of the technology is 

presented following.  

 

Figure 6-56 Rankine Cycle system components [130] 

 

6.9.2 Other WHR Systems 

Systems based on other thermodynamic cycles such as Stirling or Joule cycles are also among possible 

waste heat recovery technologies. The Stirling cycle engine doesn’t seem favorable for automotive or 

truck integration since it has been evaluated to be very heavy and not compact [242], therefore, few 

literature on automotive or truck integration is available. The Joule cycle engine presents also huge 

drawbacks for mobile applications of waste heat recovery. The Joule cycle engine has a gas-gas heat 

exchanger that requires a huge heat transfer area in order to achieve an high efficiency. This conclusion 

was reached by the only researchers that worked on a Joule cycle system for a mobile application in the 

open literature [243].  
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Other more exotic technologies have been investigated. As an example, a prototype vehicle moved with a 

thermophotovoltaic generator has been built [244]. This technology is based on the conversion of heat into 

photons that will produce electricity afterwards. However, this requires a very high temperature since the 

photon production is proportional to the temperature to the power. 

 

6.9.3 WHR System Comparison and Prioritization 

To summarize this state of the art review, it can be concluded that waste heat recovery technologies could 

be helpful in reducing CO2 emissions and three of them are emerging: Rankine Cycle systems, Turbo-

compounding and Thermoelectric Generators. This conclusion is also shared by different authors [33,129, 

130,131]. 

In particular [131] and the next Figure 6-57 present the comparison of the WHR technologies according to 

the two key technical parameters: the package and the heat recovery effectiveness. From figure the RC 

system has the better trade-off between the heat utilization and packaging. 

 

Figure 6-57 Energy utilization vs. package space of several heat recovery systems [131] 

Another important indicator for a passenger car application is the weight-to-power ratio. According to 

different information provided in the literature, Figure 6-58 has been drawn and introduces weight-to-

power ratio for the aforementioned waste heat recovery technologies. No data have been found however 

for the Joule cycle engine. For all other technologies, data comes from mobile applications and in priority 

from passenger car applications. For thermoacoustic generators, figures could not be found for car 

applications and data from a space probe has been used. Moreover mechanical turbocompound systems 

for cars does not exist and an additional weight of 5 kg to the electric turbocompound has been added to 

take into account the weight of the reduction gearbox. Figure 6-58 clearly shows the advantage of 

turbocompound units followed by Rankine cycle ones. 
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Figure 6-58 Weight to power ratio for different waste heat recovery technologies on a mobile application [33] 

The studies [34,38,133], where the author of this thesis has been involved, evalute the benfits in terms of 

CO2 of the TEG, the Electric Turbo Compound (ETC) and the Organic Rankine Cycle (ORC) system in 

passenger cars, by menans of simultions. The TEG and the ETC were applied to a B-class vehicle 

equipped with 1.3L 70 kW CR Diesel engine. The acheieved benfits in NEDC were 1.38 % for TEG and 

4.19% for ETC. The ORC was evaluted in C-class vehicle equipped with a 1.4L Turbocharged SI engine, 

risulting a CO2 saving of of 3.7% in the NEDC and 4% in the WLTC. In all the case studies an electric 

load of 350 W was assumed, thus the advanteges in terms of emissions were dervied by the alternatar load 

reduction. The achieved results are allinead with the anlysis presented in [33]. 

As a conclusion of thecnology analysis, it should be noted that the indicators presented in Figure 6-57, 

Figure 6-58 and the CO2 benefirs are not the only parameters to take into account in the choice of a waste 

heat recovery technology.  

Integrating the previous analysis, an aobjective comparisson is performed by the following selction 

matrix, where the effectiveness of the technologies is compered with technical specification coming from 

the Level 3 of QFD and cost index based on the information coming from technical literature 

[87,129,135,175, 130].  

Table 6-10 Selection Matrix of Exhaust Heat Recovery Technologies 
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According to the technical and economic criteria (Technology Value) calculated in the selection matrix, 

the Fast Warm up and Rankine Cycle systems are preferable technologies for passenger car application 

and for these reasons a detailed focus will be presented in the next paragraphs. 

 

6.9.4 Focus on Rankine Cycle Systems 

The implementation of the RC for vehicle waste heat recovery was originally considered in relation to 

heavy-duty long-haul diesel trucks. Cummins in 2014 showed the “Super Truck” program, sponsored by 

the US Department of Energy, where made much progress. The test results on road by a RC system 

installed on a diesel engine showed that the brake efficiency of diesel engine was increased from 47.5% to 

over 51%. Recently, a greater number of research groups [132,133,135] and vehicle manufacturers (e.g. 

Toyota, Honda, BMW, etc. [129,131]) are investigating RC applications to passenger vehicles and an 

increased application potential has been shown.  

RC System Architectures 

Different layouts are possible depending on the heat source: engine coolant and exhaust gas (including 

EGR), which carry a quite similar amount of thermal energy. However, exhaust gas shows a much greater 

recovery potential in terms of exergy because of a much higher temperature range. The preferred 

architectures for passenger car applications are mainly three: 

 Architecture 1 - the RC system utilizes the exhaust gas as the only heat source to evaporate the 

working fluid (Figure 6-59). 

 Architecture 2 - compared to the previous RC layout a recuperator is added before the 

evaporator, using the steam from the expander to preheat the working fluid (Figure 6-60). 

 Architecture 3 - in the RC system the waste heat from the engine coolant is used to preheat the 

working fluid (Figure 6-61). 

 

Figure 6-59 Architecture 1- the RC system utilizes the exhaust gas as the only heat source to evaporate the working 

fluid. 
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Figure 6-60 Architecture 2 of the RC in which a recuperator is added before the evaporator using the steam from the 

expander to preheat the working fluid 

Other layouts are possible, for instance with dual loops using exhaust and cooling sources (see [132]), but 

for cost, complexity and packaging issues they are not preferred for passenger cars. The regenerative 

preheating of the architecture 2 requires a very complex liquid-gas heat exchanger with high surface area, 

while the preheater in architecture 3 is only required. For some working fluids, e.g. organic fluids, 

architecture 2 (with a recuperator) is needed to cool down the vapor exiting from the expander, which is 

still superheated, to reduce the cooling load of the condenser. 

 

Figure 6-61 Architecture 3- in the RC system waste heat from the engine coolant is used to preheat the working fluid 

A novel integration of the RC is proposed and analyzed in this research activity, see Figure 6-62, with the 

aim to overcome the packaging and cost issues. In case of electric hybrid powertrain, the expander is 

linked to electric moto-generator (e.g. BSG) by means of the clutch CLT1. GB is a gearbox the can be 

used in case of high speed expander (e.g. Turbine). The clutch CLT2 connects the electric machine with 

engine shaft. In this architecture the Motor/Generator performs multiple functions, without the addition of 

a specific electric generator for the RC system. 
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Figure 6-62 Proposed RC system integration in electric hybrid powertrain 

Different operation modes are possible by means of the commad of the clutches:  

- with CLT1 and CLT2 closed the mechanical power from expander is transmitted to the wheel in 

parallel to engine or alternative both thernal machiens generates elctric power; 

- with CLT1 closed amd CLT2 open the power form RC system is used to generate only electric power, 

for istance if the energy harvested is higher than the load requested for the traction; 

- with CLT1 open and CLT2 close the motor is used to delivery power without the inertia of RC 

system, for instance during boosting monouvers.  

The benefits of this architecture will be studied by means of simulation on standards cycle and presented 

in Chapter #12. 

RC efficiency 

The thermodynamic efficiency of RC system can be expressed with the following equation: 

𝜂𝑅𝐶 =
�̇�𝑒𝑥𝑝 − �̇�𝑝𝑢𝑚𝑝

�̇�𝑖𝑛
 

(6.3) 

where �̇�𝑒𝑥𝑝 is the power from expander, �̇�𝑝𝑢𝑚𝑝 the power consumed by the pump to recirculate and 

pressurize the working fluid and �̇�𝑖𝑛 is the heat power delivered by the exhaust gas to the evaporator. 

Introducing the evaporator efficiency: 

𝜂𝑒𝑣𝑎𝑝 =
�̇�𝑒𝑣𝑎𝑝

�̇�𝑖𝑛
 

(6.4) 

and thermodynamic efficiency  

𝜂𝑡ℎ,𝑅𝐶 =
�̇�𝑒𝑥𝑝 − �̇�𝑝𝑢𝑚𝑝

�̇�𝑒𝑣𝑎𝑝
 

(6.5) 

the RC system efficiency can be obtained as a function of the 𝜂𝑒𝑣𝑎𝑝 and 𝜂𝑡ℎ,𝑅𝐶: 

𝜂𝑅𝐶 = 𝜂𝑒𝑣𝑎𝑝 ∙ 𝜂𝑡ℎ,𝑅𝐶 

(6.6) 
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The following Figure 6-63 clarifies the meaning of the variables in the ηRC definition and it illustrates the 

typical values of the power flows. 

 

Figure 6-63 Example of Energy balance in RC System, adapted from [130] 

In Figure 6-64 the comparison between an ideal and a real RC cycle is illustrated. The main not ideality 

causes are: 

 the finite size of the evaporator, that limits its efficiency; 

  the evaporator pressure drop and maximum pressure/temperature constraints; 

 the expander losses; 

 the condenser pressure drop, size and low pressure constraints. 

 

Figure 6-64 Ideal vs. real RC cycle in TS diagram 

Another way to measure the effectiveness of RC system in passenger cars, commonly used in the literature 

is the thermal efficiency 𝜂𝑡ℎ defined by the equation 

Ideal Real 



 
 

 

 

   

141 

 

 

 

𝜂𝑡ℎ =
�̇�𝑒𝑥𝑝

�̇�𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉
 

(6.7) 

in which ṁfuel is the engine fuel consumption rate and LHV is the fuel low heating value. Table 6-11 

summarizes the pros and cons of the three different RC architectures and the typical ranges of RC thermal 

efficiency ηth for passenger vehicle applications, as presented in [132]. 

Table 6-11 Comparison among the RC architectures 

 

RC Component Features 

In the considered architectures the evaporator can be installed on the engine exhaust line or EGR path. 

The back-pressure introduced by the evaporator in the exhaust line is lower than the turbo-compound 

system, but it has to be limited with a proper design, taking into account also the impact on weight 

increase of vehicle. In [301] an experimental characterization of back-pressure and its impact on LCV 

diesel engine is presented, demonstrating that with a proper RC sizing it can be contained. 

Working Fluid -When designing an RC system, special attention should also be paid to the working fluid 

selection, according to the heat source temperature, which has a significant effect on the system thermal 

and exergetic efficiency. The choice of the working fluid used in the RC depends on a number of factors 

including thermodynamic efficiency, environmental, safety, and process-related economic issues. For 

safety reason, alcohols and hydrocarbons, in spite of their good thermodynamic efficiencies, are not ideal 

candidates. Instead, refrigerants, which are used in automotive air conditioning systems, are usually better 

options. Generally, according to the slope of the saturation curve, the working fluid may be categorized 

into three different types: 1) wet fluid, 2) dry fluid and 3) isentropic fluid, see Figure 6-65.  

Water is a preferable working fluid for high exhaust gas temperatures ranging from 500 to 800 ℃, for this 

motive it is suitable for SI engines. In terms of the disadvantages of water, there is the requirement for 

superheating to avoid turbine blade erosion if such a machine is selected for the expander. Also, the high 

degree of superheating makes water less practical for automotive applications due to the variation of 

exhaust temperature at different load conditions. Also, water high freezing point (0 ℃) cannot meet the 

standard automotive working temperature range (−40 ÷ 85 ℃). Therefore, practical solutions to solve 

these issues need to be developed if water is chosen as the working fluid for RC vehicle applications. 

Most organic fluids are either dry fluids (e.g. R113, R245fa, R245ca, etc.) or isentropic fluids (e.g. R11, 

R134a, R123, etc.). Associated CFCs/ HCFCs have been rejected due to environmental concerns and 

phased out according to international protocols. Dry/isentropic refrigerants are widely used in small-scale 

RC applications because of their good heat transfer properties, excellent thermal stability and low 

viscosity. They are generally non-flammable, which is a great advantage for automotive application and 
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compatible with most materials. Under low temperature ambient conditions (−40 ÷ 0 ℃) they also do not 

freeze, which is a major benefit relative to water. 

 

Figure 6-65 Three types of working fluid: dry fluid, wet fluid, and isentropic fluid. 

It was also found that the heat exchanger effectiveness for R123 and R245fa is higher than that for water, 

and consequently when the exhaust temperature is relatively low, organic fluids can be considered 

appropriate for vehicle RC application. Organic fluids usually exhibit a lower power output than water, 

require an extra recuperator to reduce the cooling load of the condenser, have relatively low thermal 

instability temperatures. The selection of working fluid should be considered together with the expander 

for the specific vehicle RC application. 

Expander - The expander can be mechanically plugged to the engine or connected to an electric generator 

or to both, as illustrated in Figure 6-62. In the case of connection with engine the harvested energy is used 

with high efficiency, without other conversions, but the system doesn’t allow a versatile energy 

management, furthermore the expander speed is linked to the engine with not optimal operation. The four 

main types of expanders (turbine, scroll, screw and piston types) have their own advantages and 

disadvantages for passenger vehicle applications.  

The turbine expander has a compact structure, is light weight, and has high efficiency. However, design 

and manufacturing is very difficult, thus leading to a higher cost. The turbine expander also has lower 

efficiency under off-design conditions and cannot tolerate two-phase conditions. For the high rotational 

speed (50 ÷100 krpm), the turbine requires a gearbox for the direct connection and it can more suitable to 

combine with electrical generators for energy conversion.  

The scroll expander is characterized by lower flow rates, higher pressure ratios and much lower rotational 

speeds than turbomachines. It has a compact structure, fewer moving parts, lower levels of noise and 

vibration, and the most cost efficient design.  

A screw expander is highly efficient in off-design conditions. However, lubrication is required to avoid 

direct contact while achieving a seal between the lobes of the two rotors; this feature makes the screw 

expander relatively more expensive to fabricate than scroll expanders.  

Piston expanders have larger built-in volume ratio, high achievable operating pressures and temperatures, 

and low rotational speeds. All of the three displacement types of expanders (scroll, screw, and piston 

types) have the ability to tolerate two-phase flow. Table 6-12 from [132] summarizes the advantages and 

disadvantages of the different types of expanders for RC application to passenger vehicles.  
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Table 6-12 Comparison of different types of expanders for RC application to passenger vehicles 

 

 

Heat Sink- The heat sink can be the engine coolant or the ambient air. The firs one is the most 

stable source in temperature (80÷100°C) and capacity flow (3÷10kW/K), whereas air as heat sink 

allows lower temperatures, but higher temperature drops. The state-of-arts of RC systems is 

presented in the review study [132], from which the following Table 6-13 is extracted. 

Table 6-13 Summary of the works about the application of Rankine Cycle to passenger vehicles 

 
 

Rankine Cycle System Cost Estimation  

The economic evaluation is derived from data reported in [87,135,175] and it is based on estimations for 

the cost of the utility components: pump, expander, heat exchangers (condenser and evaporator). 

The cost value for every component is coming from the cost analysis of parts already known and with a 

large scale application in the automotive industry. The reference elements for the pump and the heat 
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exchangers are the components used for the air cooling installation in the vehicle, engine cooling and 

EGR. For the expander cost the engine turbo machines are benchmarked.  

The total utility cost is defined by the following equation: 

Cost RC= Cost condenser +Cost evaporator + Cost pump + Cost expander + Cost pipes + Cost fluid  in [€] 

(6.8) 

The following table summarizes the range of cost for each components considering a system in a range of 

power 5÷10 kW. 

Table 6-14 Cost breakdown of RC system 

Rankine Element Cost Range [€] 

Pump 30 45 

Expander 160 200 

Evaporator 80 100 

Condenser 30 40 

Pipes 25 30 

Working Fluid 25 30 

Total Cost [€] 350 445 

 

6.10 Transmission Technologies 
 

The task of the transmission is to transfer the power of the ICE and the ETD to the traction wheels at a 

proper speed. The transmission reduces the high propulsion machine speed to the lower wheel speed by 

increasing the torque. The use of automated transmission is key to implement management logics that lead 

the engine and electric motor to operate in high efficiency points and it will be mandatory for the 

autonomous driving implementation. 

 

Transmission Technology Options 

 

Three technologies are the main options for the future ICE based powertrains: the Automatic 

Transmission, the Dual Clutch Transmission and the Continuous Variable Transmissions.  

The Automated Manual Transmission (AMT) is applied in low cost market and is not considered of wide 

diffusion due to the issue of the torque gap during gear-shift and the limit in number of implementable 

gears.  

 

Automatic Transmission (AT) - This is a (globally) wide-spread solution for the pickup and SUV 

segment, due to torque overshoot at start-up. The gear ratios of an automatic transmission are realized via 

planetary gears. Synchronization is realized via multi-plate clutch, multi-disk brakes, etc. The start-up 

element is usually a torque converter. 

The main benefits are: good launch at vehicle take-off and the comfort, by means of a smooth ride. These 

transmissions are widespread for the heavier vehicles, especially in the US-market. It also enhances 

hybridization potential. 

 

Dual Clutch Transmission (DCT) - It combines almost the comfort of a conventional AT with the 

dynamics of a Manual Transmission (MT). The DCT comprises two independent and separate 

transmissions. The dual clutch connects both transmissions with the engine via two driving shafts in a 

force-locking manner. Furthermore, shift events are realized without interruption of traction. The 
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transmission management is operated via a mechatronic module (incl. ECU, sensors, etc.). For the smaller 

segments which require less power needs, a dry dual clutch is enough (no oil requirements), while higher 

power versions require a hydraulic system realizing a “wet” dual clutch. 

The main DCT benefits are modern and sportive reputation, increased fuel efficiency, less emission, high 

potential for hybridization and the combination of fuel economy, sport and automatic mode. 

 

Continuous Variable Transmissions (CVT) - Continuous variable transmissions use a variator in 

combination with a torque converter to realize fully variable gear ratios in a wide range. A torque 

converter is required for the drive away. 

The advantage of the CVT is the optimization of the engine operation points for optimal efficiency. With 

the CVT the engine can be operated on the maximum efficiency curve with the highest efficiency for each 

output power. 

The disadvantage is the relative low efficiency of the transmission in comparison to manual transmissions, 

dual clutch transmissions or automatic transmission. 

 

Higher number of gears for DCT and AT, respectively up to 8 and 10, reduces the gap versus CVT in term 

of engine efficiency. For this reason the DCT and AT are preferred in the next analysis. The number of 

speed and the selection of transmission ratio for each gear are fundamental to achieve the performance and 

the efficiency targets of the powertrain.  

 

For the electric motors a single transmission ratio is typical used in the architecture from P0 to P3. In case 

of P4 configuration a single speed or multi-speed up to 4 with automated gear shifting can be employed. 

The multi-speed transmission is employed to allow the electric motor operation in high efficiency points.   

As for the engine, the electric motor performance and efficiency are highly affected by the proper 

selection of transmission ratios. 
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7. The Vehicle Electric Power Nets  
 

 

 

 

The electronic control of accessory loads of powertrain, such as pumps and valves [24,36,57], has the 

benefits in relation to improved component operating efficiency, improved control, or reduced (parasitic) 

power loads. These components applied to conventional and alternative propulsion technologies, as 

illustrated in [36,57], allow the reduction of the real auxiliary power for engine operating. The powertrain 

electrification can take advantage from synergy with a general trend of electrical load increase, due to new 

vehicle functions and features desired by the end-user, for instance navigation systems, infotainment 

systems, etc. The next generation of vehicles are expected to have more vehicle electronics, which will 

push the threshold of the power source output over 3 kW, the present day limit for 12V power net. Next to 

12V, an increased onboard power net voltage such as the 48V is expected to rise the output power 

threshold by 4 times compared to today 12V power net, thereby not only better managing higher power 

requirements but also reducing the electrical current levels.  

Remaining at level of vehicle functions, the Automated Driving, with the enormity of electrical assist and 

electronic controls needed, is expected to peak current demands that a 12V alternator will be unable to 

satisfy, as highlighted in [24, 25] and Figure 7-1. 

 

 

Figure 7-1 Expected impact of the Automated Driving on electric and electronic architectures [24]  

The passage of high electric loads from 12V power net system to the 48V system has also benefits in term 

of vehicle mass and weight. 

In line with the reduced electrical current level, the size of wire harnesses will also reduce, thereby 

directly contributing to the total weight and mass reduction of a vehicle. 

48V also facilitates the switch from hydraulic and mechanical belt-driven systems to electrically powered 

systems, thereby eliminating the use of hydraulic pumps, belts, and hoses, thus further reducing the mass 

and volume at a vehicle level. 

The availability of 48V power net contributes to application of electric components at powertrain level, 

like the electric Supercharging, the 48V Electric Traction Drive and the Electric Heating Catalyst system, 

because the cost of battery and its management system can be shared among vehicle and powertrain 

subsystems. 

 

Furthermore in ICE based vehicles, up to 15% of the energy produced by the engine is used by other 

devices. Transferring auxiliary load from 12V to higher voltage (e.g. 48V) enables a better optimization in 

terms of fuel efficiency and emissions. 
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The following Table 7-1 shows the power estimation of the main onboard vehicle electric loads, 

considering the conventional loads and new electrified components (e.g. electric AC compressor). To 

estimates the maximum continuous load for the alternator a probability of use is defined, with the meaning 

of a contemporary factor. The estimation of electric load probability has been performed for a Compact 

vehicle on the basis of activation time in a WLTC driving, considering an increasing of 30% to take into 

account the realistic condition. The load of the electric Supercharging (e-Booster) is obtained from [268], 

whereas that of the EHC from [147,148]. The electric A/C compressor and the fan are considered active 

only during the stop phase of the driving cycle. The new electronic devices for the automated driving are 

only partially considered, because the technology is in continuous evolution and electric loads depends on 

level of autonomy (see Chapter #2.3). 

Table 7-1 Vehicle electric load evaluation for conventional and new electric devices 

 

The results in the table confirm the needed of power higher than the current systems. The electrification of 

the accessories is an opportunity to simplify the base engine, compensating the cost of new electric 

devices. Table 7-2 adjusted from [57] summarizes the impact of the new electric components considered 

in Table 7-1. 

Table 7-2 Powertrain impact of the new electrified devices 
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7.1 Vehicle Voltage Architecture definition 
 

Depending on voltage levels different power net architectures are possible. 

Single Voltage Architecture 

A single voltage vehicle system includes only one voltage level as found in current vehicles, such as a 

complete 12V system. All the loads and actuators work with a unique supply standard, see Figure 7-2. The 

battery typically is a Lead-Acid type and the alternator is a synchronous machine able to generate only 

electric power, with a rate below 3kW. 

 

 

Figure 7-2 Single Voltage and Single-Battery standard architecture (12V) 

 

Dual Voltage Architecture 

A dual voltage system includes two separate voltage systems, such as a 12V/48V or 12V/ HV system, see 

Figure 7-3. The battery typically is a Li-ion type and depending on the application, it can be substituted or 

supported by a super-capacitor. The electric energy is produced at 48V or HV and a DC/DC converter is 

used to transfer energy from 48V (or HV) side to 12V net. The electric machine is typically a Belt Starter 

Generator (P0 architecture) able to delivery also mechanical power to start and assist the ICE. This electric 

architecture is typical of Hybrid Electric Vehicles.  

 

 

Figure 7-3 Dual Voltage architecture (12V/48V), typical of BSG (P0) application 

 

High power consuming applications in the range of 500 watts to 5kW, such as EPS and e-AC compressor, 

are soon expected to follow once a 48V power net is installed in a vehicle. 
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Multi-Voltage Architecture 

A multi-voltage system is capable of generating three or more voltages. Voltage changes depending on the 

application and they are typically including at least an high voltage level, 48V and 12V, see Figure 7-4. It 

is typical of full Hybrid Electrical Vehicles, with voltage up to 800V, which requires a higher level of 

protection against electrical shocks.  

 

Figure 7-4 Multi-Voltage architecture (12V/48V/HV) 

 

 

7.2  The 48V Power Systems 
 

48V systems typically use dual voltage architecture, including a 12V net linked to the 48V net via a 

DC/DC converter as illustrated in Figure 7-3.  

Here in Figure 7-5 an example of a 48V system including a BSG and an electric supercharger is presented. 

48V standard has also a strong convenience in terms of electric system lower complexity (compared to 

HV systems) for vehicle hybridization and consequently lower system cost. 

48V systems are defined Low Voltage systems because classified as a Class-A component (<60 V DC & < 

30V AC) according to standard ISO 6469-1. The systems advantages related to this classification can be 

summarized following: 

 No need for electrical shock protection for users, such as galvanic isolation, interlock safety 

system, isolation monitoring functions. 

 No need for waterproof connector, class IP6X. 

 No need for creepage gap inside Power Board and internal components isolation. 

 Use of MOSFET transistor with enhanced low power efficiency. 

 No need of special licenses for service operators as for HV. 
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Figure 7-5 Example of dual voltage48V/12V electric power net architecture  

 

The following Table 7-3 summarizes the evolution of the vehicle power net in the near future taking into 

account the above analysis and considerations. The Dual Voltage architecture 48V/12V will see a large 

adoption to support the increasing electrification process of the powertrain and vehicle functions. 

 

Table 7-3 Power –net evolution in the near future  
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8. Technologies for Electric Propulsion 
 

 

 

 

8.1  Electric Propulsion System Architecture  
 

The conceptual typology of an Electric Traction Drive (ETD) system is depicted with blue blocs in the 

following Figure 8-1. The subsystem is integrated with other devices on-board the vehicle and it is 

powered by the electric battery, that can be recharged by the external power net in a plug-in vehicle. 

 

 

 

Figure 8-1 Electric Propulsion System Architecture 

The ETD systems can be classified for the electric machine type or for the supply voltage, as detailed in 

next paragraph. Many HEVs in production use ETD with a voltage up to 350 ÷ 450V [55,56, 177,229] and 

new high performance vehicles are expected with voltage up to 800V. But the technical options under 

evaluation in many studies and demonstrators [57, 114,58,60] use a nominal supply voltage of 48V, 

named Low Voltage (LV). 

An objective comparison of the Electric Traction Drive systems has to taking into account the main key 

technical parameters defined in the HoQ3.2. In addition to Power and Torque, instantaneous and 

continuous, the parameters described below have to be considered: 

Power Density – The power density is an extremely important feature due to limited space “under the 

hood” and in the vehicle. Packaging constraints vary with the different types of electric drive applications, 

but can be of greatest concern in vehicle types that have the most potential for reducing the vehicle fuel 

usage. 

Specific Power – The vehicle mass directly affects overall fuel efficiency and the benefits of the additional 

ETD can be greatly reduced if the mass is not carefully managed. Additionally, increasing vehicle mass 

complicates and may even prevent integrating ETD systems into vehicles. 

Efficiency - System efficiency is important, not only for the direct effect on fuel consumption, but equally 

important is that the losses (inefficiencies) are converted to heat, which must be removed with a thermal 

management system, that carries added cost, weight, volume, and system complexity. 
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Integration – Specific Power and Power Density, obviously affect the integration, with different impact 

depending on the ETD position. Another critical parameter is the supply voltage, because to ensure safety 

standards with high voltage system the electrical architecture increase significantly the complexity.  

The relevance of the ETD key technical and economical features in each electric hybrid powertrain is 

summarized in the following Table 8-1. 

As expected, the power and torque increase with electrification degree, as well as the efficiency 

importance, due to its impact on electric autonomy, whereas the integration is more critical for hybrid 

architectures. In general the specific power is highly relevant for all the systems, because of its impact on 

weight and energy consumption. 

 

Table 8-1 Key Features of Electric Traction Drives vs. powertrain architectures 
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8.2  Electric Traction Drive Components  
 

In the following paragraphs an overview of the ETD components is presented, with state of the art and 

some highlights on the next developments. 

 

8.2.1 Electric Motors  

Electric motors are energy converters that take in electrical energy as input and convert it to a mechanical 

power output. Electric motors have the benefit of being reversible when functioning as generators, hence 

mechanical power can be transformed to electrical power and stored in a battery. The best efficiency 

operating points of electric motor/generators are much better than ICEs, ranging from 75-96% depending 

on motor construction.  

The following Figure 8-2 shows the typical characteristic of an electric motor, with three regions: constant 

torque, constant power and reduced power. The nominal angular speed is known also “base speed”. The 

maximum speed can be the same of critical speed in case of the absence of the third region. Similar power 

and torque curves can be depicted for continuous and peak operation, see Figure 8-3. The peak outputs can 

be maintained for 30÷60 seconds and they are 1.5÷2 times higher than continuous values, depending on 

the motor type and power electronic capability.  

 

Figure 8-2 Normalized Torque and Power characteristic vs. speed of an electric motor 

The ETD technical specifications defined in Chapter #4.5 impact on the key points of the motor 

characteristic highlighted in Figure 8-3. In pure electric traction the vehicle requires a constant-torque 

operating region at low speed for starting and up-hill march and then a constant power speed range at 

higher vehicle speed. The continuous power at maximum speed determines the maximum speed of the 

vehicle on flat (F red square, for Flat). The continuous stall torque determines the maximum slope that the 

vehicle can climb continuously (U red square, for Uphill). Transient overload torque and power are 

limited by the inverter current rating (i0), and the combination of voltage and current limits (v0, i0), 

respectively. 
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Figure 8-3 Example of target specification for an electric vehicle adapted from [ 178] 

The electric motors can be classified in different ways. The typical classification takes into account the 

type of electric power supply according to Figure 8-4. In Figure 8-5 simplified cross sections of rotor 

(center rotating shaft) for the main motor types are depicted, giving an idea of the constructive features.  

 

Figure 8-4 Classification of electric motor types based on electric power supply 

Following the main features of the relevant motors for the car propulsion are summarized: 

DC- Motors - During the early 1900s the first electric cars featured direct current (DC) brush motors, due 

to the easy of transferring electricity from and to the DC batteries to power the wheels without great 

transformation efforts. DC motors have ever been prominent in electric propulsion, also because their 

torque-speed characteristics suit traction requirements well and their speed controls are simple. However, 

DC motor drives have bulky construction, low efficiency, low reliability and need of maintenance, mainly 

due to the presence of the mechanical commutator (brush), even if interesting progress have been done in 
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slippy contacts. Moreover, the development of rugged solid-state power semiconductors made it 

increasingly practical to introduce AC Induction and Synchronous motor drives that are mature to replace 

DC motor drive in traction applications. In fact, the commutatorless motors are attractive as high 

reliability and maintenance-free operation are prime considerations for electric propulsion. 

Today many automotive DC motors are brushless DC motors (BLDC), where the commutation of the 

current is performed electronically, which reduce friction losses, improve efficiency and are used in many 

automotive applications already, for example as servo motors. DC Motors are best suited for high moment 

at low shaft speeds and are limited by efficiency losses at high RPM values. Motors with permanent 

magnet rotors exhibit high cost for the magnet materials. 

 

Figure 8-5 Simplified cross sections of rotor for different motor types (red and green are the permanent magnets)  

AC Motors include a greater variety of motors for hybrid and electric powertrains, including types that 

reduce the need for expensive magnet materials. In this motor family the more relevant are the Internal 

Permanent Magnet Motors (IPM), the Induction Motors (IM) and Hybrid Synchronous Motors (HSM). 

Induction Motors - Cage induction motors are widely accepted as one of the suitable solution for the 

electric propulsion of HEVs according to their reliability, ruggedness, low maintenance, low cost, and 

ability to operate in hostile environments. In the past, induction motor drives were facing a number of 

drawbacks that pushed them out from HEVs electric propulsion. These drawbacks are mainly: high loss, 

low efficiency, low power factor, and low inverter usage factor, which is more serious for high speed and 

large power motor. These drawbacks have been overcome with an evolution of control technique based on 

sinusoidal PWM strategy. Today, induction motor drive is the most mature technology among various 

commutator-less motor drives. 

Internal Permanent Magnet Motors - The IPM motors are the most diffuse for the electric propulsion of 

HEVs. These motors have a number of advantages, which are: (a) overall weight and volume significantly 

reduced for a given output power (high power density), (b) higher efficiency as mentioned above and (c) 

heat efficiently dissipated to surroundings. However, these motors inherently have a short constant power 

region. In order to increase the speed range and improve the efficiency, the conduction angle of the power 

converter can be controlled at above the base speed. The speed range may be extended three to four times 

over the base speed. However, at very high-speed range the efficiency may drop, the motor may suffer 

from demagnetization. 

Hybrid Synchronous Motors – The HSMs are variants of the IPM motors with reduced quantity of 

magnet and a structure of the rotor similar to the variable reluctance motor. HSMs offer wider speed range 

and higher overall efficiency but more complex construction. 

In the family of alternative motors the more relevant one is the Switched Reluctance Motor (SRM). 

Switched Reluctance Motors – SRMs are gaining much interest and are recognized to have potential for 

HEV applications, mainly for their magnet free operation. These motors have the definite advantages of 

simple and rugged construction, fault-tolerant operation, simple control, and outstanding torque-speed 
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characteristics. A SRM can inherently operate with extremely long constant power range. There are, 

however, several disadvantages, which for many applications outweigh the advantages. Among these 

disadvantages, acoustic noise generation, torque ripple, special converter topology, excessive bus current 

ripple, electromagnetic interference (EMI) noise generation. All of the above advantages as well as the 

disadvantages are quite critical for vehicle applications. Acceptable solutions to the above disadvantages 

are needed to get a viable SRM based HEV. Nevertheless, the SRM is a solution that is actually envisaged 

for light and heavy HEV applications. 

 

Electric Machine Comparison 

The magnet rich IPM motors display higher torque and power at lower speeds, whereas the HSM and IM 

motors have the ability to offer sustained power at higher speeds. A property of all electric motors is that 

they produce the highest torque during the first two seconds of operation and can sustain a relative high 

level of power for the first 30-seconds. After the vertex point the power and torque properties taper off 

with motor speed as losses are encountered during continuous operation. 

A negative torque is induced during braking. This torque is subject to losses when changing electric 

polarity of the stator. Losses are more pronounced in motors with high permanent magnet content such as 

the IPM. The HSM and IM configurations thus have a marked advantage in switching from positive to 

negative torque and are better suited for continuous electrical driving. As support for the comparison, the 

Torque and Power curves for the different motor typology are illustrated in Figure 8-6. The speed is 

normalized with the respect to base speed. 

 

Figure 8-6 Comparison of different machine topologies for limited stator current, adapted from [56] 

In Figure 8-7 the exemplary efficiency map of different machine types is depicted. The lines are 

equipotential lines, that surround the range of an efficiency η > 85%. The PMSM (IPM) has its best 

efficiency at low speed whereas the induction machine and the SRM have their best efficiency at higher 

speeds and over a wider speed range. In this case the PMSM (IPM) would be the best choice. But if most 
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of the operation points are at higher speeds or over a wide speed range, the IM and SRM should be 

preferred. 

 

Figure 8-7 Exemplary efficiency maps of different machines with constant power [179] 

In the Selection Matrix in Table 8-2 a comparison of the electric motors for vehicle propulsion is 

presented. For power hybrid systems dimensioned to assist the internal combustion engine, IPM motors 

offer the best capability in terms of efficiency and low rotor losses at lower speeds. For hybrids that 

feature sustained electric driving hybrid synchronous motors (HSM) offer better performance 

characteristics in terms of power to weight and efficiency combining the benefits of IPM and IM 

configurations.  

Table 8-2 Selection Matrix with comparison of the electric motors for vehicle propulsion 

 

 

As a rule of thumb, when magnet material is replaced with windings the more complex and costly the 

electric control system and AC/DC inverter becomes. Asynchronous AC motors (IM) offer ferromagnetic 
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material savings and good efficiency for very high speed and power applications at the expense of a larger 

volume, more complex electronics and efficiency reduction for high torque loads. 

 

8.2.2 Power Electronics 

Inverter -The inverter is a device that coverts the high voltage DC electrical power from the high voltage 

battery into AC power used to power the electric motor/generator, see Figure 8-8. This functionality can 

be reversed during regenerative braking as the inverter rectifies the input current from the generator to 

charge the DC battery. 

 

Figure 8-8 Simplified scheme of 3-phase power Inverter with a DC/DC converter between it and the battery   

The inverter is typically a 3-phase converter, and it can be used to drive all AC motors and the BLDC 

motors. The difference among the machine driving is in the control technique adopted. Typically the 

Inverter includes the logic HW and SW to perform the electric machine control, as the scheme depicted in 

the following Figure 8-9. 

 

Figure 8-9 Scheme of an Electric Traction Drive controller  
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Focusing on power electronic components, the power modules inside the inverter use transistors MOSFET 

or IGBT based on silicon (Si) technology. The first type of transistor is employed for high switching 

frequency, necessary for high motor speed, up to medium power. For high power application typically the 

IGBT transistor is used, with limit on switching frequency. New power electronic device based on SiC 

technology are under development. A new generation of MOSFET is able to operate ad high power 

maintaining its pervious advantages, see Table 8-3 adapted from [181], with benefits on efficiency and 

power density.  

Table 8-3 Comparison between SiC MOSFET and Si IGBT  

 

. 

8.2.3  High Voltage vs. Low Voltage Electric Traction Drive Systems 

From the review of the technical literature on ETD is evident an interesting evolution of the 48V systems. 

From the first ETD systems characterized by low peak power up to 5kW, obtained as an evolution of 

classic alternator technology, the 48V electric drives have become even more power, achieving peak 

power up to 35 kW. With this evolution P2 and P4 architectures have been object of concept and 

demonstrator with the aim to implement not only mild hybrid vehicle but also full hybrid and plug-in 

vehicles. A detailed analysis on this potentiality will be presented in the next Chapter #12.1.  

In Table 8-4 the High Voltage and Low Voltage electric traction drive systems are compared, indicating 

the typical parameter values in technical literature. The comparison of HV and LV Electric Traction Drive 

systems has to take into account the main key technical parameters of HoQ3.2, presented in the previous 

paragraph #8.1. The state of arte of electric traction drive shows that 48V ETD systems are comparable 

with HV in term Specific Power/Torque and Efficiency. 

Cost Target - Cost is a dominant factor to select the proper ETD system. Hybrid and electric vehicles 

should cost no more than comparable ICE vehicles. The cost targets allow for a small price premium, but 

the cost difference should be no greater than that which could be recovered from the fuel savings in 3 

years [229]. 

The 48V ETD systems are favored to achieve the target cost, because they have less safety devices 

requested by the standards. Furthermore the lower electric complexity of LV systems is an advantage for 

ETD system integration in vehicle too. In [58] a comparison of HV and LV system costs are reported, see 

Figure 8-10. 
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Table 8-4 Comparison of High Voltage and Low Voltage (48V) Electric Traction Drive Systems 

Key Parameters (HoQ3.2) 
High Voltage  

(> 350 V) 

Low Voltage 

 (48 V) 

Peak/Continuous Mechanical 

Output Power/Gen. [kW] 

110(9795)     [55] 

125/75     [56] 

     25/na             [57] 

  14.7/na          [114]       

     30/20             [58] 

   na/20             [59]          

     25/na              [60]        

Peak/Continuous Mechanical 

Output Torque [Nm] 

320(3283)/na    [55] 

250/na    [56] 

50/na         [114] 

     110/80          [57] 

20/na            [60] 

Rated Speed [rpm] 
9795      [55] 

11400     [56] 

16 000        [114] 

16 500          [57] 

50 000          [60] 

Specific Power/Torque [kW/kg]  2.5/5       [56] 3.2/4             [60] 

Efficiency @ Maximum Continuous Power  96÷97 %         [57] 

Efficiency @ Maximum Peak Power Levels 97         [56] 90÷94%         [57]      

Machine Type 
PM          [55] 

PM-HSM     [56] 

PM          [57] 

IM         [114]              

PM          [58] 

PM          [59] 

PM          [60] 

Cooling Options 
water cooled   [55] 

water cooled  [56] 

water cooled        [57] 

water cooled        [60] 

water cooled     [114] 

Integration 
Demanding safety 

requirements 

Low safety 

requirements 

 

It can be noted that the price of LV systems is convenient compared with HV ones up to 60 kW. Further 

advantages in terms of costs can be obtained if we consider the aforementioned synergy with introduction 

of 48V power net. 

 

Figure 8-10- Comparison of the cost relative by system power and supply voltage [58] 
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8.3 Electric Energy Storage Devices 
 

Energy storage devices used in hybrid electric cars include the fuel tank for the internal combustion 

engine, the high voltage batteries (>12V) and super capacitors for the electrical system. The focus in this 

section lies on the electrical system storage devices, for which Lithium Ion and super capacitors will be 

discussed as the leading storage devices being developed for use in hybrid electric vehicles. An overview 

on new battery technologies is presented too. 

Perhaps the biggest hurdle for electric mobility is the fact that battery systems today offer so little 

volumetric energy density and specific energy. Table 8-5 shows how transportation liquid fuels are more 

than an order of magnitude higher in energy density over leading battery systems. 

Table 8-5 Energy content for various energy sources by mass and volume [86,182,183] 

 

 

Electric Traction Batteries – The electric battery for traction transforms electrical energy into chemical 

energy functioning as an energy storage device during load level increase and regenerative braking. For 

plug-in hybrid and electric vehicles the battery serves as an energy reservoir for electric energy supplied 

from an electric power source outside the vehicle. 

Energy stored in the electric battery can be readily used for powering the electrical onboard networks, as 

presents in Chapter #7.1, and to fulfill electric only driving or boosting by means of the electric motor 

converting electrical energy into mechanical energy. The battery pack itself is composed of battery 

modules of battery cells, see Figure 8-11. The various battery types differentiate themselves by battery 

chemistry of the anode and cathode, battery shape (cylindrical, prismatic, pouch or button), quantity of 

modules and number of cells. 
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Figure 8-11 Battery pack breakdown [184] 

Batteries are normally compared by specific power (W/kg) and specific energy content (Wh/kg). Figure 

8-12 shows the tradeoff between specific power versus specific energy of commercially available battery 

types according to [184]. Specific power is plotted in the vertical axis on a logarithmic scale. Specific 

energy is represented on the x-axis for a specified discharge rate say C/1 (full discharge in one hour). The 

light gray bands represent the power and energy capabilities of Lead-acid, Nickel-cadmium, ZEBRA 

(Na/NiCL2) and Lithium – polymer chemistries. Highlighted in green is the super capacitor band, in blue 

the nickel metal hydrate band and in red the variety of Lithium-ion chemistries. 

The appropriate cell chemistry for a particular hybrid car is dependent on the power and energy 

requirements of the electric propulsion system. Super capacitors offer high power discharge but very 

limited specific energy, whereas Lithium-ion batteries offer the broadest range of specific energy and 

power packaging.  

 

Figure 8-12 Specific Power vs. Specific Energy for various cell types from [185] 
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At the moment, Lithium-ion batteries represent the most widely used battery type for commercial 

applications of hybrid vehicles for their proven performance and safety improvement. Automakers will 

continue using Li-ion batteries in electric vehicles (EVs) for at least a decade as alternative technologies 

are still in the development phase. 

Lithium-ion Battery – Lithium-ion technologies display the greatest flexibility in selecting the optimal 

power to energy placement for the wide spectrum of hybrid electric vehicle applications from micro 

hybrids to plug-in hybrids and electric vehicles. Lithium is the lightest of metals and has the greatest 

electrochemical potential which makes it one of the most reactive of metals. It is for this reason that the 

typical cathode material does not use free lithium but rather a lithium compound. The anode material is 

typically made from graphite or silicon/carbon composites.  

Finally, the electrolyte is usually based on a Lithium salt in an organic solvent or a gel polymer with a 

porous separator. New batteries based on solid-state electrolytes are under study and development 

[322,323,324], with the aim of improving costs, safety and energy density (up to 2.5x compared with 

current battery based on liquid electrolyte). Table 8-6 applies for a Lithium-Cobalt oxide battery 

commonly used for laptop battery applications and consumer electronic products. Lithium-ion batteries 

containing cobalt are expensive for the high material cost of this metal. 

Table 8-6 Chimical Reaction for a Lithium-Cobalt Oxide Battery (for 0<x<1) 

 

The selection of cathode and anode material chemistries results in a tradeoff between voltage potential (V) 

and specific cell capacity (Ah/kg) as shown in Figure 8-13. Power cells use carbon or graphite based 

anodes along with high voltage cathodes, whereas energy cell configurations tend to use silicon-carbon 

composites. The voltage potential for Lithium-ion battery cells lies between 1.25V - 4.2V. For use in 

automotive applications Lithium-Manganese oxide (LiMn2O4) and Lithium-Iron-Phosphate (LiFePO4) 

are particularly interesting for their lower cost potential due to the use of less expensive metals. The latter 

is particularly favorable for its light weight, low cost and ability to eliminate explosive reactions during 

crash testing. Alternatively, NMC batteries are used for the high specifc energy.  

Safety is perhaps the most important consideration for automotive considerations as lithium-ion cells can 

experience uncontrolled reactions during overcharging that can lead to cell damage and short circuit 

battery discharge burn out. 

The following Table 8-7, adapted from [183], summarizes and compares the proprieties of current Li-ion 

different types of families. 
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Figure 8-13 Common chemistries of Lithium-ion battery electrodes and their open circuit voltage(top left); bottom 

tradeoff between voltage potential and capacity (bottom left); schematic of Lithium-ion battery structure (top right); 

example of standard cell open current voltage (OCV) potential (bottom right), from [134]  

 

Table 8-7 Properties and comparison of Li-ion batteries (0 means average performance, + advantage, - disadvantage) 

 

 

The main issue of the Li-ion batteries is the availability of the raw material used. The Figure 8-14 shows 

the mass of raw materials used in Li-ion battery of BEV and PHEV. Due to deposits concentration in 

limited areas of the world and taking into account the market increasing of electric propulsion systems, 

cost rising of battery materials is waited.  
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Figure 8-14 Mass of raw material used in Li-ion battery of two electrified vehicle from [184] 

 

Taking into account the future requirements of electrified vehicles, substantial developments are shaping 

up to decrease energy consumption and weight while increasing range for all types of vehicles. 

 

Figure 8-15 New battery requirements at 20025 [184] 

The material availability and costs and the requirements of higher density and specific energy are pushing 

the research towards batteries based on alternative technologies. 

Future Battery Chemistry 

Advanced Li-ion technologies [322,323,324], Li-air, Li-S, and Zn-air batteries are expected to be the most 

promising alternatives to the existing batteries in terms of energy density, safety, cost, and life cycle. 

Figure 8-16 from [183] summarizes the working principle of new batteries in research phase, whereas 

Figure 8-17 shows the comparison of specific energy and volumetric energy in comparison with the 

current Li-ion battery. 

 

Figure 8-16- Future battery chemistry 
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As all the technology developers are focusing on developing a battery that should be lighter and smaller 

with high energy density.  

 

 

Figure 8-17 Specific Energy and Energy Density of new batteries in comparison with current Li-ion [183] 

 

The summary of the comparative analysis between the current Li-ion battery based on liquid electrolite 

and new emerging technologies is illustrated in the next Table 8-8 and in Figure 8-18. All battery types, 

including Li-ion, are facing safety concerns, which have become the prime challenge. 

 

Table 8-8 Comparative analysis of new batteries in comparison with current Li-ion, adapted from [183, 322] 

 



 
 

 

 

   

167 

 

 

 

 

Figure 8-18- Comparative radar chart of new batteries in comparison with current Li-ion [183,322] 

 

Li-ion technology is the most promising solution for BEVs, due to the characteristics mentioned in the 

radar chart and the future improvements expected with solid-state electrolytes [322,323,324], that reduce 

the gaps with other technologies in terms of specifc energy and costs. However, Li-S batteries are 

expected to be the safest alternative technology and they are far more promising than Li-ion in the long 

term in terms of specific energy and density. Li-air batteries have the highest energy density across all 

chemistries, but practicality and adoption are factors still far in the future. 

Zn-air batteries have been suitable for consumer applications, and they are being developed for 

implementation in EVs. Zn-air technology is likely to be the most cost-effective solution due to the wide 

availability of materials. 

Summarizing, Li-S and Zn-air are likely to be adopted as future battery types in the next 5÷10 years, but 

Li-ion batteries will equally compete in the long run due to technological maturity and advancements of 

the chemistry. 

 

Super Capacitors and dual storage systems – Double layer capacitors, super capacitors or ultra- 

capacitors have been long considered as an ideal storage medium for micro and mild hybrid systems that 

only use energy for acceleration boosting, regenerative braking and the engine start-stop function. These 

storage systems offer high specific power for short periods of time (i.e. 3÷10 seconds). Capacitors have 

the benefits of better temperature operating ranges over batteries, and lower costs to manufacture [182]. 

The cell voltage of a capacitor is determined by the circuit application, and is not limited by the cell 

chemistry as with batteries. Very high cell voltages are possible; however, there is a trade-off with 

capacity. 
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Figure 8-19 Battery Cycle Life comparison [134] 

In comparing battery lifecycle between the three electric energy storage concepts, the advantages of the 

super capacitors stand out. Figure 8-19 displays the tradeoff between battery depth of discharge allowed 

by the control system and battery life measured in number of cycles. In order to increase the life of NiMH 

and Li-ion batteries, auto manufacturers limit the allowable depth of discharge window. For high power 

applications such as in HEVs the typical discharge window is limited to 20% allowing for a considerable 

life extension of the high voltage battery. In contrast in high energy applications such as with PHEVs and 

EVs, the depth of discharge window is set at 70÷80% to fulfill the all-electric range of the vehicle at the 

expense of battery life. 

Super capacitors can be combined with a primary battery system to provide an effective short duration 

peak power boost allowing the prime battery to be downsized. However, since the capacitor is normally 

connected in parallel with the battery in these applications, it can only be charged up to the battery upper 

voltage level and it can only be discharged down to the battery lower discharge level, leaving considerable 

unusable charge in the capacitor, thus limiting its effective or useful energy storage capacity and adding 

weight and bulk of the system, 

Disadvantages of super capacitors are in the low energy density and rapid self-discharge. During discharge 

capacitors tend to have a linear voltage drop that can pose a challenge in using all available energy. These 

shortcomings render super capacitors unsuitable as primary power source for EV and HEV applications. 
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9. Fuel Evolution: the Synthetic Fuels  
 

 

 

 

One of the pathways to move the powertrain of light duty vehicles towards the zero GHG emissions is the 

adoption of de-fossilized fuels, see Figure 9-1.  

 

 

Figure 9-1 Pathways towards a de-fossilization of the powertrain: focus on de-fossilized fuels  

 

The fuel analysis has to consider the complete fuel pathways from the production to the use, according to 

WTW approach. Figure 9-2 presents how the energy is transformed from primary sources to a variety of 

energy carriers (fuels) to be used in the different powertrains to move the vehicle. 

Primary Energy Sources  

At the moment, fossil fuels are used as the main input source of energy for making all other energy 

carriers, whereas renewable energy and nuclear sources are used mainly in the production of electricity.  

The biomass alternative has been effective in countries that have the land and resources available. 

Methanol, ethanol and biodiesel blends are created from biomass for standalone utilization or to mix with 

gasoline or diesel fuels. Biomass can also be used to produce Compressed Natural Gas (CNG), Liquefied 

Petrol Gas (LPG) or hydrogen. Countries like Brazil have been successful in developing a biomass 

infrastructure used to support an alternative vehicle auto industry. 

In last years the renewable electric power generation has been object of technological improvements, 

allowing short returns on in investments. For this reason, in many countries the installation rate of power 

plant based on sun and wind generation has overcome the conventional plants. 

The main issue of this kind of technologies is the discontinuity of power generation and the lack of 

infrastructure to distribute the energy from big power plant to users.  
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Figure 9-2 Energy to vehicle powertrains pathways 

 

Energy Carriers  

Years of research and development have gone into developing “cleaner fuels” and experimenting with 

developing varying stoichiometric mixtures of hydrocarbons [86]. In addition to the gasoline and diesel 

fuels derived from crude oil widely available around the world, liquid fuel compositions of similar content 

can be developed using Biomass-to-Liquid and Power-to-Liquids chemical processes. 

Among gaseous fuel Compressed Natural Gas (CNG) needs particular attention, because its use in ICE 

allows a significant reduction of CO2. Finally Hydrogen and electricity are alternative energy carriers that 

can be produced with several methods and with different impacts in terms of GHG.  

Biofuels - They are blends of gasoline or diesel with alcohol-based liquid fuels produced from biomass. 

Examples of ethanol biofuels are designated by the letter “E” along with the percent of ethanol blended in. 

For instance, E85 is a blend of 85% ethanol and 15% conventional gasoline. A known problem with 

biofuels is the competition for use of farm lands for fuel versus food production. New methods of 

producing “advanced” biofuels are being researched that decouple their production from that of food. Two 

such methods are the conversion of lignocellulosic material to fuel components via the use of enzymes and 

biomass gasification followed by a Fischer-Tropsch process, also known as Biomass-to-Liquid (BTL) 

[186, 187]. The latter process can use a range of biomass feedstocks from agricultural or municipal waste. 

Successful scaling of these processes can reduce the price of biomass-sourced fuels to the levels of 

common gasoline and diesel fuel [188]. 

CNG – This kind of fuel is methane stored at high pressure, typically 20-25 MPa, and it can be easily used 

in the current engines and it can lead to a reduction of CO2 emission, due to low content of carbon inside it 
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molecule. To facilitate the transport and the storage, the methane can be liquefied lowering the 

temperature below -162˚C, obtaining the so called Liquefied Natural Gas (LNG). This kind of fuels is 

object of interest for long distance transport (shipping and trucks), as volumetric energy density is 

approximately 2.5÷3 times that of CNG. The CNG can be produced also with synthetics processes from 

Biomass or from electricity with the son named Power-to-Gas processes. The last ones are similar to 

Power-to- Liquid processes presented in the following sections.   

The lower efficiency of the engine and the higher impact of CH4 slip as GHG (25 times higher than CO2), 

reducing strongly the advantages. A recent study [259] highlights that emissions due to leakage in the 

supply chain can be relevant. For this reason CNG/LNG well-to-wheel impacts are comparable with diesel 

cars [258]. Furthermore investment in adequate delivery infrastructure is the biggest barrier to mainstream 

adoption for the methane fuel. 

LPG - it is expected to generate enough demand to attract a viable infrastructure. LPG is comparable to 

gasoline with the added benefit of producing lower conventional pollutants. LPG is expected to remain a 

niche product within major markets as use is limited but still growing and fueling points are relatively 

inexpensive to install. 

Hydrogen –This energy carrier has the benefit of offering zero tail pipe emissions. However, currently the 

production of hydrogen is mainly based on steam methane reforming of natural gas, resulting in higher 

emissions than most other fuels when the entire production and delivery CO2 emissions are considered 

[230,231]. An alternative Hydrogen production method is from electrolysis. The energy required in 

separating hydrogen and oxygen in water molecules is larger than the amount of energy released in 

burning the produced hydrogen fuel. Electrolysis is also not a carbon neutral process and depends on the 

primary energy sources used in generating the electricity used. However, when hydrogen is produced with 

electricity stemming from nuclear or renewable energy sources the fuel takes on close to no CO2 footprint. 

Perhaps the most difficult problem of hydrogen fuel is the inability to contain the fuel for large periods of 

time. The hydrogen molecule is small enough to find its way out of a solid fuel container after several 

weeks. Technology advances in hydrogen production, distribution and storage will be necessary for 

successful broad commercialization. 

Electricity- It is as an energy carrier has the advantage of having multiple sources of production from 

primary sources. Electricity enjoys the advantage of having a well-established distribution infrastructure in 

most developed countries. Due to its wide availability and flexibility, it can directly compete with widely 

available fuel carriers such as gasoline and diesel for transportation purposes. The greatest limitations for 

electricity using for personal transportation is the lack of infrastructure of charging.  

e-Fuels - Promising carbon free energy carriers, alternative to hydrogen and electricity, are the synthetic 

fuels named “e-Fuels” or “Power-to-Liquid” fuels. They use as primary energy source renewable energy 

(from power and wind, etc.), that is transformed by means of CO2 and Water in liquid fuels, like gasoline, 

naphtha and etc. Another key advantage of e-Fuels is the use as valid mean to store and distribute 

renewable electricity, employing existent infrastructure. 

Vehicle technologies are commercially available for most of the fuels, with some limitation for hydrogen 

fuel cells. The commercial infrastructure for transportation is available only for the leading liquid fuels. 

Hydrogen is the only fuel with safety limitations as its highly reactive small molecule size is hard to 

contain. For refueling time and storage capability, liquid fuels are most practical with gaseous fuels and 

batteries showing considerable limitations. The energy used to produce each fuel and the “Well to Tank” 

emissions are based on a joint industry study for Europe [230]. In these last two categories the assessment 

particularly on electricity and hydrogen depend on whether the fuel is produced using renewable energy; 

the better assessments assume the use of renewable energy. Table 9-1 provides a comparison summary of 

the energy carriers based on the thesis author’s assessment. 
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Table 9-1 Energy carrier comparisons, based on research findings presented in this section (0 means average 

performance, + advantage, - disadvantage) 

 

 

9.1 Fuel Prioritization in transport sector: the e-Fuels 
 

Different energy carriers for transportation require different primary energy consumption and have diverse 

technology requirements for their implementation. Fuels have been prioritized according to the above 

characteristics. Direct electrification is the most energy efficient form of transport and is the main priority 

in all scenarios. Electrification can provide energy security, as it can be generated by a wide variety of 

means. Unfortunately, many transport subsectors are not suitable for electrification and will continue to 

rely on liquid fuels as a result of limited energy storage, power and weight issues: for example in long 

distance transportation such as trucks, aviation and maritime transport [4]. The powertrain electrification 

for personal transportation is also critical for the lack of charging infrastructures.  

Apart from electrification, the only other proposed solution for achieving a 100% renewable transport 

sector has, so far, been the use of biofuels. However, there are a number of concerns relating to biofuel 

production in 100% renewable energy systems, such as the availability of adequate land. Even though this 

problem is well reported [4], many biofuel technologies are well established on the market, primarily 

because they can be used directly or with slight modifications in the existing combustion engines that are 

available on the market today. Many biofuels are subsidized to encourage a 10% penetration in the 

transport sector by 2020, in line with European Union targets, blending the conventional fossil fuels. All 

EU members have either quota obligations and/or tax exemptions for implementing biofuels. There are 

some concerns about the extent to which biofuels really influence emission reductions.  

The conversion of electricity into liquid fuels via electrolysis could be beneficial in the future transport 

sector because output gas can be catalyzed into various types of fuels. Synthetic fuels based on renewable 

energy, so called e-Fuels, will be an important pillar for future fuel supply. Transportable and easy to store 

chemical energy carriers are beneficial to solve the target triangle of energy policy: environmental impact, 

economic viability and security of energy supply.  

Synthetic fuels overcome land-use problems, have no interference with the food supply, and provide 

solution for supply related issues of conventional fuels and biofuels. Methanol and DME are chosen as the 
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most promising types of fuels, primarily due to the well-known chemical synthesis for producing these 

kinds of fuels and since they can be used in existing internal combustion engines with relatively few 

modifications. Where possible, the produced fuel from syngas is assumed to be the methanol, because it is 

the simplest and lightest alcohol. It is also possible to use methanol as a petrol substitute in Otto engines 

due to its high octane rating, and methanol cars are a well-known technology. For example, methanol 

flexible fuel vehicles were available in the United States from the mid-1980s to the late 1990s. Today, 

China is the leader in using methanol for transportation with five different methanol gasoline mixtures 

available on the market e M5, M10, M15, M85 and M100. 

Moreover, methanol is a platform chemical used to produce a range of other chemicals and fuels so it is a 

flexible solution, see the next paragraph. 

DME can be used as an alternative to conventional diesel, and it is often characterized as one of the most 

promising alternative automotive fuel solutions due to the more efficient diesel engines. The first DME 

fueled heavy vehicle was developed by Volvo as a part of the development plan in the period from 1996 to 

1998. The conversion losses during dehydration of methanol to DME are gained due to the higher 

efficiencies of diesel engines compared to petrol engines. Therefore, the results for methanol and DME are 

similar and no distinction was made. It was assumed that methanol/DME could be used directly in all 

modes of transport except aviation. 

Methane is often considered as the easiest fuel to produce with synthetic processes, but the application of 

methane is too expensive since the existing transport fuel infrastructure is designed for liquid fuels. 

 

9.2  Production cycle of synthetic fuels: Power-to-Liquids  
 

The production cycle of synthetic fuels is named as Power-to-Liquids (PtL): electric energy, water and 

CO2 resources are converted in liquid hydrocarbons, as described in principle scheme of Figure 9-3 from 

[4]. PtL production comprises three main steps: 

1. Hydrogen production from renewable electricity using the electrolysis of water. 

2. Provision of renewable CO2 and conversion. 

3. Synthesis to liquid hydrocarbons with subsequent upgrading/conversion to refined fuels. 

PtL production results in a mix of gasoline, kerosene, diesel, and other fuel products.  

 

Figure 9-3 Power-to-Liquids production, principle scheme from [4] 
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There are two principle pathways to produce the renewable PtL e-Fuels: 

 Fischer-Tropsch (FT) synthesis and upgrading. 

 Methanol (MeOH) synthesis and conversion. 

Fischer-Tropsch pathway 

The Fischer-Tropsch process to synthetic fuel is commonly used in biomass-to-liquid (BtL), gas-to-liquid 

(GtL) and coal-to-liquid (CtL) processes. Instead of biomass, natural gas, and coal, respectively, hydrogen 

from water electrolysis is used (Figure 9-4). 

The Fischer-Tropsch synthesis requires carbon monoxide. In synthesis pathways like BtL and CtL, this is 

provided from the gasification of biomass and coal respectively. In the FT for PtL case, CO2 from 

concentrated sources or extracted from the air is used. The CO2 is converted to CO via an inverse CO-shift 

reaction using the reverse water gas shift process. The electricity demand for high-temperature steam 

electrolysis using a Solid Oxide Electrolysis Cell (SOEC) is significantly lower compared to the electricity 

demand for low-temperature electrolysis of water.  

 

 

Figure 9-4 PtL production via Fischer-Tropsch pathway (high temperature electrolysis optional) [4] 

 

In the case of high-temperature electrolysis, waste heat (220÷250°C) from the exothermic Fischer-Tropsch 

synthesis is used for steam generation, thus lowering the electricity demand. High-temperature electrolysis 

may furthermore allow for co-electrolysis of steam and CO2, producing hydrogen and carbon monoxide in 

a single step. In this case, an inverse CO-shift process step is not needed. Upgrading the FT-derived crude 

product to jet fuel and other hydrocarbons comprises several process steps, notably hydrocracking, 

isomerization, and distillation. These processes are commonly used today at largescale in crude oil 

refineries as well as in CtL and GtL plants. The share of products from the Fischer-Tropsch synthesis 

suitable for fuel use is about 50 to 60 % (by energy).  
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Methanol pathway  

An alternative pathway for the production of liquid hydrocarbons is via the intermediate product 

methanol. The pathway can build on industrially proven processes which have already been used for 

decades in various large-scale applications, such as natural gas reforming and synthesis to methanol 

(including methanol-to-gasoline conversion in some cases). The production pathway for the PtL methanol 

pathway is depicted in Figure 9-5 [4]. 

 

Figure 9-5 PtL production via methanol pathway (high temperature electrolysis optional) [4] 

If high temperature steam electrolysis is applied, the heat from the exothermal methanol formation and 

other synthesis reactions in the production pathway can be used for steam generation, analogous to the 

Fischer-Tropsch pathway. The electricity input for hydrogen production is lowered significantly and the 

overall power-to-fuel conversion efficiency increased. For the synthesis reaction to methanol both CO and 

CO2 can be used. A reverse water gas shift process or co-electrolysis of steam and CO2, as in case of the 

FT pathway, is consequently not a necessity.  

Conversion and upgrading of methanol to fuel comprises several process steps, notably DME synthesis, 

olefin synthesis, oligomerization, and hydrotreating. Gasoline produced via the methanol pathway is 

compatible to conventional gasoline used in cars.  

 

9.3 Technical and economic aspects of e-Fuels 
 

Technology Readiness of PtL Production 

Both PtL pathways (via Fischer-Tropsch or methanol) offer a high level of technology readiness. PtL can 

be produced from concentrated CO2 sources, using established industrial-scale processes with Technology 

Readiness Levels (TRL) between 8 and 9 [4]. While individual processes have been deployed at large 

scale, PtL full system integration is currently significantly progressed with the Fischer- Tropsch pathway 

demonstration plant by Sunfire in Dresden, Germany [69]. Improved processes for CO2 extraction from air 

(TRL 6) and high-temperature electrolysis (TRL 5) increase the production potential and efficiency, 

respectively [4]. Renewable electricity costs have dropped significantly in recent years, meriting a fresh 

look at Power-to-Liquids pathways. 
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The Aviation is the main transportation sector that is pushing the e-Fuel developments. 

Energy Efficiency of e-Fuel Production 

The energy efficiency (the energy effort required to produce a unit of fuel) of the Fischer-Tropsch and the 

Methanol pathway are about the same. Both processes are highly sensitive regarding how well waste heat 

from syntheses can be recuperated and used in, e.g. electrolysis or CO2 provision. Table 9-2 from [4] 

summarizes the production efficiencies “gate-to-gate” (fuel output vs. electric input) of the PtL pathways. 

Table 9-2 PtL production efficiencies “gate-to-gate” (fuel output vs. electric input) 

 

The energy efficiencies of PtL production pathways investigated in [4] can be as low as 38 % and as high 

as 63 % ‘well-to-tank’, subject to the combination of CO2 source and electrolyzer technology. 

Costs and Price  

e-Fuel costs are mainly determined by the renewable electricity costs (photovoltaic already < 3US 

Ct/kWh), in [74] the market price estimation is 2.0÷2.5 EUR per liter, representing a low and high 

taxation scenario. 

 

9.4 Environmental benefits of PtL with renewable resources 
 

The environmental benefits of PtL are evident when using electricity, CO2, and water from renewable 

sources.  

Greenhouse Gas Emissions 

Greenhouse gas emissions of PtL can be made near carbon-neutral “well-to- wheel”, when using 

renewable electricity and CO2 from biomass sources or the air. According to [230] the overall greenhouse 

gas emissions for production, transportation, distribution and dispensing of PtL from renewable electricity 

and CO2 are about 1 g CO2 equivalent per MJ of final fuel. Since renewable electricity and CO2 are used 

for vehicle fuel production, greenhouse gas emissions only occur at transportation, distribution and 

dispensing.  

Water Demand 

The amount of water needed can be estimated based on the overall process stoichiometry. Liquid fuel 

consists of hydrocarbons with a carbon number distribution between 8 and 16 (8÷16 carbon atoms per 

molecule). Assuming an average carbon number of 11 (corresponding to e.g. undecane, C11H24) results in 

the following net reaction for fuel production via PtL:  

12 H2O + 11 CO2 C11H24 + 17 O2 

This net reaction is valid for both the Fischer-Tropsch and the Methanol pathway. 
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Introducing the lower heating value of fuel amounts to about approximately 43 MJ per kg, the translation 

of energy into theoretical water demand is of 0.032 m³ per GJ of fuel. Considering the real process of fuel 

production, this value becomes 0.040 m³ of water per GJ of fuel, that means1.4 liters of water per liter of 

fuel are required. 

PtL water demand is almost negligible compared with biofuels. The following Figure 9-6 from [4] gives 

indications on the comparative sustainability performance of PtL. 

 

Figure 9-6 PtL water demand compared to selected biofuels (volume representation, PtL water demand  1.4 

LH2O/Lfuel/) 

Land use 

Considering the utilization in the aviation sector, [4] estimates a land use ten times lower than biofuel 

average.  

Pollutant emissions 

As a synthetic fuel, PtL offers improved combustion with less pollutants than conventional fossil fuels.. 

According to [73] a proper fuel design can lead to a significant reduction of ICE emissions. In Figure 9-7 

the effect of synthetic fuel in a diesel engine is shown. The utilization of a Fischer-Tropsch-Diesel, and 

thus reducing the aromatic content of the fuel, already improves the typical Soot/NOX trade-off. If 

then the fuel features increased oxygen content (e.g. 1-decanol), the trade-off becomes even more 

beneficial. In the investigated operative engine point a contemporary reduction of NOx and Soot of about 

four times are achievable compared with standard diesel fuel.  

 

Figure 9-7 Soot/NOx trade-off for different fuels at engine speed 2280 rpm and IMEP 9.4 bar 
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10. Models for Design and Technical-Economic 

Evaluations 
 

 

 

The simulation of the Vehicle and the Powertrain is a fundamental step to optimize and to evaluate the 

effectiveness of the technologies selected in the preliminary steps of design, presented in the previous 

chapters. Much information to evaluate new technologies relating to the powertrain can be found in 

literature or with proper experimental tests; however, the effects due to the technology mixing and their 

application to different vehicle segments can be predicted only thanks to the simulation approach.  

The adopted models must be at the same time adequately accurate and fast, to carry out evaluations on 

long driving profiles and to be used for system optimization. The author of this thesis has already 

presented in different previous studies vehicle and powertrain models with two main aims: system analysis 

and control design purpose. The models had different levels of complexity from MVM in 

Matlab/Simulink [36,133,145,146,154,155] to 1-D model in GT-Suite and AMESim [36,149]. Another 

application of these kinds of models will be illustrated in the Chapter #11.3.2, where the problem of 

control design is approached with co-simulation of Simulink and GT- Suite. 

The chapter presents a model that integrates the contributions of the previous and recent works. 

Furthermore some new subsystems and components have been modelled (e.g. cabin temperature and other 

powertrain components). The main purposes were the technical and economic evaluations to support the 

conceptual design and selection of the powertrain architectures and technologies, and the study of the 

energy management of the complex propulsion systems. To perform simulations and optimizations in long 

driving cycle, the low execution time (faster than reality) has been a primary requirement, researching a 

proper level of modelling to avoid lack of accuracy. The last point has been achieved using more complex 

models (e.g. 1-D/3-D) to generated date used in the simplified models. 

The following table summarizes the model classification according to their aim and their features, taken 

into account in the presented research activities. 

Table 10-1 Features of Model employed in this thesis 
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10.1 Vehicle/Powertrain Simulator Structure 
 

The simulator is based on 0-D models, whose scheme is depicted in Figure 10-1. Two main approaches 

are applied: 

 Quasi-Static Simulation (QSS) or backward-facing approach.  

 Dynamic simulation or forward-facing approach.  

The high level model outputs are: fuel consumption, emissions and performance, evaluated on different 

driving profiles (e.g. NEDC, WLTC, etc.). 

In addition, the vehicle Total Cost of Ownership and Life Cycle indicators for the CO2 and the Energy are 

provided. 

 
Figure 10-1 Scheme of 0-D model used for the powertrain system concept definition and analysis 

 

The main areas of work compared with the model baseline presented in previous works are: 

 Structure evolution, to simulate faster and with flexibility complex hybrid electric powertrain 

architectures (e.g. multiple electric machines and different transmissions).  

 Update of the ICE and Electric Motor maps generated by means of Willans method, to take into 

account the specifications defined in the preliminary design phase (Chapter #4). 

 Enhancement of the friction model of Engine and Gearbox. 

 Enhancement of thermal model for each sub-system and addition of new components (e.g. vehicle 

cabin, TWC with EHC, etc.). 

 Better integration of thermal flows between the powertrain subsystems. 

 Introduction of the Total Cost of Owner and LCA models.  

 Definition of Gear-shift logics and Energy management logics with model based approach. 
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Finally, a graphical interface allows configuring of the Vehicle and Powertrain systems, including their 

control logics, selected between the pre-set available systems.  

The following sections provide an overview of the main sub-models. 

 

10.2 Vehicle and Powertrain Quasi-Static and Dynamic Models  
 

The QSS models, described in [150,151, 152], assume that the vehicle always perfectly meets the required 

speed trace, calculating the required force to accelerate it at each time step. The vehicle speed is translated 

into rotational speed while the traction/braking force is converted to torque assuming some components 

efficiencies. The computation flows upstream, from the wheels to the prime movers, against the physical 

power flow. The main advantages of the latter backward-facing approach can be summarized as follows: 

 experimental efficiency tables (maps) are often computed in terms of speed and torque or power, 

so that they can be directly implemented within this approach;  

 it allows very simple integration routines (i.e. Euler) to be implemented with large time steps 

(typically 1s);  

 quick execution.  

 

The major disadvantages that can be encountered due to the implementation of a QSS approach are:  

 it is not suitable for "best effort" performance simulations, since it requires the theoretical speed 

profile to be always perfectly matched;  

 since the energy use is estimated by means of quasi-static steady-state experimental maps, its use 

does not take into account dynamic effects;  

 it is not based directly on relevant control signals for the vehicle (e.g. the throttle position and the 

brake pedal position).  

 

If the purpose of the simulator is to develop an appropriate and realistic description of the real control 

signals, for control hardware and software development, dynamic forward-facing models are needed 

[152]. They include a driver model that provides appropriate accelerator and brake pedal signals. The 

calculation proceeds from the prime movers through the transmission to the wheels, finally computing the 

vehicle acceleration. The main paybacks are:  

 measurable and realistic control signals and torques are used;  

 dynamic models and high frequency effects (i.e. elasticity and dampers) can be included;  

 WOT events can be simulated.  

Conversely, some of the major drawbacks are:  

 Lower simulation speed caused by the need of integration for vehicle components speed. They are 

executed at smaller time steps to provide stability and accuracy of the higher order integration 

scheme applied. 
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 The implementation of a PI driver model is not suitable for the integration of dynamic models into 

an optimization procedure based on dynamic programming (DP), since the latter proceeds 

backward in time.  

To overcome the disadvantages of both the QSS and the Dynamic Modeling paradigms, mixed 

forward/backward approaches have been investigated. The authors of [153] developed an extended 

backward-facing parametric library that is enhanced by additional forward-facing features, e.g. correction 

loops for the consideration of physical limitations of the machines, the wheels slip etc.  

In the next chapters, both backward and forward approaches are adopted. The key idea beyond both 

methodologies is that only the longitudinal vehicle dynamics is relevant to achieve the goal of optimal 

control strategies of interest. 

 

Figure 10-2 Forces acting on a vehicle on a road grade, see [136] 

 

In the next sections, a detailed description of the equations used to model the vehicle and powertrain 

behavior is provided for each component. The main difference between QSS and Dynamic approaches lies 

in the physical causality of the signal routing. 

Although the basic balance equations employed are the same, in many cases the input/output criterion is 

the opposite. Figure 10-3 depicts the schematic QSS model for the parallel HEV, REEV and BEV in 

study, while Figure 10-4 offers a representation of the dynamic input/output causality for the same 

electrified vehicle architectures. The powertrain model is flexible and can represent all the architectures 

presented in the previous Chapter #5. It can be observed that a major difference between the above QSS 

and the Dynamic model below lies in the causality of torques and speeds for the energy converters 

(machines and mechanical transmissions) and in the presence of a Driver, who tackles the desired speed, 

imposed by the Driving Cycle profile (DC). 
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Figure 10-3 QSS modeling physical causality of HEV components; (V) vehicle, (GB) gearbox, (TS) torque-split link, 

(M1/M2) EMGs, (P1/P2) power electronics/amplifier, (BT) battery, (C1,C2, CA and CWHR) clutches, (E) ICE, 

(WHR) Waste Heat Recovery system, (EMT) electric motor transmission, (PMS) powertrain management system. 

 

Figure 10-4 Dynamic modeling physical causality of HEV components: (DC) Drive cycle, (V) vehicle, (GB) 

gearbox, (TS) torque-split link, (M) EMGs, (P1/P2) power electronics/amplifier, (BT) battery, (C1, C2, CA, CWHR) 

clutch, (E) ICE, (WHR ) Waste Heat Recovery, (EMT) electric motor transmission, (PMS) powertrain management 

system 
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The following sections provide a full mathematical description of all powertrain components included in 

the vehicle models adopted. 

 

10.3 Models of Vehicle Sub-systems 
 

The equations reported in the next sections are valid for each vehicle model, both for the QSS and for the 

Dynamic approach, following the distinction in terms of physical input/output causality previously 

introduced.  

10.3.1  Driver 

The driver block consists of a PI controller that is aimed at reducing the error between the actual vehicle 

speed v(t) and the reference value vref(t), adapting the theoretical extended throttle αt(t) as follows: 

�̃�𝑡(𝑡) = 𝑘𝑝,𝐷  ∙ (𝑣𝑟𝑒𝑓(𝑡) − 𝑣(𝑡)) +
1

𝑇𝑖,𝐷
∙  ∫ (𝑣𝑟𝑒𝑓(𝑡) − 𝑣(𝑡)) 𝑑𝑡

𝑡

0

 

(10.1) 

The theoretical throttle αt(t) equals the physical throttle position in case of positive torque demand and 

corresponds to the brake pedal position when its value is negative. The theoretical value must be saturated 

as the following equations express: 

𝛼𝑡(𝑡) = {

100                                𝑖𝑓  �̃�𝑡(𝑡) > 100 

�̃�𝑡          𝑖𝑓   − 100 ≤  �̃�𝑡(𝑡)  ≤ 100

−100                            𝑖𝑓  �̃�𝑡(𝑡) < −100

 

(10.2) 

The driver model is only included in forward-facing modeling approaches. In case of parallel hybrid 

vehicles, this signal is transmitted to the PMS block, where the actual split factor is computed and the 

desired torques Treq(t) or powers Preq(t) are converted into ICE/EMGs commands. 

 

10.3.2  Longitudinal Vehicle Model 

The total traction force necessary to accelerate the vehicle can be split into four contributions, already 

presented in the chapter of powertrain conceptual design: 

𝐹𝑡(𝑡) = 𝐹𝑖(𝑡) + 𝐹𝑎(𝑡) + 𝐹𝑟(𝑡) + 𝐹𝑔(𝑡) 

(10.3) 

They represent the inertial Fi, the air drag Fa, the rolling friction Fr and the slope Fg forces. They can be 

calculated by means of the equations below: 
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𝐹𝑖 (𝑡) = (𝑀𝑣 +𝑀𝑟𝑒) ∙ �̇�(𝑡) 

𝐹𝑎 (𝑡) =
1

2
 ∙ 𝜌𝑎𝑖𝑟 ∙ 𝐶𝑥 ∙ 𝑆𝑓 ∙ 𝑉(𝑡)

2 

𝐹𝑟 = 𝑀𝑣 ∙ 𝐶𝑟 ∙ 𝑔 ∙ cos 𝛾(𝑡) 

𝐹𝑔 = 𝑀𝑣 ∙ 𝑔 ∙ sin 𝛾(𝑡) 

(10.4) 

where the vehicle mass Mv is the sum of chassis, powertrain, energy storage and payload masses according 

to the equation (4.11), that for easy reading is below reported: 

𝑀𝑣 = 𝑀𝑐ℎ𝑎𝑠 + 𝑀𝑝𝑤𝑡 +𝑀𝑒𝑠𝑠 +𝑀𝑝𝑎𝑦𝑙𝑜𝑎𝑑 

(4.11) 

The Mre includes all equivalent masses related to rotating elements of relevant inertia. For the parallel 

HEV, where the electric motor is always linked to the GB primary shaft, its value would be written as 

follows: 

𝑀𝑟𝑒 =
𝐽𝑤
𝑟2
+ 
𝐽𝑀 ∙ 𝜏𝑔

2(𝑢𝑔(𝑡))

𝑟2
 

(10.5) 

where the major inertias always connected to the driveline are the wheels and the electric motor, whose 

equivalent mass depends on the gear ratio τg ,that is as a function of the gearshift command ug(t). 𝐽𝑤 and 

𝐽𝑀 are respectively the wheel and electric motor inertias. Angular speed and acceleration of the wheels 

depend on the wheel radius r: 

𝜔𝑤(𝑡) =
𝑣(𝑡)

𝑟2
 

�̇�𝑤(𝑡) =
�̇�(𝑡)

𝑟2
 

(10.6) 

The wheel torque can be computed using the following rotational balance expression: 

𝑇𝑤 (𝑡) = 𝐹𝑡 ∙ 𝑟 + 𝐽𝑤 ∙ �̇�𝑤(𝑡) 

(10.7) 

If the forward-facing modeling approach is chosen, the causality of the considered block is inverted. For 

the vehicle dynamics block, the vehicle acceleration is an output and is computed by the equation (10.8). 

�̇�(𝑡) =
1

𝑀𝑣
∙ (
𝑇𝑤(𝑡)

𝑟
− 𝐹𝑎 − 𝐹𝑟 − 𝐹𝑔) 

(10.8) 

Similar considerations concerning differences between the input/output of QSS and Dynamic models are 

valid for the blocks described in the next sections. They will be omitted since the equations are suitable for 

both modeling paradigms. 
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10.4 Models of Powertrain Sub-systems 
 

This section presents the model of powertrain sub-systems and components. 

10.4.1  Gearbox  

The task of the gearbox block is to provide the current selected gear as a function of discrete input 

gearshift command ug(t), so that torques and speeds at the primary shaft, where the propulsion machines 

are installed, can be calculated by means of the corresponding overall gear ratio τg. The latter comprises 

the final drive gear ratio.  

As explained in the next Chapter, in case automated transmission (DCT, AT, etc.) a gearshift strategy is 

included in the PMS, to enhance the optimal gear selection. The gearshift command is then expressed as a 

function of vehicle speed and power requested as: 

𝑢𝑔(𝑡) = 𝑓𝑔(𝑉(𝑡), 𝑃𝑟𝑒𝑞(𝑡)) 

(10.9) 

Once the resulting overall gear ratio τg(ug(t)) is known, the angular speed and acceleration at the torque 

link on the primary shaft can be computed. 

𝜔𝑔(𝑡) = 𝜔𝑤(𝑡) ∙  𝜏𝑔(𝑢𝑔(𝑡)) 

�̇�𝑔(𝑡) = �̇�𝑤(𝑡) ∙  𝜏𝑔(𝑢𝑔(𝑡)) 

(10.10) 

The torque and power at primary shaft of the gearbox GB can be calculated as follows: 

𝑇𝑔(𝑡) =
𝑇𝑤2(𝑡)

𝜏𝑔 (𝑢𝑔(𝑡)) ∙ 𝜂𝑔
  

(10.11) 

𝑃𝑔(𝑡) =
𝑃𝑤2(𝑡)

𝜂𝑔
  

(10.12) 

where 𝑇𝑤2(𝑡) and 𝑃𝑤2(𝑡) are equal to 𝑇𝑤(𝑡) and 𝑃𝑤(𝑡) respectively, in case of the propulsion through 

single axle. ηg is the GB efficiency as a function of the gears and oil temperature Tog(t), to take into 

account the friction losses and their dependence on variation of lubricant viscosity. 

𝜂𝑔(𝑡) = 𝑓𝜂𝑔(𝑢𝑔(𝑡) , 𝑃𝑤(𝑡), 𝑇𝑜𝑔(𝑡)) 

(10.13) 

The function 𝑓𝜂𝑔 is implemented by means of look-up tables and experimental data that can be collected 

applying the procedure presented in [137,138].  

The assumption of ηg as a constant can lead to significant model error in cold and warm conditions, due to 

its high variability, as confirmed in [138] for an AT (see Figure 10-5) and in [139] for a wet DCT (see 

Figure 10-6) employed for high performance powertrains. 
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Figure 10-5 Ford Fusion thermally sensitive simplified transmission model, gear efficiency as a function of lubricant 

temperature [138] 

The energy losses in wet DCT are caused by the wet clutch related components and they can exceed 40% 

of the total transmission energy dissipations. To overcome this issue, for lower performance vehicles, the 

dry clutch is employed achieving the same efficiency of a MT gearbox.  

 

Figure 10-6 Sample of the experimentally measured DCT efficiency values as functions of input torque and different 

transmission temperature: (a) ωin =1000 rpm, T = 30 °C; (b) ωin =1000 rpm, T = 70 °C; (c) ωin =2000 rpm, T = 30 °C; 

(d) ωin = 2000 rpm, T = 70 °C [139] 
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The gearbox oil temperature Tog is obtained by means of a grey-box model based on thermal energy 

balance of the gearbox and is presented following. The Fast Warm-up system can speed-up the oil heating, 

with benefit on vehicle fuel economy, as illustrated in the next sections. 

 

10.4.2  Electric Axle  

The equations (10.11) and (10.12) are valid also for torque Tm1  and power Pm1 of the electric motor M1 in 

P4 configuration, for HEV, REEV and BEV: 

𝑇𝑚1(𝑡) =
𝑇𝑤1(𝑡)

𝜏𝑒𝑚𝑡(𝑢𝑒𝑚𝑡(𝑡)) ∙ 𝜂𝑒𝑚𝑡
  

(10.14) 

𝑃𝑚1(𝑡) =
𝑃𝑤(𝑡)

𝜂𝑒𝑚𝑡
  

(10.15) 

where uemt(t) is the command on axle transmission, that typically has one or two gears, τemt is gear ratio and 

ηemt the efficiency, for which the same consideration aforementioned are valid.  

In case of propulsion through a single electric machine 𝑇𝑤1(𝑡) is equal to 𝑇𝑤(𝑡), otherwise, in case of two 

electric machines, the totoal torque to the wheels 𝑇𝑤(𝑡) is splitted according the factor 𝑢𝑡𝑠1(𝑡), defined 

with the following equation (10.19).  

 

10.4.3 Torque/Power Split 

In case of HEV, in the torque/power split link (mechanical link upstream the gearbox) the torque/ power 

balance leads to the following equation, that distibuites the power/torque between the ICE and the electric 

machine M2: 

𝑇𝑔(𝑡) = 𝑇𝑖𝑐𝑒(𝑡) + 𝑇𝑚2(t)  

(10.16) 

𝑃𝑔(𝑡) = 𝑃𝑖𝑐𝑒(𝑡) + 𝑃𝑚2(t) 

(10.17) 

The control input of the PMS is the torque split factor uts(t) and it is expressed by the equation below: 

𝑢𝑡𝑠2(𝑡) =
𝑇𝑚2(𝑡)

𝑇𝑖𝑐𝑒(t) + 𝑇𝑚2(𝑡)
  

(10.18) 

This definition can be expressed alternatively in terms of power ratio and is valid only for the architectures 

where ICE and EM are connected upstream the gearbox (i.e. P0, P1 and P2 configurations).  
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In case of HEVs or BEVs architectures with two or more electric machines (e.g. P4+P2), that can generate 

torque/power contemporary linked to different axles (i.e. front and rear axles), another split factor is 

introduced to take into account the split between the two differnent drivelines: 

  

𝑢𝑡𝑠1(𝑡) =
𝑇𝑤1(t) 

𝑇𝑤(t) 
=

𝑇𝑤1(t) 

𝑇𝑤1(t) +𝑇𝑤2(𝑡)
  

(10.19) 

where the torque are referred to the wheel shafts. In the next chapter the logic for the splitting will be 

presented. 

 

10.4.4  Clutches 

The torques coming from the clutch blocks depend on the current status of the clutches, which can be a 

simple discrete on/off command or an accurate signal describing the realistic command of the clutch 

actuator, capable of describing both stick and slip phases. In the present dissertation the slipping of the 

clutch is not considered. 

In both QSS and forward-facing models utilized in the simulations described in the next chapters, the 

clutch command is a discrete variable, identifying the engaged and the disengaged status as follows: 

𝑢𝑐(𝑡) = {
1  ⟹ 𝑇𝑐,𝑖(𝑡) = 𝑇𝑖(𝑡) 𝑎𝑛𝑑 𝜔𝑐,𝑖(𝑡) = 𝜔𝑖(𝑡) = 𝜔𝑔(𝑡)

0  ⟹ 𝑇𝑐,𝑖(𝑡) = 0        𝑎𝑛𝑑     𝜔𝑐,𝑖(𝑡) = 𝜔𝑔(𝑡)            
  

(10.20) 

When the clutch is engaged and sticking, the following equations describe the identity of input/output 

torques and speed:  

𝑇𝑐(𝑡) = 𝑇𝑖(𝑡) = 𝑇𝑜(𝑡) 

𝜔𝑖(𝑡) = 𝜔𝑜(𝑡 

(10.21) 

The following Figure 10-7 helps to describe the clutch model. 

 

Figure 10-7 QSS schematic representation of a friction clutch element block 
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10.4.5  Internal Combustion Engine Model 

The representation of ICE models aimed at system analysis and optimization or definition of the energy 

management supervisory are often a simple experimental steady-state maps or black box model, based on 

polynomial model or neural networks [154,155]. 

 

Fuel Consumption 

An example of Brake Specific Fuel Consumption (BSFC) for a SI engine is illustrated in Figure 10-8. It is 

related to a 4 cylinders 1.4L Turbo GDI engine, that is the baseline engine for the analysis of the C-

Segment vehicles in this work. 

If the engine is mechanically connected to the driveline, an internal engine torque and power can be 

computed, considering its inertial term 𝐽𝑒 : 

𝑇𝑒(𝑡) = 𝑇𝑖𝑐𝑒(𝑡) + 𝐽𝑒 ∙  �̇�𝑒 

𝑃𝑒(𝑡) = 𝑃𝑖𝑐𝑒(𝑡) + 𝐽𝑒 ∙  �̇�𝑒 ∙  𝜔𝑒 

(10.22) 

Once the net engine torque is known, the fuel mass flow is done by means of the previously introduced 

BSFC map, based on the current operating point, with the well-known expression: 

 

�̇�𝑓𝑢𝑒𝑙(𝑡) = 𝑃𝑒(𝑡) ∙  𝐵𝑆𝐹𝐶(𝐵𝑀𝐸𝑃,𝜔𝑒) 

(10.23) 

 

 Figure 10-8 BSFC map of 1.4L Turbo GDI engine (baseline) 

where the BMEP is easily obtained from the torque Te(t) and engine displacement Vd. Normally the BSFC 

map is obtained by means of engine dyno tests in steady state conditions and with an engine coolant 

temperature above 80°C. To simulate cold conditions and warm-up phase of the engine, a correction term 

has been introduced, depending on estimated engine coolant temperature. As a consequence in the 

equation (10.23) the Pe is replaced with the corrected value: 
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𝑃𝑒,𝑐𝑜𝑟(𝑡) = 𝑃𝑒(𝑡) + 𝑓1(𝑇𝐻2𝑂,𝜔𝑒) + 𝑓2(𝑇𝐻2𝑂, 𝐵𝑀𝐸𝑃) 

(10.24) 

where the f1 and f2 are correction maps deduced from experimental data.  

The coolant temperature TH2O is obtained by means of a mean value grey-box model based on thermal 

energy balance of the engine coolant system and it is presented following. 

The Fast Warm-up system can speed-up the engine coolant heating with benefit on vehicle fuel economy, 

as illustrated in the next section. 

CO2 Emission 

The CO2 emissions in [g/km] are evaluated converting the fuel consumption in [L/100km] deduced from 

the fuel mass flow of the equation (10.23) and the covered distance by the vehicle: 

𝐶𝑂2 = 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 ∙  𝑘𝐹𝑡𝑜𝐶𝑂2 

(10.25) 

where 𝑘𝐹𝑡𝑜𝐶𝑂2 is a constant equal to 23.2 for gasoline and 26.5 for diesel fuels. 

 

Engine Exhaust Temperature 

The temperature model of the exhaust gas is a black-box model by means of a regression with following 

structure: 

𝑇𝑒𝑥ℎ(𝑡) = 𝑓1(𝐵𝑀𝐸𝑃,𝜔𝑒) + 𝑓2(𝑇𝐻2𝑂) 

(10.26) 

Emission Model 

As the other engine outputs a black box approach is used by means of look-up tables, alternatively neural 

networks can be used. Both approaches have been already presented by the author of this thesis in 

[145,146,154,155].  

 

10.4.6 Engine In-cylinder model - Willans Line Method 

The map based modelling of the engine is possible when the experimental data are available. In alternative 

the map of the specific fuel consumption can be generated starting form data of a known engine with 

Willans line approach. This approach is powerful for the analysis of new technologies, not present in 

available engine. With the Willans line method [156, 297], the in-cylinder processes and friction losses of 

the ICE are modelled by a parametric approach. Willans line approach consists of an affine representation 

relating the available energy (i.e. the energy theoretically available for conversion) to the useful energy 

that is actually present at the output of the energy converter. There are many advantages of adopting such 

a formulation to describe both conventional and hybrid vehicles. Among others the most important are: the 

ability to make the model independent of the power rating or displacement of the device, thus permitting 

easy scaling; the compactness of the model, requiring only two parameters; its straightforward definition 
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and implementation; and the ability to easily compose models, thanks to the unified method of 

representation. 

Nevertheless, some drawbacks should be considered when applying such an affine relationship to modern 

powertrain configurations, such as those featuring turbocharging, downsizing or both advanced design 

solutions. 

The Willans line modeling technique was initially applied to describe the relationship, approximately 

linear, linking mean effective pressure to brake and engine fuel consumption. Rizzoni et al. in [157] 

extended this model to describe the energy converters, such as engines and electric machines. 

In fact, in stationary conditions, it is possible to estimate the efficiency of a new machine belonging to the 

same category, using a scaling approach [158]. Furthermore, this approach is well-suited for immediate 

and approximate assessment of new design configurations and new engineering solutions for those classes 

of prototype machines or, in general, for those machines for which there are not enough data on 

efficiencies. 

The key factor of this unique representation is that for a fixed speed, there is a linear relationship between 

output and input variables. That method suggests a close correlation between the total available energy 

(the fuel chemical energy) and the real used energy (the energy available at the crankshaft). The resulting 

representation is described by two factors: the slope, or intrinsic energy conversion efficiency e, and the 

vertical axis intercept Ploss, which represents the losses due to mechanical friction, alternator, auxiliaries 

etc., as shown in Figure 10-9. 

 

Figure 10-9 Linear relation between Pout and Pin at constant speed, adapted from [157] 

The energy conversion efficiency and the relationship between input and output powers are thus expressed 

by the following equation: 

𝑃𝑜𝑢𝑡 = 𝑒 ∙ 𝑃𝑖𝑛 − 𝑃𝑙𝑜𝑠𝑠  

(10.27) 

where e has been considered obtained as the product of thermodynamic ηt and combustion ηb efficiencies. 

This means that e already accounts for losses due to pumping work. Equation (10.27) can also be 

expressed in terms of torque: 

𝑇𝑒 = 𝑒 ∙ 𝐻𝐿𝐻𝑉 ∙
�̇�𝑓

𝜔
− 𝑇𝑙𝑜𝑠𝑠 = 𝑒 ∙ 𝑇𝑎  − 𝑇𝑙𝑜𝑠𝑠 

(10.28) 
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with Ta the available torque, HLHV as the fuel lower heating value, �̇�𝑓 the fuel flow rate and Tloss loss 

torque due to frictions.  

To achieve scalable relations, it is necessary to introduce the concept of mean effective pressure BMEP 

(which can also be seen as the engine's ability to provide mechanical work), the available mean effective 

pressure AMEP (that represents the available chemical energy by fuel supply) and the average piston 

speed vpist, corresponding respectively to the output torque, the available torque and engine speed. For a 

four stroke engine, they can be obtained: 

 

{
  
 

  
 𝐵𝑀𝐸𝑃 = 𝑇𝑒 ∙ (

4𝜋

𝑉𝑑
)

𝐴𝑀𝐸𝑃 = 𝐻𝐿𝐻𝑉 ∙ (
4𝜋

𝑉𝑑
)

𝑣𝑝𝑖𝑠𝑡 = (
𝑆

𝜋
) ∙ 𝜔

∙
�̇�𝑓

𝜔
 

(10.29) 

Where 𝑉𝑑 is the engine displacement an S is the piston stroke. The engine efficiency can then be defined 

as follows: 

𝜂𝐼𝐶𝐸 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

=
𝑇𝑒 ∙ 𝜔

�̇�𝑓 ∙ 𝐻𝐿𝐻𝑉
 

(10.30) 

By means of the relationships given by equations (10.29) and substituting they into equations (10.28) and 

(10.30), the definition of engine dimensionless efficiency is 

 

𝐵𝑀𝐸𝑃 = 𝑒 ∙ 𝐴𝑀𝐸𝑃 − 𝐹𝑀𝐸𝑃 ⟹ 𝜂𝐼𝐶𝐸 =
𝐵𝑀𝐸𝑃

𝐴𝑀𝐸𝑃
 

(10.31) 

 

where FMEP is the mean effective pressure lost and is defined in a similar way to BMEP and AMEP. 

Parameters e and FMEP are functions of load and piston average speed. The following parameters, 

selected by referring to Willans line parameter correlations proposed in [157], were experimentally 

validated on different engines. 

 

𝑒 = 𝑒0(𝑣𝑝𝑖𝑠𝑡) − 𝑒1(𝑣𝑝𝑖𝑠𝑡) ∙ 𝐴𝑀𝐸𝑃 

 

𝑒0 = 𝑒00 + 𝑒01 ∙ 𝑣𝑝𝑖𝑠𝑡 + 𝑒02 ∙ 𝑣𝑝𝑖𝑠𝑡
2 

 

𝑒1 = 𝑒10 + 𝑒11 ∙ 𝑣𝑝𝑖𝑠𝑡 

 

(10.32) 

𝐹𝑀𝐸𝑃 = 𝐹𝑀𝐸𝑃0 + 𝐹𝑀𝐸𝑃2 ∙ 𝑣𝑝𝑖𝑠𝑡
2 

(10.33) 

It is worth mentioning here that the efficiency-related parameters listed in equations (10.32) and (10.33) 

were curve-fitted as a multi-linear regression model, here obtained by substituting such equations in 

equation (10.31). As aforementioned, the pumping work produces losses that are considered into the 
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efficiency term e. For several applications, it needs to decouple the pumping losses from the other 

members of the equation (10.31), and the result is expressed by the following equation: 

𝐵𝑀𝐸𝑃 = 𝑒 ∙ 𝐴𝑀𝐸𝑃 − 𝐹𝑀𝐸𝑃 − 𝑃𝑀𝐸𝑃 

(10.34) 

where the pumping losses are defined from the difference between the exhaust manifold and intake 

manifold pressures: 

𝑃𝑀𝐸𝑃 = 𝑝𝑝𝑢𝑚𝑝𝑖𝑛𝑔 = 𝑝𝑒𝑥ℎ − 𝑝𝑖𝑛𝑡𝑎𝑘𝑒 

(10.35) 

This splitting of the several contributions of losses allows accounting for the effect of additional 

turbocharging or of other devices and technologies that could affect the backpressure and the boosting of 

the engine. The efficiency related parameters should be adapted in such a way as to decouple purely 

thermodynamic from turbocharging effects. 

Starting from the equation (10.34) the torque delivered can be re-calculated with following equation, by 

splitting the terms related to both mechanical and pumping losses from the available torque generated by 

the fuel: 

𝑇𝑒 = 𝑘𝑒 ∙ 𝑒 ∙ 𝜂𝑖𝑑𝑐 ∙ 𝐻𝐿𝐻𝑉 ∙
�̇�𝑓

𝜔
− 𝑘𝑓 ∙ 𝑝𝑙𝑜𝑠𝑠 ∙

𝑉𝑑
4𝜋

− 𝑘𝑝 ∙ 𝑝𝑙𝑜𝑠𝑠 ∙
(𝑝𝑒𝑥ℎ − 𝑝𝑖𝑛𝑡𝑎𝑘𝑒) ∙ 𝑉𝑑

4𝜋
 

(10.36) 

where the coefficients 𝑘𝑒, 𝑘𝑓 and 𝑘𝑝 have been introduced to consider the effects linked to the different 

engine technologies presented in the previous Chapter # 6. 

In particular ke takes into account the correction on the thermodynamic efficiency (e.g. for lower/higher 

heat losses, MFB50 position, knock phenomena), kf is the correction for the friction losses (e.g. for 

heavier/lighter crank-train, bigger/smaller bearings, etc..), kp is the correction for the pumping losses (e.g. 

for part load operations throttle adoption or not, turbocharger improvements, VGT or WG adoption, etc..). 

Moreover, the coefficient e of equation (10.34) is re-formulated highlighting the ideal thermodynamic 

efficiency 𝜂𝑖𝑑𝑐, dependent on compression ratio. In this work, a further modification to theoretical 

efficiency has been introduced to take into account the Miller cycle, as proposed in [88]: 

𝜂𝑖𝑑𝑐 = 1 −
1

𝑟𝑔
𝛾−1 ∙ 𝑓(𝜎) 

(10.37) 

where  = rg/rtr is the expansion – compression ratio, with 𝑟𝑔 geometrical and 𝑟𝑡𝑟 trapped compression 

ratio, respectively. Moreover, f(σ) takes into the account the effect of the Miller cycle on the theoretical 

efficiency and in [88] is evaluated as: 

𝑓(𝜎) =
𝜎𝛾 ∙ (𝛾 − 1) − 𝛾 ∙ 𝜎𝛾−1 + 1

(𝛾 − 1) ∙ 𝜎𝛾−1 ∙ 𝐵
 

(10.38) 

with 

𝐵 =

𝐻𝐿𝐻𝑉
1 + 𝐴𝐹𝑅
𝑅 ∙ 𝑇𝑎𝑖𝑟

 

where AFR is the air to fuel ratio and Tair the temperature of intake air. Finally the equation (10.36) can be 

re-written introducing the parameter , the volumetric efficiency ηv and the air density  as: 
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𝑇𝑒 = 𝑘𝑒 ∙ 𝑒 ∙ 𝜂𝑖𝑑𝑐 ∙ 𝜂𝑣 ∙
𝜌 ∙ 𝑉𝑑
𝜆 ∙ 14.56

∙ 𝐻𝐿𝐻𝑉 − 𝑘𝑓 ∙ 𝑝𝑙𝑜𝑠𝑠 ∙
𝑉𝑑
4𝜋

− 𝑘𝑝 ∙ 𝑝𝑙𝑜𝑠𝑠 ∙
(𝑝𝑒𝑥ℎ − 𝑝𝑖𝑛𝑡𝑎𝑘𝑒) ∙ 𝑉𝑑

4𝜋
 

(10.39) 

Summarizing, Willans line main concepts and applications are: 

• to scale engine characteristics from a reference one, with the constraints that they should belong to the 

same engine class, such as SI engines or CI engines, either aspirated or turbocharged; 

• since they aim at generating scale coefficients, the curves should adapt to a wide range of vpist values, 

to avoid extrapolation when Willans-based engine model is scaled up/down or used for other engine 

configurations; 

• to evaluate the impact of additional technologies on the engine efficiency. 

 

Analysis of Technologies to improve a Turbo GDI Engine  

The equation (10.39) has been used to evaluate the achievable improvement on BSFC of 1.4L 4 cylinder, 

Turbo GDI engine, with a VVT and Compression Ratio (CR) equal to 10, chosen as baseline engine. 

The corrective parameters kf , ke and kp have been evaluated starting from literature analysis and by means 

of a 1-D engine model, calibrated and validated against experimental data, as described in a published 

work dedicated to activity research on WI system [217]. Specifically, the 1-D model contains, in addition 

to the air path with turbocharger and supercharger, a predictive combustion modelling, which can also 

predict MAPO statistical distribution. In case of water injection, as an example, the corrective parameters 

can be found by firstly establishing a trade-off between MAPO percentile and indicated efficiency for 

knock limited engine operating points [76]. Subsequently, water injection is simulated and the new trade-

off can be defined; ke is therefore calculated and extrapolated for the nearest points, obtaining the static 

map to be used in the 0-D model. In Table 10-2, the effects of the ICE investigated technologies on the 

parameters are illustrated:  

Table 10-2 ICE technologies and main parameters 

ICE Technology Linked Parameter 

Cylinder deactivation (VVA) Vd, kf, kp in part load operations 

Cylinder deactivation (2 CATs) Vd, kf, kp in part load operations 

Miller/Atkinson Cycle 
 and therefore ηidc, kp in the part load 

operations, ηv, ke depending on the 

strategies used 

External EGR 
ke for the lower heat losses and knock 

mitigation, kp,  

Lean Combustion 
 , ke, kp especially at part low operations 

and knock resistance 

Water Injection 
ke, and knock resistance higher rg 

allowed  higher ηidc  

Variable Compression R. ηidc, kf 

2stage-Air Charging Extreme downsizing  Vd and pmereq  
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In Figure 10-10 and Figure 10-11, the BSFC map and the correlations between measured and estimated 

values of BMEP and BSFC for the baseline engine are shown, demonstrating the feasibility of the 

approach.  

 

Figure 10-10 BSFC evaluation for 1.4L Turbo GDI engine (baseline) 

 

Figure 10-11 Correlation of BMEP and BSFC estimated vs. measured 

The advantage of the approach is its modularity. Indeed, from the baseline case, the BSFC curve derived 

for any combination of technologies can be estimated. As an example, Figure 10-12 shows the BSFC map 

for the baseline case, adding the Miller cycle with an increased CR (12.5), cylinder displacement 1.5L and 

friction reduction of 20%. The results are quite similar than those shown in Figure 10-13, describing the 

measured BSFC map of the baseline engine improved with the previous technologies, as investigated in 

[159]. 



 
 

 

 

   

196 

 

 

 

 

Figure 10-12 Simulated BSFC of 1.5L Turbo GDI with Miller cycle 

 

Figure 10-13 Measured BSFC map from [159] of the engine used for demonstrating the approach feasibility; the 

results are similar to the ones shown in Figure 10-12 obtained from the model 

 

10.4.7 Electric Traction Drive Model 

Detailed dynamic models of electric machines for HEVs are described in literature [160]. However, 

simple steady-state maps can be implemented even in forward-facing approaches. Figure 10-14 illustrates 

the global electric traction drive efficiency and maximum/minimum torques map, for a 48V propulsion 

system. Typically the efficiency includes the power electronic and electric machine efficiency and it is 

expressed as a function of inner motor torque 𝑇𝑖,𝑚(𝑡) and motor angular speed 𝜔𝑚(𝑡): 

𝜂𝑚(𝑡) = f(𝑇𝑖,𝑚(𝑡), 𝜔𝑚(𝑡)) 

(10.40) 

The inner motor torque is evaluated by the equation: 

𝑇𝑖,𝑚(𝑡) = 𝑇𝑚(𝑡) + 𝐽𝑚 ∙ �̇�𝑚(𝑡 ) 

(10.41) 
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Speed and torque limitations must hold at every simulation step: 

0 ≤ 𝜔𝑚(𝑡) ≤ 𝜔𝑚,𝑚𝑎𝑥 

𝑇𝑚.𝑚𝑖𝑛(𝜔𝑚(𝑡)) ≤ 𝑇𝑖,𝑚(𝑡) ≤ 𝑇𝑚.𝑚𝑎𝑥(𝜔𝑚(𝑡)) 

(10.42) 

 

 
Figure 10-14 ETD steady-state efficiency and max./min. torque maps 

The electric power depends on the operating point, as follows 

𝑃𝑚(𝑡) = 𝑇𝑖,𝑚(𝑡) ∙ 𝜔𝑚(𝑡)  

(10.43) 

It can be noted that the efficiency and the torque limits in generator/motor modes may differ.   

 

10.4.8  Battery Model 

At the electric power link, the power balance must be respected, considering a possible electric auxiliary 

power system request 𝑃𝑒,𝑎𝑢𝑥(𝑡) and the power of electric motors. 

 

𝑃𝑏(𝑡) = 𝑃𝑚1(𝑡) + 𝑃𝑚1(𝑡) + 𝑃𝑒,𝑎𝑢𝑥(𝑡)  

(10.44) 

Hence, a model for the battery is required to compute the variation at each time step. Several modeling 

techniques have been investigated, both for batteries and super-capacitors [161,162]. Some of them focus 

on lead-acid batteries, others on Ni-MH batteries or on Li-Ion technologies. The main difference between 
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the modeling approaches lies in the choice of the physical details represented. Advanced physical models 

[163] are used to represent high transient dynamics, while simplified models are useful and reliable 

representations in standard operating conditions [164,165].  

Another task regarding battery modeling is related to the determination of its most relevant parameter, i.e. 

the State-of-Charge (SOC). The authors of [166] present a review of possible methodologies for the on-

line estimation of the SOC, while the authors of [167] focus on Kalman's filter technique, considered the 

most effective one. Other important aspects that should be taken into account are the battery ageing 

phenomena and the battery thermal behavior [168]. Throughout the present dissertation, neither 

temperature dependencies nor ageing phenomena are treated, and the batteries are modeled by means of a 

resistive equivalent circuit, as illustrated in Figure 10-15. 

 

Figure 10-15 Equivalent resistive circuit of a battery, Kirchoff law-based approach 

The battery electric power is expressed by: 

𝑃𝑏(𝑡) = 𝑉𝑏(𝑡) ∙  𝐼𝑏(𝑡) 

(10.45) 

The voltage at the battery clamps Vb(t) depends on the inner (open-circuit) voltage VOC (SOC(t)) and on 

the internal resistance Rint , which is also as a function of the current Ib direction and of the SOC. The 

equation below describes such relationships. 

𝑉𝑏(𝑡) = 𝑉𝑂𝐶(𝑆𝑂𝐶(𝑡)) − 𝑅𝑖𝑛𝑡(𝑆𝑂𝐶(𝑡), 𝑠𝑖𝑔𝑛(𝐼𝑏(𝑡))) ∙  𝐼𝑏(𝑡) 

(10.46) 

The next Figure 10-16 shows the VOC dependence on the SOC for a LiFePO4 battery cell at 23 °C from 

[141]. 

 

Figure 10-16 Open Circuit Voltage (VOC) of LiFePO4 Battery Cell at 23 °C [141] 

Vb 

Ib 
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The current flowing from or to the battery can be modeled through the following equation: 

𝐼𝑏(𝑡) =
𝑉𝑂𝐶(∙) − √𝑉𝑂𝐶

2 (∙) − 4𝑅𝑖𝑛𝑡(∙) ∙ 𝑃𝑏(𝑡)

2𝑅𝑖𝑛𝑡(∙)
 

(10.47) 

The state-of-charge can be found, once the battery maximum charge capacity Qo is known: 

𝑆𝑂𝐶(𝑡) =
𝑄(𝑡)

𝑄0
 

𝑑𝑆𝑂𝐶(𝑡)

𝑑𝑡
= −

𝐼𝑏(𝑡)

𝑄0
 

(10.48) 

Constraints can be active both on SOC range and on maximum/minimum current limitations: 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 

𝐼𝑏,𝑚𝑖𝑛 ≤ 𝐼𝑏(𝑡) ≤ 𝐼𝑏.𝑚𝑎𝑥 

(10.49) 

 

 

10.5 Vehicle and Powertrain Thermal Model 
 

The vehicle and powertrain thermal models are dynamic models composed of Mean Value Models of the 

main components. Both QSS and Dynamic models for fuel consumption and emission evaluations receive 

as input the thermal status of each component evaluated in parallel. Below in Figure 10-17 the scheme of 

the block connections is presented. 

The main flows between the sub-systems are depicted. The thermal source at higher temperature is the 

internal combustion engine, whereas the lower temperature sink is the ambient. The Fast Warm-up system 

is positioned upstream the power heat recovery system (RC or TEG) and it delivers heat to engine and 

vehicle cabin.  

 

The TWC can be heated by means of an electric heating (EHC) to speed up the light-off. The WI tank is 

de-frozen by means of engine coolant and/or an electric heater. The cabin can be heated/cooled by means 

of the waste heat from engine and heat/cooled by means of a compressor heat pump, mechanical or 

electric. In the next section the thermal model of each component is presented.  

 

The structure of the model for each sub-system or component is similar and it is described following. 

After that for each component the specific terms are illustrated. 
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Figure 10-17 Simplified scheme of heat flows between the vehicle and powertrain sub-systems 

 

10.5.1 Temperature Model of Generic Component/Sub-system  

The temperature 𝑇𝑖(𝑡) related to the key parameter of each component is obtained by means of a grey-box 

model, based on thermal energy balance: 

𝑇𝑖(𝑡) = 𝑇𝑖(𝑡0) +
1

𝑐𝑝,𝑖 ∙ 𝑀𝑖
∙ ∫ (�̇�𝑔𝑒𝑛,𝑖(𝑡) + �̇�𝑒ℎ,𝑖 (𝑡) − �̇�𝑒𝑥𝑐ℎ,𝑖(𝑡))

𝑡

𝑡𝑜

𝑑𝑡 

(10.50) 

where cp,i and Mi are respectively the equivalent specific heating and mass of the generic element. 

The �̇�𝑔𝑒𝑛,𝑖(𝑡) is the heating power generated inside the component, for instance the chemical reaction in 

TWC, the �̇�𝑒ℎ,𝑖 (𝑡) is the heat flow due to an external source (e.g. electric heating) and the �̇�𝑒𝑥𝑐ℎ,𝑖 (𝑡) is 

the heat flow exchanged with an external environment, typically the ambient. The last term is as a function 

of delta temperature between the component and the environment. The description of the terms in equation 

(10.50) for each component is reported following.  

 

10.5.2  Thermal Model of Vehicle Cabin  

The model goals are the system analysis of the technologies in the powertrain domain, that can impact on 

the thermal comfort of the driver, and the evaluation of the cabin conditioning influence on energy 

consumption [169,169]. Considering the trade-off between estimation performance and calculation time, 
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the proposed model is a MVM that is only suitable to give an average value of the cabin temperature Tc. It 

is important point out that the driver comfort is the results of many physical parameters (e.g. temperature, 

humidity, etc.) and their distribution in the space, therefore only a 3-D model is able to evaluate the real 

status in term of cabin comfort. The [140] are the reference works for the implemented model, from which 

many sub-models were deduced. 

 

Figure 10-18 Schematic representation of thermal loads in a typical vehicle cabin 

 

The equivalent thermal capacity of cabin is calculated by means of the equation: 

𝑐𝑐 ∙ 𝑀𝑐 = 𝑐𝑎 ∙ 𝑚𝑎 + 𝐷𝑇𝑀 

(10.51) 

where DTM is the sum of all the deep thermal masses, i.e. the overall thermal inertia of all objects other 

than air present inside the cabin. These objects include the seat structures, the dash, the dash components, 

etc., which are combined with the cabin air in the lumped model and ma is the cabin air mass and ca is the 

air specific heat. 

The heat flow exchanged with the external environment �̇�𝑒𝑥𝑐ℎ,𝑐 (𝑡) is the �̇�𝑎𝑚𝑏(𝑡) and it is the 

contribution of the thermal load transferred to the cabin air due to temperature difference between the 

ambient and cabin air. Exterior convection, conduction through body panels, and interior convection are 

involved in the total heat transfer between the ambient and the cabin. The equation (10.52) shows the 

general form of the ambient load model. 

�̇�𝑒𝑥𝑐ℎ,𝑐 (𝑡) = �̇�𝑎𝑚𝑏(𝑡) = ∑ 𝑆 ∙ 𝑈 ∙ (𝑇𝑐(t) − 𝑇𝑎)

𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠

 

(10.52) 

where U is the overall heat transfer coefficient between the surface elements. U has different components 

consisting of the inside convection, conduction through the surface, and outside convection. It can be 

written in the form 

𝑈 =
1

𝑅
 𝑤ℎ𝑒𝑟𝑒            𝑅 =

1

ℎ0 
+
𝑙

𝑘
+
1

ℎ𝑖
 

(10.53) 
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where R is the net thermal resistance for a unit surface area. ho and hi are the outside and inside convection 

coefficients, k is the surface thermal conductivity, and l is the thickness of the surface element. The 

thermal conductivity and thickness of the vehicle surface can be measured rather easily. The convection 

coefficients ho and hi depend on the orientation of the surface and the air velocity. Here, the following 

estimation is used to estimate the convection heat transfer coefficients as a function of vehicle speed 

[171]. 

ℎ𝑐 = ℎ𝑐1 + ℎ𝑐2 ∙ √𝑉 

(10.54) 

where hc is the convection heat transfer coefficient in W/m
2
K and V is the vehicle speed in m/s. Despite its 

simplicity, this correlation is applicable in all practical automotive instances [171]. The cabin air is 

assumed stationary and the ambient air velocity is considered equal to the vehicle velocity. Numerical 

simulations can also be used to provide the model with convection coefficients that have higher accuracy 

and take into account the different orientation and position of every surface component.  

The �̇�𝑔𝑒𝑛,𝑐(𝑡) is due to passengers in the car and it is named metabolic load �̇�𝑀𝑒𝑡(𝑡). The metabolic 

activities inside human body constantly create heat and humidity (i.e. perspiration), for details see [140]. 

The heating flow due to external source �̇�𝑒ℎ,𝑐 (𝑡) is the results of three terms: 

 the heat gain due to solar radiation �̇�𝑟𝑎𝑑 (𝑡), that is a significant part of heating power of the cabin; 

according to [172], solar radiation heat load can be categorized into direct, diffuse, and reflected 

radiation loads; 

 the ventilation load �̇�𝑣𝑒𝑛 (𝑡), the minimum flow of fresh air that should be supplied into the cabin to 

maintain the air quality for passengers; for a small sedan car at a pressure difference of 10 Pa, a 

leakage of 0.02 m3/s is typical [173]; 

 the air conditioning system power �̇�ℎ𝑣𝑎𝑐 (𝑡) to compensate for other thermal loads so that the cabin 

temperature remains within the acceptable comfort range. 

 

The deep description of first two terms is reported in [140], whereas the third term depends on air 

conditioning system type. In the developed model four options have been considered: 

a. heating by means of an engine coolant heat exchanger, the conventional solution used for the cabin 

heating during winter in an ICE based vehicle, see Figure 10-19; 

b. cooling by a conventional mechanical compressor cycle; 

c. an electric heat pump for heating and cooling, typically used in BEV; 

d. an adsorption heat pump for cooling and a Fast warm-up system for heating by means of engine waste 

heat recovery.  

The desired temperature is controlled using a PI controller that defines the conditioning power �̇�ℎ𝑣𝑎𝑐 (𝑡). 
From this heat power, assuming a Coefficient of Performance (COP) for the selected HVAC system, the 

power to be delivered to the conditioning system is evaluated:  

𝑃ℎ𝑣𝑎𝑐(𝑡) =
�̇�ℎ𝑣𝑎𝑐 (𝑡)

𝐶𝑂𝑃
 

(10.55) 
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The 𝑃ℎ𝑣𝑎𝑐(𝑡) for each case is: 

 case a, the heat of engine cooling with COP=0.6 ÷0.75; 

 case b, the mechanical power delivered by the engine with COP =2.5÷4 [296]; 

  case c, electric power from battery with COP =3÷4;  

 Case d, engine exhaust gas or cooling with COP=0.3÷0.6 [29,30]. 

The model is validate comparing the temperature and conditioning power presented in [140] and [142], 

where the air conditioning of an ICE based vehicle and a BEV was studied. 

 

10.5.3  Engine Compartment Temperature 

The engine compartment temperature is used to model with better accuracy, the engine coolant, TWC and 

water tank temperatures. These components exchange part of the heat with engine compartment, which 

has a temperature dynamic depending on the layout, engine thermal status, external ambient temperature 

and vehicle speed.  

The mean value model of engine compartment temperature Thood is based on equation (10.50) and its terms 

are calculated as following. 

The equivalent thermal capacity of engine compartment is calculated as 𝑐𝑝,𝑎𝑖𝑟 ∙ 𝑀ℎ𝑜𝑜𝑑, considering an 

equivalent mass identified by means of experimental data.  

The heat flow received by the engine �̇�𝑒𝑛𝑔,ℎ𝑜𝑜𝑑(𝑡) is described with the expression: 

�̇�𝑒𝑛𝑔,ℎ𝑜𝑜𝑑 (𝑡) = 𝑆𝑒𝑛𝑔,ℎ𝑜𝑜𝑑 ∙ ℎ𝑒𝑛𝑔,ℎ𝑜𝑜𝑑  ∙ (𝑇𝑒𝑛𝑔(𝑡) − 𝑇ℎ𝑜𝑜𝑑(t)) 

(10.56) 

where term 𝑆𝑒𝑛𝑔,ℎ𝑜𝑜𝑑 ∙ ℎ𝑒𝑛𝑔,ℎ𝑜𝑜𝑑 is assumed constant. 

The heat flow �̇�ℎ𝑜𝑜𝑑,𝑎𝑚𝑏(𝑡) released by the hood to external environment is obtained with: 

�̇�ℎ𝑜𝑜𝑑,𝑎𝑚𝑏(𝑡) = 𝑆ℎ𝑜𝑜𝑑,𝑎𝑚𝑏 ∙ ℎℎ𝑜𝑜𝑑,𝑎𝑚𝑏 (𝑡) ∙ (𝑇ℎ𝑜𝑜𝑑(𝑡) − 𝑇𝑎) 

(10.57) 

in which 

ℎℎ𝑜𝑜𝑑,𝑎𝑚𝑏 = ℎℎ1 + ℎℎ2 ∙ √𝑉 

(10.58) 

10.5.4 Engine Coolant Temperature 

The mean value model of engine coolant Teng is based on equation (10.50) and its terms are calculated as 

following. For an easy understanding of the model the scheme of a typical thermal management system 

for a spark ignition engine is illustrated in Figure 10-19. 

 



 
 

 

 

   

204 

 

 

 

 

Figure 10-19 Example of thermal management system architecture for a spark ignition engine [143] 

The equivalent thermal capacity of engine coolant is calculated considering the coolant mass and engine 

block mass by means of the equation: 

𝑐𝑒𝑛𝑔 ∙ 𝑀𝑒𝑛𝑔 = 𝑐𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝑚𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + 𝑐𝑒𝑛𝑔 𝑏𝑙𝑜𝑐𝑘 ∙ 𝑚𝑒𝑛𝑔 𝑏𝑙𝑜𝑐𝑘 

(10.59) 

where 𝑐𝑐𝑜𝑜𝑙𝑎𝑛𝑡 and 𝑐𝑒𝑛𝑔 𝑏𝑙𝑜𝑐𝑘 are the specific heat of the cooling fluid and the engine block, typically in  

aluminum. The heat flow �̇�𝑒𝑥𝑐ℎ,𝑒𝑛𝑔 (𝑡) exchanged with external environment and other vehicle devices is 

the results of four terms, see equation (10.60):  

 the heat towards the ambient by means of the radiator �̇�𝑒𝑛𝑔,𝑟𝑎𝑑; 

 the heat re to the engine compartment �̇�𝑒𝑛𝑔,ℎ𝑜𝑜𝑑; 

 the heat used for cabin heating �̇�𝑒𝑛𝑔,𝑐𝑎𝑏; 

 the heat to warm the gearbox oil �̇�𝑒𝑛𝑔,𝑔𝑏𝑜𝑥. 

 

�̇�𝑒𝑥𝑐ℎ,𝑒𝑛𝑔 (𝑡) = �̇�𝑒𝑛𝑔,𝑟𝑎𝑑(𝑡) + �̇�𝑒𝑛𝑔,ℎ𝑜𝑜𝑑(𝑡) + �̇�𝑒𝑛𝑔,𝑐𝑎𝑏 (𝑡) + �̇�𝑒𝑛𝑔,𝑔𝑏𝑜𝑥(𝑡) 

(10.60) 

where  

�̇�𝑒𝑛𝑔,𝑟𝑎𝑑 (𝑡) = (1 − 𝐸𝑛𝑔𝐶𝑜𝑜𝑙𝑉𝑎𝑙𝑣𝐶𝑚𝑑(𝑡)) ∙ 𝑆𝑟𝑎𝑑 ∙ ℎ𝑒𝑛𝑔(𝑡) ∙ (𝑇𝑒𝑛𝑔(𝑡) − 𝑇𝑎) 

(10.61) 

with Srad the equivalent surface of the radiator, that can be scaled considering as a proportional function of 

engine maximum power, and heng the heat transfer coefficient, depending on vehicle speed with the 

mathematical relation: 

ℎ𝑒𝑛𝑔 = ℎ𝑒1 + ℎ𝑒2 ∙ √𝑉 

(10.62) 

3 way valve Gear-box Heater 
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The 𝐸𝑛𝑔𝐶𝑜𝑜𝑙𝑉𝑎𝑙𝑣𝐶𝑚𝑑 is the command to the smart thermostat, defined by a PI controller to achieve the 

desired coolant temperature. 

The heat flow �̇�𝑒𝑛𝑔,ℎ𝑜𝑜𝑑(𝑡) released to the hood is described in the relative model, see equation (10.56). 

The term �̇�𝑒𝑛𝑔,𝑐𝑎𝑏 (𝑡) is calculated with equation (10.55). 

The thermal power �̇�𝑒𝑛𝑔,𝑔𝑏𝑜𝑥(𝑡) to warm the gearbox oil is estimated with the formula: 

�̇�𝑒𝑛𝑔,𝑔𝑏𝑜𝑥(𝑡) =  𝑊𝑢𝑝3𝑤𝑉𝑎𝑙𝑣𝐶𝑚𝑑 ∙  𝑆𝑈𝑒𝑛𝑔,𝑔𝑏𝑜𝑥 ∙ (𝑇𝑢𝑐𝑎𝑏,ℎ𝑒𝑎𝑡𝑒𝑟(𝑡) − 𝑇𝑜𝑖𝑙𝑔(𝑡)) 

(10.63) 

with SUeng,gbox the equivalent conductivity of heat exchange between engine coolant circuit and gearbox 

lubricant circuit, Wup3wayValvCmd the on/off command of the 3 way by-pass valve and 𝑇𝑢𝑐𝑎𝑏,ℎ𝑒𝑎𝑡𝑒𝑟(𝑡) 
the coolant temperature downstream cabin heater obtained from the equation: 

𝑇𝑢𝑐𝑎𝑏,ℎ𝑒𝑎𝑡𝑒𝑟(𝑡) = 𝑇𝑒𝑛𝑔(𝑡) −
�̇�𝑒𝑛𝑔,𝑐𝑎𝑏(𝑡)

𝑆𝑈𝑒𝑛𝑔,𝑐𝑎𝑏
 

(10.64) 

In case of the Water Injection system the engine coolant can be used to thaw the water stored in a specific 

tank, through a liquid-liquid heat exchanger installed inside the tank. The water heating is activated by an 

on/off valve, when the engine coolant temperature overcome a defined threshold (e.g.60 °C) and is turned-

off when the water is completely thawed. In this case the estimation of the heat provided to water tank has 

to be added to equation (10.60). 

The heat flow due to external sources �̇�𝑒ℎ,𝑒𝑛𝑔 (𝑡) is received from Fast Warm-up system �̇�𝑓𝑤𝑢,𝑒𝑛𝑔. 

The heating flow �̇�𝑓𝑤𝑢,𝑒𝑛𝑔 (𝑡) is the thermal power coming from Fast Warm-up system, that harvests 

energy from exhaust gas and its estimation is carried out with a simplified model:  

 

�̇�𝑓𝑤𝑢,𝑒𝑛𝑔(𝑡) =  𝐹𝑊𝑢𝑝𝑉𝑎𝑙𝑣𝐶𝑚𝑑 ∙  𝐸𝑓𝑓𝐹𝑊𝑈 ∙ cp𝑒𝑥ℎ ∙ �̇�𝑒𝑥ℎ ∙ (T𝑐𝑎𝑡,𝑜𝑢𝑡(𝑡) − 𝑇𝑒𝑛𝑔(𝑡)) 

(10.65) 

where 𝐹𝑊𝑢𝑝𝑉𝑎𝑙𝑣𝐶𝑚𝑑 is the command of the on/off valve that can by-pass the heat recovery system; the 

term 𝐸𝑓𝑓𝐹𝑊𝑃 is the efficiency of the system, that is assumed constant in a range between 0.7÷0.85, on the 

basis of tests in Magneti Marelli. The catalyst outlet temperature 𝑇𝑐𝑎𝑡,𝑜𝑢𝑡(𝑡) is estimated with equation 

(10.78). 

The �̇�𝑔𝑒𝑛,𝑒𝑛𝑔(𝑡) is the heat released during the combustion to cylinder walls and is evaluated with the 

expression: 

�̇�𝑔𝑒𝑛,𝑒𝑛𝑔(𝑡) = 𝑘 ∙ (1 − 𝜂𝑒𝑛𝑔) ∙ �̇�𝑓𝑢𝑒𝑙  ∙ 𝐿𝐻𝑉 

(10.66) 

with an empirical coefficient k as a function of engine speed and load. The first attempt average value is 

0.5, with the assumption that 50% of fuel dissipated energy is discharged in the engine coolant.  
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10.5.5  Gearbox Oil Temperature 

The equivalent thermal capacity for temperature model of gearbox oil is calculated considering the oil 

mass and transmission mass by means of the equation: 

𝑐𝑔𝑏𝑜𝑥 ∙ 𝑀𝑔𝑏𝑜𝑥 = 𝑐𝑜𝑖𝑙𝑔 ∙ 𝑚𝑜𝑖𝑙𝑔 + 𝑐𝑡𝑟𝑎𝑠𝑚 ∙ 𝑚𝑡𝑟𝑎𝑛𝑠𝑚 

(10.67) 

where 𝑐𝑜𝑖𝑙𝑔 and 𝑐𝑡𝑟𝑎𝑠𝑚 are the specific heat of the transmission lubricant and block, typically in steel. The 

heat flow �̇�𝑒𝑥𝑐ℎ,𝑔𝑏𝑜𝑥 (𝑡) exchanged with external ambient is evaluated with the expression 

�̇�𝑒𝑥𝑐ℎ,𝑔𝑏𝑜𝑥(𝑡) = 𝑆𝑔𝑏𝑜𝑥 ∙ ℎ𝑔𝑏𝑜𝑥(𝑡) ∙ (𝑇𝑜𝑖𝑙𝑔(𝑡) − 𝑇𝑎) 

(10.68) 

with Sgbox the equivalent surface of gearbox exposed to external air flow, and hgbox the heat transfer 

coefficient, depending on vehicle speed with the mathematical relation 

ℎ𝑔𝑏𝑜𝑥 = ℎ𝑔𝑏1 + ℎ𝑔𝑏2 ∙ √𝑉 

(10.69) 

The �̇�𝑔𝑒𝑛,𝑔𝑏𝑜𝑥(𝑡) takes into account the mechanical power dissipated in the transmission and it is 

calculated as a function of the power input in the gearbox and the mapped transmission efficiency, 

depending on gear engaged: 

�̇�𝑔𝑒𝑛,𝑔𝑏𝑜𝑥(𝑡) = k𝑔𝑏𝑜𝑥 ∙ (1 − 𝜂𝑔 (𝜏𝑔(𝑡))) ∙ (𝑃𝑒 + 𝑃𝑚2) 

(10.70) 

In hybrid P2 architecture the mechanical power is the sum of electric motor and ICE power. The model 

has been validated comparing the oil temperature presented in [144] and [138], considering ICE based 

vehicles in different driving cycles. 

 

10.5.6  Three Way Catalyst Temperature 

The temperature model 𝑇𝑐𝑎𝑡 of the catalyst is already present in other previous works [145,146] of the 

thesis author. Herein the model is summarized with the addition of the electric heating catalyst modelling.  

The thermal capacity of catalyst, 𝑐𝑐𝑎𝑡 ∙ 𝑀𝑐𝑎𝑡, is obtained by data of catalyst manufacturer. The catalyst 

mass is scalable as a function of engine displacement Vd. 

The heat flow �̇�𝑒𝑥𝑐ℎ,𝑐𝑎𝑡 (𝑡) exchanged with engine compartment is calculated with the expression: 

�̇�𝑒𝑥𝑐ℎ,𝑐𝑎𝑡(𝑡) = �̇�𝑐𝑎𝑡,ℎ𝑜𝑜𝑑(𝑡) = 𝑆𝑐𝑎𝑡,𝑒𝑧𝑡 ∙ ℎ𝑐𝑎𝑡,𝑒𝑥𝑡(𝑡) ∙ (𝑇𝑐𝑎𝑡(𝑡) − 𝑇ℎ𝑜𝑜𝑑(𝑡)) 

(10.71) 

with Scat,ext the external surface of catalyst, and hcat,ext the heat transfer coefficient, depending on vehicle 

speed with the mathematical relation: 

ℎ𝑐𝑎𝑡,𝑒𝑥𝑡 = ℎ𝑐𝑒1 + ℎ𝑐𝑒2 ∙ √𝑉 

(10.72) 
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The �̇�𝑔𝑒𝑛,𝑐𝑎𝑡(𝑡) is the result of chemical exothermal reactions of HC/CO oxidation in the catalyst and can 

be estimated with the following equation: 

�̇�𝑔𝑒𝑛,𝑐𝑎𝑡(𝑡) = �̇�𝐻𝐶 ∙ 𝐿𝐻𝑉𝐻𝐶 + �̇�𝐶𝑂 ∙ 𝐿𝐻𝑉𝐶𝑂 

(10.73) 

where the �̇�𝐻𝐶 and �̇�𝐶𝑂 are estimated with look-up tables or a neural network with inputs the engine 

exhaust mass flow rate, BMEP, engine speed and engine coolant temperature. 

The heating flow due to external source �̇�𝑒ℎ,𝑐𝑎𝑡 (𝑡) is the results of two terms: the heat gain due to exhaust 

gas �̇�𝑒𝑔𝑎𝑠,𝑐𝑎𝑡 (𝑡) and the thermal power due to catalyst light-off management �̇�𝑐𝑎𝑡,𝑙𝑖𝑔𝑜𝑓𝑓(𝑡). 

The first contribution is estimated with the formula: 

�̇�𝑒𝑔𝑎𝑠,𝑐𝑎𝑡(𝑡) = 𝑆𝑐𝑎𝑡,𝑖𝑛𝑡 ∙ ℎ𝑐𝑎𝑡,𝑖𝑛𝑡(𝑡) ∙ (𝑇𝑒𝑥ℎ(𝑡) − 𝑇𝑐𝑎𝑡(𝑡)) 

(10.74) 

with 𝑇𝑒𝑥ℎ(𝑡) the engine exhaust gas temperature estimate with equation (10.26), Scat,int the equivalent 

internal surface of catalyst, and hcat,int the heat transfer coefficient, depending on engine exhaust gas mass 

flow rate with the mathematical relation: 

ℎ𝑐𝑎𝑡,𝑖𝑛𝑡 = ℎ𝑐𝑖1 + ℎ𝑐𝑖2 ∙ √�̇�𝑒𝑥ℎ 

(10.75) 

The light-off thermal power �̇�𝑐𝑎𝑡,𝑙𝑖𝑔𝑜𝑓𝑓(𝑡) is defined by a PI controller to achieve the minimal desired 

catalyst temperature (180÷200 °C). This heat flow is converted in fuel flow, in case of conventional light-

off, where combustion is degraded to increase exhaust gas temperature, or in electrical heating power 

through the following equations  

�̇�𝑓𝑢𝑒𝑙,𝑙𝑖𝑔𝑜𝑓𝑓(𝑡) =  
𝑄𝑐𝑎𝑡,𝑙𝑖𝑔𝑜𝑓𝑓

𝑘𝑙𝑖𝑔𝑜𝑓𝑓 ∙ 𝐿𝐻𝑉

̇
 

(10.76) 

where 𝑘𝑙𝑖𝑔𝑜𝑓𝑓 (0.2÷0.3) takes into account the efficiency of the fuel conversion in useful heat for heating, 

according to the analysis carried out in [147]. In case of Electric Heating Catalyst the electric power 

needed to support the light-off phase is evaluated with the formula: 

𝑃𝑒,𝑙𝑖𝑔𝑜𝑓𝑓(𝑡) =  
𝑄𝑐𝑎𝑡,𝑙𝑖𝑔𝑜𝑓𝑓

𝑘𝑒−𝑙𝑖𝑔𝑜𝑓𝑓

̇
 

(10.77) 

where 𝑘𝑒−𝑙𝑖𝑔𝑜𝑓𝑓 (0.7÷0.8) according to [147].  

In the catalyst thermal model the temperature of the exhaust gas outlet catalyst is evaluated as input for 

downstream WHR systems: 

𝑇𝑐𝑎𝑡,𝑜𝑢𝑡(𝑡) = 𝑇𝑒𝑥ℎ(𝑡) −
�̇�𝑒𝑔𝑎𝑠,𝑐𝑎𝑡(𝑡)

𝑐𝑝𝑒𝑥ℎ ∙ �̇�𝑒𝑥ℎ
 

(10.78) 
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with cpexh the specific heat of exhaust gas. The model of electric catalyst heating has been validate 

comparing the cat temperature presented in [147] and [148] for ICE based vehicles in different driving 

cycles. 

10.6 Vehicle and Powertrain Model Validation 
 

The models have been validated comparing the performance, fuel consumption and CO2 emission of 

different vehicle segments with the claimed values. The considered vehicles have been ICE based 

(gasoline and diesel) and pure electric types. 

The available efficiency maps of the engines and of the electric motors have been scaled through the 

Willans approach to obtain the missing data of the powertrains used for the validation.  

The machine features used as baseline are listed below: 

 4 cylinder 1.4L Turbo GDI engine, 130 HP, see Figure 10-10 for the BSFC;  

 4 cylinder 2.0L Turbo GDI engine, 280 HP; 

 4 cylinder 2.2L Turbo CR diesel engine, 150 HP; 

 Synchronous IPM electric traction drive, 48V 25 kW. 

The aerodynamic characteristics, the masses of vehicles and the transmission data have been obtained 

from technical datasheets of vehicles.  

The following table summarizes the results of the QSS model versus the claimed data of the car 

manufacturers. The maximum error for the acceleration time is lower than 3%, whereas the errors for the 

Fuel Consumption (FC) and CO2 emission of ICEVs is below 4% and the energy consumption of BEVs is 

lower than 2%. 

Table 10-3 Vehicle and Powertrain Model validation with different vehicle/powertrain architectures 
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Figure 10-20 illustrates the model simulations of Fuel Consumption, Power and the engine operating point 

of a SUV equipped with a 280 HP TGDI engine in NEDC. 

 

Figure 10-20 NEDC Simulation of SUV equipped with 2.0L TGDI engine 

Furthermore, Figure 10-21 and Figure 10-22 illustrate the comparison of simulated and measured values 

of fuel mass flow rate and engine coolant temperature during NEDC. The results show a good agreement 

of the model and experimental data. 

 

Figure 10-21 Results of Fuel mass flow rate simulation in a SUV equipped with 2.0L TGDI engine during NEDC  
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Figure 10-22 Results of Engine coolant simulation in a SUV equipped with 2.0L TGDI engine during NEDC 

For BEV the measurements were not available, but only the claimed data. Figure 10-23 shows the 

simulation of Energy consumption, the operating points of the electric motor and the battery SOC in 

NEDC for a C-Class BEV (Nissan Leaf), equipped with a 80 kW electric motor and a battery of 30 kWh. 

 

Figure 10-23 NEDC Simulation of C-Class BEV (Nissan Leaf) equipped with a 80 kW electric motor and a battery 

of 30 kWh 

A further validation of the model has been performed with regard to the CO2 impact of ICE technologies 

presented in the Chapter #6.3, by means of the comparison with literature review outcomes, see Table 6-1. 

The cumulative trends in fuel consumption on NEDC cycle for a C-segment vehicle equipped with the a 

1.4L TGDI engine and with some of the technologies presented in Chapter #6.3 are shown in Figure 

10-24; moreover, in Table 10-4, all the most meaningful technologies and their combinations are 

analyzed; their savings in fuel/CO2 both in NEDC and WLTC are shown. The CO2 estimation through the 

model is 125 g/km in NEDC cycle against 123 g/km of the real emission concerning the baseline vehicle. 
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The mass of the baseline vehicle (only ICE) was considered equal to 1350 kg, whereas it has been 

increased by 40 kg for a 48 Volt 22kW hybrid in P2 configuration and 1 kWh of battery capacity. 

 

 
 

Figure 10-24 CO2 evaluation on NEDC for different technology mix 

From Figure 10-24 and Table 10-4, it is clearly shown that the benefits given by each technology are not 

additive and that the contribution of the electrification decreases with increasing the efficiency of ICE, 

especially in the WLTC cycle which is characterized by a higher average load. As it can be observed, the 

estimation of the improvements related to the analyzed technologies is aligned with the values highlighted 

in the bibliography. 

Table 10-4 Fuel benefit of ICE technologies vs. baseline engine estimated and from literature data 
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10.7 Modeling of Waste Heat Recovery Technologies 
 

In Chapter #6.9, comparing the WHR technologies, the Fast Warmup and Rankine Cycle systems have 

received the preference in terms of effectiveness and costs. In this section the focus on the modelling of 

the RC system is presented. Moreover, the TEG [34] and Electric Turbo-Compound [38] models and their 

application to 1.3L Diesel engine were illustrated in previous published works with University of Salerno. 

The Fast Warm up system model can be considered as a sub-case of the evaporator or condenser model in 

the RC system, considering the proper properties of the fluids in the heat exchanger.  

10.7.1 Rankine Cycle Modeling 

The reference plant, whose scheme is depicted in Figure 10-25, considers a Rankine Cycle system 

thermally coupled to the engine exhaust pipe and mechanically to an electric generator. In HEVs the 

expander can be considered linked in parallel to P0, P1 or P2 machine by means of a clutch CLT1 for the 

decoupling of the machines. A second clutch CLT2 allows to generate electric power only with RC 

system. 

The evaporator is placed downstream the catalyst in exhaust line, thus the exhaust gases downstream the 

catalyst is considered as hot fluid for the evaporator and environmental air the cold fluid for the condenser. 

The evaporator of the RC system is described through a grey-box model that takes in account the 

equations describing both thermodynamic and heat exchange phenomena. The data for model definition 

and validation was derived from [174]. The components (pump, expander and condenser) are modeled 

through a black-box approach. Moreover, an optimal sizing for all components is needed in order to obtain 

the best results with reference to vehicle application. 

 

Figure 10-25 Scheme of RC system utilizes the exhaust gas as heat source and integration with hybrid powertrain  

As aforementioned, a Rankine Cycle is aimed at harvesting the waste heat from the engine by the heat 

exchange between a working fluid and engine exhaust flow. The operating fluid follows an evaporation 

process within the heat exchanger, afterwards it evolves as superheated vapor in a volumetric expander 

(e.g. Scroll) directly coupled to electric machine and/or the engine. The electrical energy is stored into a 

battery pack and used to feed auxiliaries and/or the electric traction drive, in case of HEVs. The Figure 

10-26 shows the relationships among the system components. 

The input variables of the RC system are the pump rotational speed, which sets the organic fluid flow rate, 

and the expander rotational speed, which influences the evaporation temperature. These control variables 

CAT 
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are managed in order to optimize the cycle efficiency, for each engine working conditions. Furthermore, 

the following hypotheses are assumed: i) the condensation pressure is set constant; ii) the cooling of the 

working fluid in liquid phase into the condenser is set constant; iii) the outlet temperatures of pump and 

expander are evaluated through a polytrophic process [133]. In the following paragraphs, the sub-models 

of the RC system components are described. 

 

Figure 10-26 Scheme of the Rankine Cycle plant model 

Pump model 

The volumetric pump considered for the RC system has been modeled through a black-box approach that 

implies the characterization of isentropic efficiency as a function of working fluid mass flow rate and 

enthalpies in the suction and exhaust sections [133]. The mass flow through the pump ṁr was evaluated by 

the following equation: 

�̇�𝑟 =
𝑋𝑝𝑝 ∙  �̇�𝑝𝑝,𝑚𝑎𝑥

𝜈𝑖𝑛,𝑝
 

(10.79) 

where Xpp is the pump volumetric fraction, linked to the operating frequency, �̇�𝑝𝑝,𝑚𝑎𝑥 is the maximum 

pump flow rate and 𝜈𝑖𝑛,𝑝 is the specific volume of the working fluid in the suction section. The pump 

power Ẇpp was then evaluated by the equation: 

�̇�𝑝𝑝 =
�̇�𝑟  ∙ (ℎ𝑒𝑥,𝑝,𝑖𝑠−ℎ𝑖𝑛,𝑝)

𝜂𝑝𝑝
 

(10.80) 

where ηpp is the pump efficiency, ℎ𝑒𝑥,𝑝,𝑖𝑠 and ℎ𝑖𝑛,𝑝 are the exhaust isoentropic and inlet pump enthalpy, 

respectively. 
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Evaporator model 

The evaporator is a countercurrent type and it is divided into three zones, each one is representative of the 

working fluid physic state. The purpose of this model is to evaluate the outlet heat exchanger temperature 

of both fluids by considering the transferred heat and neglecting the pressure drop along the pipes. The 

exhaust engine flow rate represents the hot fluid while the RC working fluid is the cold one. The 

evaporator was firstly modelled by means of a grey-box approach, afterwards a black-box model has been 

developed to achieve lower computational burden. The scheme of the countercurrent evaporator is 

reported. 

 

Figure 10-27 Scheme of the countercurrent evaporator [133] 

Grey-box model 

The grey-box model assumes as input variables the flow rates and the inlet temperatures of both the 

working and the hot fluid, the evaporating pressure, the thermal transmittance for each zone and the total 

exchanging area. The total area was evaluated with the following equation 

𝐴𝑙 + 𝐴𝑉 + 𝐴𝑡𝑝 = (𝑁𝑝 −  2) ∙  𝐿 ∙ 𝑊 

(10.81) 

where A represents the exchanging area of the several zones of the evaporator, Np the numbers of plates of 

the heat exchanger, L and W the length and the width of the heat exchanger plates, respectively. The 

thermal transmittance U for each zone is evaluated by means of the following equation 

1

𝑈
=
1

ℎ𝑟
+

1

ℎ𝑠𝑓
  

(10.82) 

where hr and hsf are the convective resistances of organic and secondary fluid respectively. In case of a 

single phase zone, these parameters are dependent on fluid speed and viscosity by means of Reynolds, 

Prandtl and Nusselt numbers. On the other hand, in case of two phases, as during boiling and condensation 

processes, the parameters are calculated by the Hsieh and Kuo correlations, respectively [174]. By 

applying the thermal energy equation for each zone, the following set of nonlinear equations is obtained 

�̇�𝑙 = 𝑚ℎ𝑓𝑐𝑝,ℎ𝑓(𝑇3 − 𝑇4) 

�̇�𝑙𝑎𝑡 = 𝑚ℎ𝑓𝑐𝑝,ℎ𝑓(𝑇2 − 𝑇3) 

�̇�𝑠𝑢𝑟𝑟 = 𝑚𝑟𝑐𝑝,𝑟 (𝑇4′ − 𝑇3′) = 𝑚ℎ𝑓𝑐𝑝,ℎ𝑓(𝑇1 − 𝑇2) 
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�̇�𝑙 = 𝐴𝑙𝑈𝑙 (−( 
𝑇1′ + 𝑇2′

2
) + ( 

𝑇4  + 𝑇3
2

 ))  

�̇�𝑙𝑎𝑡 = 𝐴𝑡𝑝𝑈𝑡𝑝 (( 
𝑇2  + 𝑇3

2
) − 𝑇2′) 

�̇�𝑠𝑢𝑟𝑟 = 𝑚𝑟𝑐𝑝,𝑟 (𝑇4′ − 𝑇3′) = 𝐴𝑉𝑈𝑉 (( 
𝑇2  + 𝑇1

2
) − ( 

𝑇3′  + 𝑇4′
2

 ) ) 

𝐴𝑙 + 𝐴𝑉 + 𝐴𝑡𝑝 = (𝑁𝑝 −  1) ∙  𝐿 ∙ 𝑊 

(10.83) 

The model outputs are the areas of each zone and the outlet temperatures of organic and secondary fluids. 

The grey-box model is applied to evaluate the heat exchanger efficiency vs. the engine operating 

conditions, in order to calibrate the black-box model parameters [133]. 

Black-box model 

The black-box model is based on synthetic functional relationships with the aim to speed-up the 

computational time for potential real-time application [133]. The model parameters are calibrated by a set 

of data, generated by exploiting the grey-box model in a wide engine operating range. 

The modeling approach used for the countercurrent evaporator is known in literature as ε-NTU method. 

The total transferred heat within the evaporator was calculated through the following equation 

 

�̇�𝑒𝑣 = 𝜀 ∙ 𝑐𝑚𝑖𝑛 ∙ ∆T𝑚𝑎𝑥 

(10.84) 

where, ε is the efficiency of the exchanger, 𝑐𝑚𝑖𝑛 is the minimum thermal flow among the fluids and        

ΔTmax is the maximum temperature difference over the exchanger and is evaluated by subtracting the inlet 

organic fluid temperature T1’ from the inlet hot fluid temperature T1. The exchanger efficiency was 

previously characterized as a function of the fluids flow rates and ΔTmax. The outlet hot fluid temperature 

T4 is the result of the equation (10.84) by considering the power balance over the hot fluid. 

 

�̇�𝑒𝑣 = 𝜀 ∙ 𝑐𝑚𝑖𝑛 ∙ ∆T𝑚𝑎𝑥 = 𝑚ℎ𝑓 ∙ 𝑐𝑝,ℎ𝑓 ∙ (𝑇4 − 𝑇1) ⟹ 𝑇4 

(10.85) 

By imposing the equality between the equation (10.84) and the sum of liquid phase heating Ql, latent heat 

Qlat and vapor phase superheating Qsurr, the outlet cold fluid temperature T4’ was evaluated 

 

�̇�𝑒𝑣 = 𝜀 ∙ 𝑐𝑚𝑖𝑛 ∙ ∆T𝑚𝑎𝑥 = �̇�𝑙 + �̇�𝑙𝑎𝑡 + �̇�𝑠𝑢𝑟𝑟  ⟹ 𝑇4′ 

(10.86) 

Scroll expander model 

The Scroll expander is the tred-off between efficiency, reliability and cost, as already explained in 

previous chapter. For this reason is preferred in this study. 
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The Scroll expander model evaluates the adiabatic efficiency and the filling factor, both expressed as 

function of the RC fluid density in the expander inlet, expander rotational speed and expansion ratio. The 

inlet fluid specific volume 𝑣𝑖𝑛,𝑒𝑥𝑝  can be determined by using the filling factor φ, previously identified on 

experimental data [174]. 

𝑣𝑖𝑛,𝑒𝑥𝑝 = 
𝜑 ∙ �̇�𝑠,𝑒𝑥𝑝
�̇�𝑟

 

(10.87) 

Thus, the inlet expander pressure can be evaluated once the inlet density and temperature are known. The 

expansion was modeled as a two-step process: an adiabatic reversible expansion and a constant volume 

expansion, as reported in the following equation 

�̇�𝑒𝑥𝑝 = �̇�𝑟  ∙ [( ℎ𝑖𝑛,𝑒𝑥𝑝 − ℎ𝑚,𝑖𝑠,esp) + 𝑣𝑖𝑛,𝑒𝑥𝑝 ∙ ( 𝑃𝑚,𝑒𝑥𝑝 − 𝑃𝑒𝑥,𝑒𝑥𝑝)] 

 (10.88) 

Condenser model 

The condenser model is based on the same black-box approach of the evaporator. The exchanger 

efficiency is expressed as a function of the RC fluid flow rate and the inlet temperature of both working 

fluid and cold fluid (i.e. ambient air). This model is used to evaluate the cold fluid outlet temperature 

while the working fluid outlet temperature is considered constant by imposing either the condensation 

pressure and the liquid cooling. 

RC model validation 

The models of the RC components were validated against literature experimental data [174]. A good 

correlation is obtained for each model, ranging from 0.85 to 0.98. The graphs in Figure 10-28 show the 

comparison between predicted and measured adiabatic efficiency of the pump, thermal power of 

evaporator and condenser and expander power, evidencing very good fittings. 

 

Figure 10-28 Validation results of the RC components models, with respect to literature experimental data: a) pump 

isentropic efficiency, b) evaporator power, c) expander power, d) condenser power 
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RC Component sizing and Control 

The pump displacement has to be defined according to the engine working conditions (i.e. exhaust 

temperature and flow rate), to obtain a balanced heat flow from the exhausted gases towards the working 

fluid. 

The countercurrent evaporator is composed of N plates with a specific size. The exchanging area sizing 

can be assessed through a sensitivity analysis on the grey-box model in order to obtain, in the worst 

conditions, a title equal to 1 at the exchanger outlet. A similar approach can be used for the condenser; 

particularly, the exchanging area is chosen to have an optimal condensation pressure. A further analysis 

can be carried out, taking into account the possibility to use the engine coolant fluid in the condenser, 

against the ambient air. This choice results in higher coolant temperature (323 K with respect to 296 K 

assumed for the ambient air), but a more compact condenser size, due to the higher heat exchange 

coefficient of coolant fluid than the ambient air. 

The Scroll expander volume is defined by means of a sensitivity analysis in order to maximize the RC 

output power according to engine operating conditions. Therefore, the expander displacement is set to be 

suitable for the pump characteristics. 

The RC system presents two control variables, namely pump and expander rotational speed, and two 

external inputs corresponding to the exhaust gas flow rate and temperature. The evaporation temperature 

(and pressure) is controlled through the expander rotational speed, while the overheating is imposed by 

regulating the coolant mass flow rate, operating on the pump working frequency. In order to maximize the 

RC thermodynamic efficiency along the vehicle driving transient, an optimization analysis has to be 

carried out to evaluate the reference values of evaporation temperature (Tev*) and overheating (ΔT3’4’*). 

The optimization process has to consider the following constraints on: 

i) the maximum working fluid temperature, that must be lower than the critical temperature; 

ii)  the exhaust gas temperature downstream the evaporator, that must be maintained within a 

suitable range to guarantee efficient catalyst operation. 

For the RC system control, both reference evaporation temperature and overheating are expressed as 

function of the engine exhaust flow rate and temperature. It is worth noting that the most efficient working 

condition can be identified through the following path:  

i) reduction of the minimum temperature and pressure of the organic fluid; 

ii)  decrease of the evaporator overheating; 

iii) identification of the optimal evaporation temperature and pressure, see Figure 10-29.  

This latter task has to be pursued by considering the following opposite effects: on the one hand, an 

increase of the evaporation temperature results in better cycle efficiency and greater expander specific 

work, due to the higher pressure ratio; on the other hand, it leads to lower adiabatic efficiency of the 

expander, due to the major losses. 

The RC system control (see Figure 10-30) is performed by applying two PI controllers to the pump 

frequency and the expander rotational speed: the first one operates adapting the working fluid overheating 

to the reference value, the latter works on the error between the effective and the reference evaporation 

temperature. 
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Figure 10-29 Qualitative representation of the RC on T-s diagram in nominal condition (black curve) against the 

cycles obtained with variation of overheating (red curve) and evaporation temperature (green curve) [133] 

 

An increase of the working fluid flow rate, due to a high pump speed, results in a lower heat exchange and 

in increased intake expander pressure and density with enhanced expander efficiency and output power. A 

reduction of the expander speed, at constant flow rate, leads to increased evaporation pressure and, 

consequently, thermodynamic cycle efficiency [133]. 

 

Figure 10-30 Scheme of the RC system control [133] 
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10.8 Total Cost of Ownership Model 
 

The cost is a fundamental aspect to evaluate a technology from industrial point of view. Indeed the 

engineering value of a technology, that is an indicator of the market penetration, depends on costs as 

already presented in equation (3.2).  

Following an economic model to estimate the vehicle cost from the end-user point of view, with focus on 

powertrain, is presented. The next Figure 10-31 can help to clarify the model. 

 

 

Figure 10-31 Scheme of model to evaluate vehicle Total Cost of Ownership  

 

The vehicle Total Cost of Ownership is the result of two main terms: 

TCO = CoA + CoO 

 (10.89) 

where CoA and CoO are respectively the Cost of Acquisition and the Operating Cost, expressed in 

[€/vehicle].  
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Vehicle Cost of Acquisition 

The first term of equation (10.89) can be divided in cost of vehicle body Cost𝐵𝑜𝑑𝑦 and powertrain cost 

𝐶𝑜𝑠𝑡𝑃𝑊𝑇 , neglecting the potential cost coming from capital and end of life, reported in Figure 10-31. 

CoA = (Cost𝐵𝑜𝑑𝑦 + 𝐶𝑜𝑠𝑡𝑃𝑊𝑇)  ∙ 𝐶𝑜𝑠𝑡𝐹𝑎𝑐𝑡 

 (10.90) 

The CoA depends on technical factors, car manufacturers costs, margin and business strategy. These 

aspects are considered with an average factor CostFact, that can vary in the range 1.5÷1.8.  

For the analysis the Cost𝐵𝑜𝑑𝑦 is assumed depending on vehicle segment and, considering an average 

market value of vehicle from which is subtracting the powertrain cost, it is determinated according the 

following formula  

Cost𝐵𝑜𝑑𝑦 =
𝑉𝑒ℎ𝑖𝑐𝑙𝑒 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑀𝑎𝑟𝑘𝑒𝑡

𝐶𝑜𝑠𝑡𝐹𝑎𝑐𝑡
− 𝐶𝑜𝑠𝑡𝑃𝑊𝑇,   𝑅𝑒𝑓 

 (10.91) 

where the 𝐶𝑜𝑠𝑡𝑃𝑊𝑇,   𝑅𝑒𝑓 is equal to ICE cost, since the reference vehicle is typically equipped with 

thermal combustion engine, and it is calculated as 

𝐶𝑜𝑠𝑡𝑃𝑊𝑇,   𝑅𝑒𝑓 = Cost𝐼𝐶𝐸,   𝑅𝑒𝑓 = 𝑈𝑛𝑖𝑡𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑠𝑡𝐼𝐶𝐸  ∙ 𝑃𝐼𝐶𝐸   

 (10.92) 

in which the cost of engine for unit power 𝑈𝑛𝑖𝑡𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑠𝑡𝐼𝐶𝐸 is in [
 €

𝑘𝑊
] and the ICE power 𝑃𝐼𝐶𝐸 is 

expressed in [kW]. [176] indicates an average unit power cost for the ICE equal to 15 €/kW. 

To consider the introduction of new powertrain technologies, the 𝐶𝑜𝑠𝑡𝑃𝑊𝑇 is the result of 

  

𝐶𝑜𝑠𝑡𝑃𝑊𝑇 = Cost𝐼𝐶𝐸 + 𝐶𝑜𝑠𝑡𝐸𝑇𝐷 + 𝐶𝑜𝑠𝑡𝐸𝑇𝐷,𝑇𝑟𝑎𝑛𝑠𝑚+ 𝐶𝑜𝑠𝑡𝐵𝐴𝑇 

 (10.93) 

where  

𝐶𝑜𝑠𝑡𝐼𝐶𝐸 = Cost𝐼𝐶𝐸,   𝑅𝑒𝑓 + ∆𝐶𝑜𝑠𝑡𝐼𝐶𝐸 𝑇𝑒𝑐ℎ𝑠 

(10.94) 

with ∆𝐶𝑜𝑠𝑡𝐼𝐶𝐸 𝑇𝑒𝑐ℎ𝑠 evaluated by means of Table 6-5. The cost due to the fuel tank is included in the ICE 

cost, in case of liquid fuel.  

The ETD cost is evaluated with the expression: 

𝐶𝑜𝑠𝑡𝐸𝑇𝐷 = 𝑈𝑛𝑖𝑡𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑠𝑡𝐸𝑇𝐷 ∙ 𝑃𝐸𝑇𝐷   

 (10.95) 

in which the cost of ETD for unit power 𝑈𝑛𝑖𝑡𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑠𝑡𝐸𝑇𝐷 is in [
 €

𝑘𝑊
] and the ETD power 𝑃𝐸𝑇𝐷 is 

expressed in [kW]. [67,176 ,229] indicate the unit power cost for the ETD equal to 30€ today and  20  

€/kW expected in 2025. 
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The 𝐶𝑜𝑠𝑡𝐸𝑇𝐷,𝑇𝑟𝑎𝑛𝑠𝑚 is due to the transmission devices that connect ETD to the driveline. It depends on 

power and architecture, but a constant average value is assumed in the range 200÷400 €.  

For the battery cost in [€], the following simplified estimation is used: 

𝐶𝑜𝑠𝑡𝐵𝐴𝑇 = 𝐸𝑛𝑒𝑟𝑔𝑈𝑛𝑖𝑡𝐶𝑜𝑠𝑡  𝐵𝐴𝑇 ∙ 𝐸𝐵𝐴𝑇   

 (10.96) 

where 𝐸𝐵𝐴𝑇 is the battery capacity in [kWh] and 𝐸𝑛𝑒𝑟𝑔𝑈𝑛𝑖𝑡𝐶𝑜𝑠𝑡  𝐵𝐴𝑇 is the cost of battery per energy 

unit expressed in [
 €

𝑘𝑊ℎ
]. Considering Li-Ion technology [67,176] indicate a fork between 250÷350 €/kWh. 

 

Vehicle Operating Cost 

The evaluation of vehicle operating cost CoO is the result of two terms 

 

CoO = Cost𝑀𝑎𝑖𝑛𝑡𝑖𝑛𝑎𝑛𝑐𝑒 + 𝐶𝑜𝑠𝑡𝐸𝑛𝑒𝑟𝑔𝑦 

 (10.97) 

The maintenance cost depends on the life of the vehicle and it can be neglected for pure ICE powertrain 

compared with the energy cost. In case of electrified powertrain the maintenance cost is considered equal 

to the battery cost (10.96), due to the battery substitution when the vehicle overcomes a certain mileage. 

The 𝐶𝑜𝑠𝑡𝐸𝑛𝑒𝑟𝑔𝑦 is the sum of two terms: 

Cost𝐸𝑛𝑒𝑟𝑔𝑦 = Cost𝐹𝑢𝑒𝑙 + 𝐶𝑜𝑠𝑡𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 

 (10.98) 

where  

Cost𝐹𝑢𝑒𝑙 = 𝐶𝑜𝑠𝑡𝐹𝑢𝑒𝑙/𝐿 ∙
𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

100
∙ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐼𝐶𝐸 

(10.99) 

with 𝐶𝑜𝑠𝑡𝐹𝑢𝑒𝑙/𝐿 in [€/L], the Fuel Consumption in [L/100km] and 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐼𝐶𝐸 the mileage covered with 

thermal engine in [km]; 

Cost𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝐶𝑜𝑠𝑡𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦/𝑘𝑤ℎ ∙
𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

100
∙ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐸𝑇𝐷 

(10.100) 

with 𝐶𝑜𝑠𝑡𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦/𝑘𝑤ℎ in [€/kwh], the Energy Consumption in [kwh/100km] and 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐸𝑇𝐷 the 

mileage covered in electric mode in [km]. 

In case of HEV, the 𝐶𝑜𝑠𝑡𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 is zero because the primary source is only the fuel.   

It can be noted that the fuel and energy cost decrease with the improvement of global vehicle efficiency.   

The fuel and energy consumption are the output of vehicle/powertrain models presented in the previous 

sections of this chapter.  
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Breakeven Distance 

The Breakeven Distance indicates the value for which the TCO of a vehicle with the evaluated 

technologies becomes lower than TCO of a vehicle considered as baseline.  

 

10.9 Lifecycle Cost Model for Hybrid Vehicle Architectures 
 

Comprehensive objective evaluation of technologies can only be achieved under consideration of the 

entire product lifecycle. The CO2-equivalent (CO2e) emissions and energy consumption of different 

drivetrain technologies can be evaluated according the simplified scheme in Figure 10-32.  

  

Figure 10-32 Simplified scheme of LCA scope adapted from [17] 

 

The Energy consumption and GHG emission (CO2e), according to the complete Life Cycle approach, are 

the results of the following equations 

𝐸𝑛𝑒𝑟𝑔𝑦𝐿𝐶 = 𝐸𝑛𝑒𝑟𝑔𝑦𝑉𝐸𝐻,𝐿𝐶 + 𝐸𝑛𝑒𝑟𝑔𝑦𝑊𝑇𝑊  in [MJ/km] 

𝐶𝑂2𝐿𝐶 = 𝐶𝑂2𝑉𝐸𝐻,𝐿𝐶 + 𝐶𝑂2𝑊𝑇𝑊  in [g CO2eq/km] 

 (10.101) 

where the 𝐶𝑂2𝑉𝐸𝐻,𝐿𝐶 is the equivalent CO2 measured in [g CO2eq/km] and 𝐸𝑛𝑒𝑟𝑔𝑦𝑉𝐸𝐻,𝐿𝐶 the energy 

consumed in [MJ/km] for the manufacturing, maintenance and re-cycling of the vehicle, including battery 

for HEVs and BEVs. 

Well-to-Wheel evaluations for CO2e and for consumed  energy cover the life cycle of energy source up to 

conversion in the vehicle (i.e. driving), according to the following equations  

𝐸𝑛𝑒𝑟𝑔𝑦𝑊𝑇𝑊 = 𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑇𝑊  ∙  ( 1 + 𝐸𝑛𝑒𝑟𝑔𝑦𝑊𝑇𝑇) in [MJ/km] 

 (10.102) 
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where 𝐸𝑛𝑒𝑟𝑔𝑦𝑊𝑇𝑇 is expressed in [MJ/MJ] and represents the total expended energy to produce and 

ditribute 1 MJ of energy or fuel. 𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑇𝑊 is the energy consumed to move the vehicle in [MJ/km] and 

take into account the global vehicle efficiency, including the powertrain. 

 

𝐶𝑂2𝑊𝑇𝑊 = 𝐶𝑂2𝑇𝑇𝑊 + ( 𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑇𝑊 ∙ 𝐶𝑂2𝑊𝑇𝑇) [g CO2eq/km] 

(10.103) 

 

where 𝐶𝑂2𝑊𝑇𝑇 is expressed in [g CO2eq/MJ] and 𝐶𝑂2𝑇𝑇𝑊  is the CO2 produced by the engine for 1 km of 

vehicle motion. 

CO2 emission and the energy consumption, according to Well-to-Tank evaluation, are the footprints of the 

whole energy supply processes (e.g extraction, production and distribution). 

Whereas Tank-to-Wheel terms measure the efficiency of energy conversion and the CO2 impacts to move 

the vehicle. These terms can be evaluated by means of the vehicle and powertrain models presented in the 

previous sections. 

In case of pure electric vehicle the in use emission of CO2 is zero and the norms define a way to measure 

the electric energy consumed from Pump-To-Wheels (PTW), including the battery charging consumption 

named Pump-To-Tank, and vehicle consumption (TTW). As consequence the PTW consumption is the 

results of two terms according the following equation: 

𝐸𝑛𝑒𝑟𝑔𝑦𝑃𝑇𝑊 = 𝐸𝑛𝑒𝑟𝑔𝑦𝑃𝑇𝑊 ∗ 𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑇𝑊 in [MJ/km] 

 (10.104) 

where 𝐸𝑛𝑒𝑟𝑔𝑦𝑃𝑇𝑊 is expressed in [MJ/MJ]. 

In this study an alternative index to TTW is also proposed, with the aim of taking into account the other 

possible useful functions powered through the energy stored on board the vehicle. 

The useful functions are not closely related to the propulsion, but they are auxiliary functions requested by 

the end-user related to comfort needs (priority in the HoQ1, in the Chapter #4.1), in particular: 

 production of electricity for devices on board the vehicle; 

 mechanical energy production for the air conditioning system;  

 production of thermal energy to heat the passenger compartment. 

 

Figure 10-33 shows the energy flows in three powertrain architectures. The case (A) is a conventional ICE 

based vehicle, where in addition to the main energy conversion chain to move the vehicle, waste heat is 

used for cabin heating. In case (B), in a BEV, the heating for the cabin is provided by the electric battery 

through heating devices. In the third case (C), in a RE-EV, the energy from fuel is used to recharge the 

battery and the waste heat for the battery and cabin heating. In the first and third architectures the waste 

heat from ICE performs useful functions that have to be considered to evaluate the global powertrain 

efficiency. 
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Figure 10-33 Energy flow in different powertrain architectures (dashed line waste heat): (A) ICE vehicle, (B) Battery 

Electric Vehicle, (C) Range Extender Electric Vehicle  

 

For the aforementioned reasons TTW should include in addition the useful energy not used for traction, 

leading to a more significant index to evaluate vehicle efficiency. The new index is named Tank-To-Use 

(TTU) efficiency: 

𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑇𝑈 = 
 𝐸𝑛𝑒𝑟𝑔𝑦 𝑈𝑠𝑒𝑓𝑢𝑙 𝑖𝑛 𝑉𝑒ℎ𝑖𝑐𝑙𝑒

𝐸𝑛𝑒𝑟𝑔𝑦 𝑇𝑎𝑘𝑒𝑛 𝑓𝑟𝑜𝑚 𝑇𝑎𝑛𝑘  
 

(10.105) 

where  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑈𝑠𝑒𝑓𝑢𝑙 = 𝐸𝑛𝑒𝑟𝑔𝑦𝑃𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 + 𝐸𝑛𝑒𝑟𝑔𝑦𝐻𝑉𝐴𝐶 + 𝐸𝑛𝑒𝑟𝑔𝑦𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 

(10.106) 

Employing the TTU index is possible to define the Well-to-Use (WTU) index, as an alternative to the 

WTW index: 

𝐸𝑛𝑒𝑟𝑔𝑦𝑊𝑇𝑈 = 𝐸𝑛𝑒𝑟𝑔𝑦𝑊𝑇𝑇  ∙ 𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑇𝑈 in [MJ/MJ] 

 (10.107) 

with the meaning of the efficiency to obtain the useful energy from the primary source.  

The workflow scheme to evaluate the LCA or WTW index is summarized in the Figure 10-34. 

The vehicle and powertrain models presented in the previous sections of this chapter are used to evaluate 

the TTW or TTU indexes and then the WTW or the LCA results, whereas the fuel and vehicle data for the 

WTT evaluation are obtained from literature analysis, as it will be presented in the case study of Chapter 

#12.2.  
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Figure 10-34 Workflow scheme for the LCA/WTW evaluation of Vehicle/Powertrian architectures, adapted from 

[17] 
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11. Powertrain Management and Controls 
 

 

 

 

For the effectiveness and efficiency of the powertrain and its sub-system the proper management and 

control are fundamental. Therefore new sensors and sophisticated logics are needed. This trend is 

supported by an increasing of hardware resources in the new Electronic Control Units, which are able to 

manage a high number of I/O and run complex algorithms, using multi-core microprocessor architectures. 

In this context many control solutions can be implemented (e.g. physical based, multi-variable, adaptive 

controls, etc.). 

In some cases the state variables of the systems are not measurable, for cost and/or reliability of the 

sensors. This is the case of the angular positioning of combustion for engines with Low Temperature 

approach and Water Injection technology. The use of virtual sensors based on grey-box models and 

sensors already presented in the engine management system is an effective solution, as confirmed in this 

study. However a novel multifunction sensor has been developed. It is based on acoustic sensing and 

allows to implement at affordable cost the measurements of classic engine parameters (such as knock 

intensity and turbocharger speed) and new parameters (e.g. CN noise), for control and diagnosis purpose. 

In this chapter two main subsets of controls will be presented, at Powertrain level and Engine subsystem 

level. 

In the first area, a model based Gear-Shift logic for automated transmissions and a model based Energy 

Management strategy for HEVs will be described. The main future of these logics is the easy tuning 

because they are based on the powertrain architecture description, including the engine and the electric 

machines. For instance, through the efficiency maps knowledge of the engine and electric motor, it is 

possible to define the command of transmission to obtain the better operating point of the machines. 

 The second area is related to innovative and virtual sensors used for the fine control and diagnosis of the 

some new engine technologies previously introduced (e.g. LTC). 

 

11.1 Gear-shift Model Based Strategy 
 

The automated transmissions have typically different logics of management that the driver can select. For 

instance, the transmission management can have priority to achieve high performance or low fuel 

consumption. 

This section presents a model based logic to maximize engine or electric motor efficiency and, at the same 

time, guarantee the best dynamic performance. This logic has been used in the vehicle and powertrain 

models employed to design and check the performance of the analyzed powertrain architectures. The gear-

shit management has the advantage of an “automatic” tuning, if the characteristic of the powertrain is 

modified. After the definition of gear number Ng and their transmission ratios and efficiency, the logic 

uses the efficiency map of the engine or the electric motor (e.g. in P2 architecture) to define the gear that 

maximize the energy conversion efficiency of the whole powertrain, without limiting the vehicle dynamic 

performance.  
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The following equations describe the workflow to define the optimal gear of a transmission with discrete 

ratios (not CVT): for each gear i-th the engine speed 𝑛𝑒𝑛𝑔 and the maximum wheel torque Twhe are 

calculated: 

𝑛𝑒𝑛𝑔,𝑖 = 𝜏𝑖 ∙ 𝜏𝐹𝑅 ∙ 𝑉𝑣𝑒ℎ ∙ 𝐾𝑤ℎ𝑒𝑒𝑙 

(11.1) 

𝑇𝑤ℎ𝑒,𝑖 =  max [𝑇𝑒𝑛𝑔(𝑛𝑒𝑛𝑔,𝑖, 𝑇𝑜𝑖𝑙)] ∙ 𝜂𝐹𝑅 ∙ 𝜂𝑖 ∙ 𝜏𝑖 ∙ 𝜏𝐹𝑅 

(11.2) 

Then the maximum deliverable wheel torque  

𝑇𝑤ℎ𝑒,𝑚𝑎𝑥 = max (𝑇𝑤ℎ𝑒,𝑖) 

(11.3) 

This value is used to define actual traction torque requested by driver: 

𝑇𝑤ℎ𝑒,𝑟𝑒𝑞 = k𝑑𝑟𝑖𝑣𝑒𝑟 ∙ 𝑇𝑤ℎ𝑒,𝑚𝑎𝑥 

(11.4) 

The gears (or gear) ig that guarantee the following conditions are found: 

𝑛𝑒𝑛𝑔,𝑖𝑔 ≥ 𝑛𝑒𝑛𝑔,𝑖𝑑𝑙𝑒 &  𝑛𝑒𝑛𝑔,𝑖𝑔 ≤ 𝑛𝑒𝑛𝑔,𝑟𝑒𝑣𝑙𝑖𝑚 & 𝑇𝑤ℎ𝑒,𝑖𝑔 ≥ 𝑇𝑤ℎ𝑒,𝑟𝑒𝑞 

(11.5) 

For each of these the corresponding engine Brake Specific Fuel Consumption is calculated: 

𝐵𝑆𝐹𝐶𝑒𝑛𝑔,𝑖𝑔 = 𝐵𝑆𝐹𝐶𝑒𝑛𝑔 (𝑇𝑒𝑛𝑔,𝑖𝑔 , 𝑛𝑒𝑛𝑔,𝑖𝑔 , 𝑇𝑜𝑖𝑙) 

(11.6) 

The optimal gear ig is the one related to the minimum 𝐵𝑆𝐹𝐶𝑒𝑛𝑔,𝑖𝑔 . 

The same logic can be used if the gearbox is linked to the electric motor instead of the internal combustion 

engine. In P2 architecture the transmission is the same of the ICE, in P4 there is a dedicated gearbox. For 

the electric motor the last equation become: 

𝜂𝑒𝑚,𝑖𝑔 = 𝜂𝑒𝑚 (𝑇𝑒𝑚,𝑖𝑔 , 𝑛𝑒𝑚,𝑖𝑔 , 𝑇𝑒𝑚) 

(11.7) 

and in the same manner the optimal gear ig is that gives the minimum 𝜂𝑒𝑚,𝑖𝑔 . 

If the transmission is a CVT, the previous calculus steps change slightly, while the core logic still remain 

the same. In particular, a gear ratio that respects CVT range and all condition written above has to be 

found. 

The same logic can be used to optimize the kinetic energy recovery in HEVs or EVs with electric motor in 

P2 or P4 layouts. Also in this case, only gear ratios that guarantee motor speed range and braking torque 

requested have to be selected. From these the gear (or gear ratio in case of CVT) that gives the maximum 

electric power is chosen as optimal one. 

Figure 11-1 shows the comparison in simulation of the proposed algorithm with a classic approach of gear 

selection based on vehicle speed thresholds. In the example the considered vehicle is a SUV equipped 
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with a Turbo GDI engine of 280HP and 8 gears AT. In the NEDC, it can be observed that model based 

logic shifts the operating points of the engine towards lower BSFC conditions, leading to a fuel saving of 

approximately 2.2%. Nevertheless this benefit, the main advantage of the algorithm is the easy adaptation 

to the powertrain features, assuming their knowledge, that guarantees an optimal system behavior with 

lower tuning effort. 

  

Figure 11-1 Comparison of Gear-shift logics in NEDC for a SUV with 280HP TGDI engine and 8 gears AT: classic 

approach (left) vs. model based logic (right) 

 

11.2 Electric Hybrid Powertrain Energy Management  
 

The energy management of a hybrid powertrain is key to maximize the benefits in terms of fuel 

consumption and vehicle performance. 

Several control methods have been defined that can be classified in two main families: 

 Rule Based (RB) strategies. 

 Optimized Based (OB) strategies, among these the Dynamic Programming (DP) and Equivalent 

Consumption Minimization Strategy (ECMS). 

 Combinations of control methods are possible. In [251] a comparison of the main strategies is 

presented and a hybrid method (RB-ECMS) is proposed, the last one on the right in the following 

Table 11-1. The analysis shows that the RB-ECMS is comparable with DP in terms of 

performance, but with advantage in the computation time. 

 

 



 
 

 

 

   

229 

 

 

 

In this PhD study two approaches have been employed, depending on knowledge or not of driving profile: 

- rule based logic, when the mission profile is missing; 

- model based logic, when the driving cycle is known in advance to the trip starting. 

 

Table 11-1 Comparison of energy management strategies [251] 

 

 

The proposed model based strategy can be considered an evolution of the methods presented in [251]. 

Both used logics define two thresholds of requested power to decide the electric motor and/or engine 

operations, as described in the Figure 11-2, the difference is in the manner the power thresholds are 

determined. 

If the power request is below the iso-power blue line and the battery State of Charge (SOC) is above 

minimum value, the propulsion is pure electric otherwise the ICE is powered on and the electric motor is 

switched off. In the ICE propulsion area, the electric power generation can be performed by means of a PI 

controller that tracks a defined target of SOC. In case of powertrain architectures with two or more electric 

machines (e.g. power split, P0+P4, etc.) the electric power generation can be carried at same time with 

electric propulsion, if it is convenient. 

 

Figure 11-2 Powertrain operation areas 
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When the request of power is so high to overcome a second threshold, the red one in Figure 11-2, and the 

SOC is over a defined value, both the electric and thermal machines are turned on. 

If the SOC level is close to the maximum level, for instance in case of subsequent events of braking 

energy recovery, the pure electric mode can be enabled also in the area between blue and red line until 

battery is discharged up to a lower level of SOC. 

Assuming a defined electric hybrid architecture and battery charge sustaining operation, the power level to 

pass from electric to engine mode can be defined comparing the Equivalent Fuel Consumption rate 𝐸𝐹𝐶̇  

of both driveline paths. The mechanical energy provided by the electric propulsion has to be converted in 

fuel to spend on recharging the battery at same level before the traction, according to the equation: 

𝐸𝐹𝐶̇ 𝑒𝑡𝑑 =
𝑃𝑡𝑟𝑎𝑐

𝜂𝑡𝑟𝑎𝑠𝑚 ∙  𝜂𝑒𝑡𝑑 ∙  𝜂𝑏𝑎𝑡𝑑 ∙ 𝜂𝑏𝑎𝑡𝑐  ∙ 𝜂𝑔𝑒𝑛 ∙ 𝜂𝑖𝑐𝑒 𝑚𝑎𝑥
 

(11.8) 

where 𝜂𝑏𝑎𝑡𝑑 and 𝜂𝑏𝑎𝑡𝑐 are the battery efficiencies in discharge and charge mode and 𝜂𝑖𝑐𝑒 𝑚𝑎𝑥 is the engine 

efficiency in best area of engine maps, with the hypothesis to recharge the battery in the best condition for 

the thermal engine. 

The battery efficiencies can be considered equal to 1 in the architectures with double electric machines 

(e.g. power split, P0+P4, etc.) in case of hybrid series operation, because the generated energy doesn’t 

pass through the battery storage. In case of engine propulsion the equivalent fuel propulsion rate is 

𝐸𝐹𝐶̇ 𝑖𝑐𝑒 =
𝑃𝑡𝑟𝑎𝑐

𝜂𝑡𝑟𝑎𝑠𝑚 ∙ 𝜂𝑖𝑐𝑒
 

(11.9) 

The Figure 11-3 can help to explain the equations (11.8) and (11.9). 

 

Figure 11-3 Energy flow comparison in a parallel hybrid vehicle in case of charge sustaining operation 

 

The most convenient prolusion mode is selected evaluating the minimum between the 𝐸𝐹𝐶̇   of the engine 

and the electric drive: 

min ( 𝐸𝐹𝐶̇ 𝑒𝑡𝑑 , 𝐸𝐹𝐶̇ 𝑖𝑐𝑒 ) 

 (11.10) 

It can be noted in (11.8) and (11.9) that the power level of blue curve significantly depends on the 

efficiency features of the motor, engine and transmission. Typically at engine low load, in the zone 1 of 
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engine map of the Figure 11-2, 𝐸𝐹𝐶̇ 𝑒𝑡𝑑  has the minimum value. In case of rule based logic the blue line is 

set taking into account the previous considerations.  

11.2.1 Model Based Energy Management 

In case of driving cycle knowledge different and most effective management strategies can be used, for 

instance optimizing a cost function that takes into account the equivalent fuel consumption with ΔSOC 

constraint or applying DP as presented in [251]. Both approaches are critical for the computational effort, 

both for ECU onboard implementation and for architecture optimization loops. For powertrain 

optimization, after the variation of the system parameters, the energy management strategy has to be 

updated in order to ensure the right evaluation of the architecture performances.  

In this study an alternative way, named model based energy management, is proposed. It allows to define 

at beginning of the trip the power split between the ETDs and the ICE with aim to ensure in sustaining 

mode the SOC at end of trip close to initial one. The logic uses simplified physical models of the vehicle 

and the powertrain sub-components, that are updated in case powertrain architecture modification, 

allowing an “automatic” energy management adaptation. The computation time of this method is 

acceptable both for ECU implementation and for system optimization loops.  

The main steps of the logic are following described and the work flow is illustrated in Figure 11-4: 

a. evaluation of instantaneous value of Ptrac requested by means of a backward model of the vehicle, 

according to the equation (4.2), for the whole driving cycle; 

b. calculation of the kinetic energy that can be recovered during the trip; 

c. estimation of electric energy used by the auxiliary; 

d. after the estimation of the main components efficiencies in the powertrain, calculation of the 

𝐸𝐹𝐶̇ 𝑒𝑡𝑑  and 𝐸𝐹𝐶̇ 𝑖𝑐𝑒  with the equation (11.8) and (11.9); 

e. split of the power for traction among the ETD systems and the ICE according to  (11.10); 

f. evaluation of the energy used for electric propulsion during the trip; 

g. calculation of the energy harvested by a WHR system, if it is present;  

h. evaluation of the recovered useful energy, defined as difference between kinetic energy plus 

engine wasted energy recovered and electric auxiliary used energy;  

i. if the energy used by the motor at point (f) is lower than the recovered useful energy, the power 

level of electric propulsion area is increased until the energy balance is close to zero; 

j. if the electric propulsion energy at point (f) is higher than the useful recovered one, the delta has 

to be produced by the ICE to ensure the zero balance at end of the trip; if the time to recharge in 

optimal way the battery (high ICE efficiency) during the trip is not enough, a second loop reduces 

the power level for electric propulsion until achieving the energy balance.  

The estimation error in each model can lead to a wrong final energy balance and not optimized use of the 

electric propulsion, with negative effect on fuel consumption or different SOC compared with the target. 

To prevent this problem a check on instantaneous value of SOC is performed during the trip, enabling or 

disabling the electric propulsion if the SOC overcomes an upper or lower threshold respectively. In future 

works an adaptive strategy to recover model errors will be developed. 

Figure 11-5 presents WLTC simulations of a SUV equipped with a hybrid powertrain composed of P4+P2 

48V-25/22kW electric drives and a 1.5L TGDI 140kW engine. On the left side of figure the optimization 

procedure is disabled and the energy saving in battery is higher than used one, leading to ΔSOC different 
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from zero. In the right side, the optimization loop is active, thus the right energy balance is achieved with 

a ΔSOC close zero. 

 

Figure 11-4 Workflow of model based powertrain energy management logic 

      

Figure 11-5 Model based powertrain energy management for a SUV with a hybrid powertrain composed of P4+P2 

48V-25/22kW electric drives and a 1.5L TGDI 140kW engine: (Left) strategy disabled, (Right) strategy activated 
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11.3 Powertrain Control based on Acoustic Sensing 
 

In the last years Magneti Marelli with the support of University of Bologna has developed an innovative 

multi-function sensor, that via acoustic is able to monitor many powertrain phenomena, for control and 

diagnosis purpose. Part of PhD research activities has been dedicated to improve some sensing functions 

and to develop control functions based on this novel sensing system. In particular the investigated 

functions have been Knock, Combustion Noise (CN) and the Turbocharger speed controls. 

In this section, after a brief introduction of the acoustic sensor, the applications to the Boost, Knock and 

CN controls are presented. The Knock and CN controls were developed with a Rapid Control Prototyping 

(RCP) system applied to a GDI and Common Rail (CR) diesel engines respectively. Whereas the model 

based Turbocharged speed control has been designed and assessed by means of co-simulation Simulink-

GT-Suite, considering a CR Diesel engine. Part of the activities with regard to CN control will be 

presented in the paragraph #11.4.3, whereas more details are available in the published works [210,222]. 

 

11.3.1  Features of Acoustic Sensing System 

The acoustic sensing system is based on two main hardware solutions, see Figure 11-6:  

- an acoustic probe with one or more MEMS microphones and without intelligence onboard;  

- a smart device able to run the sensing algorithms, with ECU connection via CAN-BUS. 

 

 

Figure 11-6 HW architectures of acoustic sensing system 

 

 

The main possible functions are listed following, some of which are object of ongoing developments: 

 Turbocharger Speed evaluation 

 Knock & Misfire detection 
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 Combustion & Noise feedbacks 

 Fuel Composition evaluation 

 Valvetrain control 

 Powertrain Failure detection and prevention. 

It is import to remark the system capability to perform the contemporary sensing of many engine and 

powertrain phenomena, with obvious cost advantages. 

 

11.3.2  Boost Pressure Control with support of Turbocharger Speed Sensing 

(Case Study) 

The new driving cycles require a greater focus on a wider engine operative area and especially in transient 

conditions, where a proper air path control is a challenging task for emission and drivability. In order to 

achieve this goal, turbocharger speed measurement can give several benefits during boost pressure 

transient and for over-speed prevention, allowing the adoption of a smaller turbocharger, that can further 

reduce turbo-lag, also enabling engine down-speeding.   

So far, the use of turbocharger speed sensor was considered expensive and rarely affordable in passenger 

car applications, while it is used on high performance engines with the aim of maximizing engine power 

and torque, mainly in steady state, eroding the safe-margin for turbocharger reliability.  

Thanks to the availability of a new cost effective turbocharger speed technology, based on acoustic 

sensing, turbocharger speed measurement has become affordably also for passenger car applications. In 

this study presented in [220], a new model-based boost pressure control employing the speed 

measurement is proposed. In particular, a cascade controller based on boost pressure, turbocharger speed 

and VGT position measurements has been developed. Furthermore, the open loop term and the speed 

target filtering have been calculated by means of a simplified physical model of the plant.  

The control has been designed and validated by means of a 1-D model of a small turbocharged Diesel 

engine for passenger cars. The proposed control architecture performances will be shown, in a co-

simulation environment built in Matlab/Simulink and GT-Suite, modelling a small diesel engine with a 

VGT, even though the same analysis could be carried in presence of a FGT and/or a spark ignition engine.  

Moreover, realistic driving situations have been reproduced by means of a calibrated and validated model 

of engine, driveline and vehicle. The co-simulation technique allows exploitation of the best of the two 

design tools. The comparison between the standard production control without turbocharger speed 

feedback and the proposed was performed by the simulation of the same critical maneuvers, chosen to be 

representative of the real driving conditions. Moreover the achievable benefits have been analyzed. 

 

Turbocharger Speed Evaluation via acoustic 

The algorithm for the turbo-speed evaluation via acoustic has been already presented in different works 

[189,190] and summarized with block scheme in Figure 11-7. The main steps are the audio sampling, a 

model based filtering, the evaluation of blade frequency and finally the evaluation of the mean turbo 

speed.  
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Figure 11-7 Work flow of Turbocharger Speed evaluation via acoustic sensing  

 

The next Figure 11-8 illustrates the performance of the acoustic turbo speed evaluation during a load 

transient of a L0-Class Vehicle equipped with an EU6 1.3L CR Diesel engine. The reference sensor is the 

turbo SPEED DZ135 sensor by Micro-Epsilon. 

 

Figure 11-8 Performance of turbo speed evaluation via acoustic during a load transient 

The acoustic based measurment is very good above 190 krpm, where the sound emitted by the 

turbocharged is prominent compared to surrounding noise. 

  

Engine Description and Experimental Set-Up 

A general overview of the system is given in Figure 11-9. The engine is a 1.3L CR Diesel Engine (EU6 

compliant) equipped with a HP-EGR circuit with cooler and an upstream throttle valve to obtain the 

desired EGR rates. The exhaust gas after-treatment system is composed by DOC, LNT and DPF. 

Moreover, the system is equipped with a VGT with a rack position sensor.  

The experimental tests for the 1-D engine model validation have been carried out on a dynamic engine test 

bench. Furthermore, additional temperature and pressure sensors have been installed along the engine air 

path. An indicating acquisition system has been used to analyze the in-cylinder pressure sensors to 

evaluate IMEP, PMAX, CA10-90 and MFB50, while turbocharger speed has been measured with the 

acoustic sensor developed. 
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Figure 11-9 1.3L CR Diesel Engine layout  

Furthermore, vehicle model has been fine-tuned and validated with experimental tests on a B-Class 

passenger car in real driving conditions. The cost-down parameters, which describe the rolling and 

aerodynamics resistances involved in the vehicle dynamics, have been evaluated on engine roll bench.  

 

Vehicle and Engine model description 

A detailed vehicle and engine model, described in Figure 11-10, has been designed and validated against 

experimental data. The aim of the procedure was to obtain a tool to test in a virtual environment the 

performances of the new control architecture with less time and cost efforts. 

 

Figure 11-10 Engine, vehicle and driver model 
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1-D Engine Model  

A 1-D model of the whole air path has been created in GT-Suite environment. Geometrical and material 

features of pipes were evaluated by inspection on the real engine. Turbocharger has been modelled with 

compressor and turbine manufacturer maps. In the following Figure 11-11 and Figure 11-12 an overview 

of the compressor maps is given. Reference pressure and temperature are respectively 1 bar and 288K. 

 

Figure 11-11 Compressor efficiency map 

 

Figure 11-12 Compressor speed map 

Additionally, a predictive combustion model has been used [293]. A detailed description of the approach 

is not given here, however, the calibration procedure can be summarized as follow:  

 A reduced model with a cylinder and injector is extracted from the complete engine model. Fuel mass 

rate shape profile is given as input by a semi-empirical approach with parameters depending on ET 

(energizing time) and rail pressure. Air mass trapped inside cylinder and residuals has been imposed 

from experimental tests at the engine test bench. Heat losses were modeled by the Woschni approach. 

 Eighteen points, as showed in  

 Figure 11-13, with different EGR rates (0 to 45%), engine speeds and loads, injection patterns, lambda 

(1.05 to 4) have been considered. 

 The predictive combustion model parameters have been optimized in order to fit the measured heat 

release rate curves obtained from the in-cylinder pressure data.  
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Figure 11-13 Design of Experiment (DOE) for model identification 

Results are reported in Figure 11-14 in terms of predicted and measured MFB50 and CA10-90, which 

describes the burn duration. Errors in burn rate duration could be attributed to the convective heat transfer 

model or errors in turbulence modelling. This happens especially with more premixed combustions (with 

high pilot injection) when predictive combustion model shows lower accuracy.  

 

 

 

 

Figure 11-14 Model vs. experimental data, MFB50 and CA10-90  
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Globally, the accuracy of the model can be considered satisfactory for the purpose of this work which 

focuses mainly on the air and turbocharger dynamics.  

Figure 11-15 shows the comparison between predicted and measured in cylinder pressure for the points 1, 

2 and 3, taken as an example. 

 

 

 

Figure 11-15 Predicted vs measured in cylinder pressure for the experimental points 1, 2 and 3  

Figure 11-16 shows the relative error between the measured and simulated IMEP. The results demonstrate 

again an overall good agreement with data and an error below 4 % even at low loads. The air path model 

has been fine-tuned and validated with experimental data collected on engine test bench. Throttle and 

valves have been characterized by means of flushing tests. Pressure and temperature, logged during steady 

state tests, have been compared with the simulated signals and pressure drop along the pipes is adjusted. 
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Figure 11-16 IMEP % error 

The same signals logged during transient tests have been used to calibrate volume and thermal features of 

pipes, heat exchangers and manifolds. Intercooler and EGR coolers were characterized by means of semi-

predictive approach considering the efficiency evaluated by experimental tests and imposing the 

downstream gas temperature. The same tests have been used for turbocharger calibration by means of 

inertia and map correction factors. 

Vehicle model 

In addition, vehicle and driver behaviors have been modeled using proper templates featured with a real 

B-segment passenger car data. A gear shift law, depending on engine speed, has been added to simulate 

real driving conditions. The behaviors of simulated manifold pressure and turbocharger speed dynamics 

have been validated against experimental data collected on vehicle. In Figure 11-17, one of the transient 

maneuvers that have been used for the vehicle model validation has been summarized. In particular, a full 

load request from a middle load condition in third gear is shown. 

 

Figure 11-17 Reference vehicle maneuver  

In Figure 11-18, a comparison between simulation and experimental measurement of the main signals has 

been showed. The coherence of the virtual model to the real system appears clearly, considering the 

vehicle as well as the air path dynamics.  
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Figure 11-18 Comparison between simulated and measured signals of the vehicle and turbocharger during a transient 

 

Boost Pressure Control Architecture 

The purpose of the boost pressure controller is to manage the intake manifold pressure level. In case of 

VGT, control modifies the efficiency of the turbocharger through an actuator that adjusts the deflector 

blades. This actuator changes the fluid-dynamic conditions of the flow at the turbine inlet, and modifies 

the operative point of the system. In this way, the air mass flow through the compressor is changed, and 

the boost pressure inside the intake manifold can be adjusted. Additionally, in order to have an accurate 

control of the intake manifold pressure level, which is based on torque request, emissions and fuel 

economy constraints, a pressure sensor is used as feedback. Turbocharger speed feedback is instead 

available only on heavy duty and high performance engines [294] due to the high cost of the sensor and it 

is not usually adopted in the standard boost control. 

Standard Boost Control 

The standard boost controller architecture is composed of several sub-functions, as shown in Figure 11-19. 

The description of the main parts is the following: 

 Boost Reference Pressure, it defines the intake boost pressure level target. 

 Pressure Open Loop term, it defines the feed-forward contribution, in terms of actuator 

position. This block considers several engine and ambient parameters. 

 Pressure Closed Loop term, this function guarantees that the pressure target is reached by the 

controller. 

 Closed Loop VGT Actuator Control, in closed loop mode, it performs a faster position control 

of the turbine deflector blade, compensating the non-linearity of the actuator. 

 

The open and closed loop parts of the boost controller can be enabled or disabled, in order to allow an 

effective turbocharger control over the entire engine operating range.  

As matter of fact, Figure 11-19 represents a simplification of the real control which is adopted in 

automotive applications. The closed loop contribution (VGTpos FB) is often achieved by means of a PID 

controller and a complex gain scheduling, to take into account the non-linearities of the system. Boost 

target (Pref) is often filtered to reduce the wind-up of the integral term and to minimize the overshoot of the 

manifold pressure and the turbocharger over-speed, especially at high loads. Furthermore, the feed-
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forward (VGTposFF) contribution is quite complex and includes several maps based on engine and 

environmental conditions (e.g. atmospheric pressure and temperature). In addition, a dedicated 

management for transient conditions is needed. Finally, other auxiliary strategies are considered to 

manage some exceptional conditions. 

 

 

Figure 11-19 Standard boost pressure controller architecture  

The calibration phase is even more complicated due to several maps, which require expensive 

experimental tests on the engine test bench and on vehicle in many environmental conditions to take into 

account altitude, hot and cold temperatures. Moreover, the safe margins, with respect to the over-speed, 

need to be chosen in order to ensure the integrity of the system. This, in conjunction with the components, 

system and engine production spread, leads to a sub-optimum calibration for certain engine operating 

points and conditions. 

New Boost Control Architecture 

As mentioned before, the absolute intake manifold pressure is one of the main conditions that impact the 

behavior of the engine (torque, smoke, NOx engine out, etc.). Therefore, during the calibration phases, 

two aspects need to be considered: turbocharger over-speed events in all conditions and performances. 

These aspects lead to a trade-off analysis and a compromise must be reached. Thanks to the availability of 

a newly cost effective turbocharger speed technology, safety margins can be removed, avoiding over-

speed events and obtaining best performances, as shown in [295]. Moreover, in transient conditions, the 

availability of the turbocharger speed measurement can be useful because it represents a state variable of 

the air path system, and provides transient information, which is important to reach the target faster.  

Figure 11-20 shows a cascade control, which can be used with the turbocharger speed information. 

Compared to the standard control, a speed loop has been added whose target (NTCref) is evaluated as sum 

of two terms. The first, nTCFF, is the feed-forward contribution whereas the second contribution (nTCFB) 

compensates the pressure error (pref - pmeas). 

From now on, the actuator position control CVGT(s) will be neglected. This control guarantees that the 

actuator position request is reached; its decoupling with the outside loops is ensured by the dynamics of 

pneumatic or electric actuator (t10-90 <= 150 ms). Different considerations should be made for the speed 

and pressure loops. In the plant, speed and pressure time response are comparable (same order of 

magnitude) and the interaction between the two control loops can be an issue. Giving a slower dynamic 

response to the C’P(s) in the pressure loop, adjusting the PID parameters, can be a way to decouple the 

loops and avoid instability. C’P(s) is indeed a slower PI controller with the main aim of adjusting possible 

errors in nTCref, assuring that the reference pressure is reached. 
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Figure 11-20 Turbocharger cascade control scheme  

To maximize the benefits of turbocharger speed feedback and obtain other advantages, the control 

architecture has been improved and a physical based model has been implemented. In Figure 11-21, the 

new control architecture with the cascade control is described. A turbocharger physical model is 

implemented; it provides mainly two contributions: the feed-forward term (VGTpos FF) in the speed loop 

and the filtered reference (nTC filt) for feedback contribution of speed loop. 

 

 

Figure 11-21 Model based control architecture 

In addition, in the pressure loop, the feed forward contribution is given by a compressor inverse map. This 

map is obtained by the turbocharger component manufacturer data, and it gives turbocharger speed, 

mainly using the pressure ratio and air mass flow through the compressor. 

Turbocharger model  

The main reasons for adopting a turbocharger physical direct model can be related to the severe effort 

required to build an inverse non-linear one. Building a direct-physical turbocharger model is instead easier 

because the physical direct equations, which are used to describe the system, assure the stability of the 

model. The issue of getting the command from the direct model is overcome by a controller based on 

physically-modeled speed, as shown in Figure 11-22. 
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Figure 11-22 Turbocharger physical model and speed control 

Figure 11-23 is an overview of the physical model; the main output is the modeled turbocharger speed 

(nTCmdl) evaluated in the power balance block, using the mechanical inertia as key parameter. Note that, 

only turbocharger inertia is considered; therefore air dynamics is not taken into account. This is a crucial 

aspect allowing Cmdl to be calibrated with higher dynamics than Cs
’’
(s), assuring model convergence. 

 

Figure 11-23 Overview of the model used in the new boost controller 

Some maps are used to simulate the turbocharger behavior and evaluate the power of the turbomachines. 

Engine parameters estimations and measurements are used as inputs of the compressor and turbine blocks. 

Estimations are related to the upstream compressor, upstream and downstream turbine pressure, exhaust 

engine temperature. Measurements are related to the engine speed, the ambient air pressure and 

temperature. 

The control variable, represented by VGTpos mdl, is adjusted by a simple PI controller (Cmdl (s)), without 

gain scheduling, whose input is the error between nTCmdl  and nTCref. The modeled rack position is used 

in the turbine model; it impacts on the efficiency and TFP (turbine flow parameter) which, in turn, 

influences the turbine power and therefore the power balance. Moreover, VGTpos mdl is also the feed-

forward contribution of the speed loop and therefore is equal to VGTpos FF. In this way, a physical-based 

open loop of the actuator position request is obtained. The turbocharger modeled speed is also used as a 

filtered target for the feedback speed loop. In this way we obtain an achievable target, with real dynamic, 

avoiding unrealistic variations.  

Benefits of the new control architecture 

The benefits of the cascade control, as already mentioned, are directly linked to the availability of the 

turbocharger speed measurement and can be summarized by the removal of the safety margin for the 

turbocharger over-speed event in steady state conditions assuring at the same time the convergence of both 

turbocharger speed and intake manifold pressure to the targets. In the following, the improvements will be 
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evaluated in different environmental conditions (low and high altitude), taking into account even the 

turbocharger production spread.  

The advantages of the proposed model-based cascade control can be summarized as follow:  

 By adopting the physical model for the feed forward contribution of the speed loop, the calibration 

effort can be reduced taking into account system non-linearities. 

 The physical model allows to have an achievable speed target and to avoid a special management 

during transients, reducing the complexity of feedback controller and decreasing its calibration effort. 

 The benefit of using the compressor map only, to obtain the feed forward contribution of the pressure 

loop, is the reduced calibration effort, with respect to a standard feed forward term, based on several 

maps. 

Another advantage of adopting the compressor map is the possibility to adapt it during the engine working 

life since the relationship between the speed and pressure ratio is quite simple. With the availability of the 

turbocharger speed measurement it is instead possible to adjust the map and recover the system 

dispersions due to the production and component aging. Furthermore, after the adaptation, the feedback 

control contribution for the pressure loop is less significant and the dynamic of this loop can be slowed 

down. This helps to further achieve the cascade control frequency decoupling. 

Control Performance Analysis 

The performances of the proposed control architecture, shown in the previous chapter, have been 

evaluated in a co-simulation environment by means of GT-Power and Matlab/Simulink tools. In this way, 

it has been possible to carry out the control design with a significant model of the plant which includes air-

path dynamics, combustion behavior and vehicle dynamics. The description and validation of the 1-D 

model has been explained before, while, in Simulink environment, the standard and the new boost control 

architectures have been implemented. As shown in Figure 11-24, the 1-D model has been linked to the 

control model while they exchange signals simulating the real vehicle and ECU functions behavior. 

 

Figure 11-24 Co-simulation model overview, vehicle and control system   

In the following table, the tests description is provided. The results have been evaluated in terms of time 

response, robustness against production spread of the turbocharger and safety from over-speed. Moreover, 

note that, in the investigated maneuvers (at high load conditions), EGR rate is low and the impact on the 

boost pressure controller can be neglected. 
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Table 11-2 Feasibility tests description 

Test # Test Description 

1 Heavy full load step (50-80 km/h) in 3
rd

 gear at high altitude 

2 Reference transient maneuver; robustness against turbocharger production spread 

3 Reference maneuver at low altitude without safe margin for over-speed (higher 

pressure reference) 

4 Heavy transient (20-50 km/h) with gear shift from 1
st
 to 2

nd
 at high altitude 

 

Test #1 – Heavy full load step (50-80km/h) in 3
rd

 gear at high altitude 

As mentioned before, the aim of this kind of control architecture is the optimization of the transient 

behavior, even in critical atmospheric pressure and temperature conditions and with air system 

components dispersions, maintaining or even increasing the turbocharger reliability. For this reasons, 

heavy transient at high altitude, has been chosen to compare the results of the new boost control 

architecture against the standard. Specifically, as shown in Figure 11-25, a heavy full load request from 

steady state condition at 50 km/h, with third gear engaged, was chosen as the reference maneuver. 

In Figure 11-26, the absolute intake manifold pressure and turbocharger speed dynamics, during the 

transient described above, are shown. In the top graph, the pressure targets (Pref) for the standard control at 

low and high altitude are described by green and magenta dotted lines, respectively. The blue dotted line is 

instead the pressure target at high altitude for the model based control. It is evident that, at high altitude, 

the standard control imposes a safeguard margin in manifold pressure, as presented also in [294], that can 

be avoided with the model based control. The dynamics of manifold pressure (pmeas) for the standard 

control at low and high altitude are described by green and magenta lines, respectively. Pressure overshoot 

can be seen both for green and magenta lines. Turbocharger speed is shown in the middle graph revealing 

a dangerous over-speed at high altitude for the standard boost control due to the air path volume. 

 

Figure 11-25 Reference transient maneuver 

For this reason, a slower calibration, as shown with the brown line, is needed to provide reliability and 

accuracy in the intake air flow control penalizing the transient response in terms of air dynamics, smoke 

and torque. The model based control (blue line) provides instead better charging (higher manifold 

pressure) and avoids the overcoming of turbocharger maximum speed limit. Furthermore, rack position 

can be seen in the bottom graph.  
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Figure 11-26 Comparison between fast standard, slow standard and model based boost control performance during 

reference transient under high altitude condition. Fast standard control performance under low altitude condition is 

shown to demonstrate limits of fast calibration also in this condition 

In Figure 11-27 and Figure 11-28, the description of the proposed model based boost control is explained 

in details. A manifold reference pressure increase (pref) leads to a turbocharger speed target (nTC ref) step 

calculated from the inverse compressor map (nTC FF) and the closed loop correction (nTC FB). In real 

behavior, the closed loop term correction is higher, due to the spread of air path component characteristics.  

 

 
 

Figure 11-27 Detail of open loop (nTC FF) and closed loop (nTC FB) turbo speed target contributions given by 

model based pressure loop control during reference transient, under high altitude condition 

However, using the reference model adaptation, this term can be reduced after few driving cycles, leading to a 

very faster control. The method to carry out the model adaptation will be presented in a future work. The speed 
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target is then filtered by means of the physical dynamic model of the air system (yellow line, nTC filt) in order to 

guarantee the attainability of the target, avoiding the excessive increasing of integral term in speed closed loop 

controller. 

 

  

Figure 11-28 Detail of open loop (VGTpos FF) and closed loop (VGTpos FB) turbine rack position contributions 

given by model based control during reference transient, under high altitude condition 

 

Test #2 – Reference transient maneuver, robustness against turbocharger production spread 

Thanks to the simulation environment, the effects due to the turbocharger dispersions from the nominal 

characteristics have been studied. In particular, a bias of + 10% in compressor map has been simulated. In 

order to achieve this, the compressor map in 1-D model has been properly scaled by a speed multiplier. As 

it can be seen in Figure 11-29, in these conditions, the standard control system can lead the turbocharger to 

reach or even exceed its maximum speed if during the calibration phase a certain margin of safety is not 

maintained, with obvious repercussions on its reliability. On the contrary, a boost control based on the 

speed measurement feedback optimizes the performance of the turbocharger, leads it to work at higher 

speeds than standard control to ensure the achievement of the target pressure respecting the constraints on 

the maximum speed. Moreover, as it is shown in Figure 11-30, performances are not sacrificed; indeed, 

the pressure increasing is at the maximum rate because rack position is saturated at the maximum stop 

position. 
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Figure 11-29 Comparison between standard and model based boost control in case of compressor speed map 

dispersion from nominal one. The red ellipse highlights the over-speed of turbocharger with standard boost control 

 

  

Figure 11-30 Detail of open loop and closed loop turbine rack position contributions given by model based inner 

loop control in case of compressor speed map dispersion 

Test #3 – Reference maneuver at low altitude without safe margin for over-speed (higher 

pressure reference)  

In the calibration phase of the standard control system, the maximum pressure is limited in a rather 

conservative way to take into account the dispersion of the air system components in production vehicles. 

In Figure 11-31, it is clear that the proposed control architecture does not require this margin of safety, 

allowing the optimization of performances of any compressor by using an higher Pref without any risk of 

over-speed. 
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Figure 11-31 Comparison between standard control and model based control with pressure target increased, during 

reference transient 

Test #4 – Heavy transient (20 to 50 km/h) with gear shift from 1
st
 to 2

nd
 gear at high altitude  

Lastly, the behavior at high altitude during a transition from 20 to 50 km/h with a gear shift from first to 

second has been analyzed. Although a significant reduction of the output torque and thus acceleration of 

the vehicle relative to the operating conditions at sea level has been shown in Figure 11-32, the proposed 

control ensures an overall higher torque with respect to the standard at high altitude, without the risk of 

overshoot. Indeed, the torque in a CR engine is limited by the air availability in order to limit smoke 

generation. With the proposed control, it is therefore possible to contain the air deficiency allowing a 

higher torque generation without smoke impact. 

 

  

Figure 11-32 Comparison between fast standard, slow standard and model based boost control performance during 

fast transient with gear shifting under high altitude condition  
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11.3.3  Knock Control of GDI Turbocharged Engine (Case Study) 

In modern GDI engines, knock represents one of the main constraints for the maximum thermal efficiency 

to be reached. Knock is one of the possible types of abnormal combustion that can occur in gasoline 

engines. After the spark discharge, the flame front propagates from the spark plug through the combustion 

chamber. While the flame front moves towards the cylinder walls, the fresh, end gas zone is compressed 

due to expansion of the burned gas, and heated by the flame front. When the unburned fresh charge 

reaches certain temperature and pressure levels, it may self-ignite. If the flame front does not reach the 

fresh gas before it self-ignites, the end gas gives rise to extremely rapid and uncontrolled combustions, 

called knock. Some of them produce extremely high temperature peaks and degenerate in pressure shock 

waves, thus possibly causing permanent thermo-mechanical damage to the combustion chamber 

components. Combustion chamber geometry, spark advance, fuel type, pressure and temperature levels are 

the main knock-related parameters. Limiting the spark advance with respect to the value that corresponds 

to maximum thermal efficiency, in an open loop control chain, it is possible to minimize the probability of 

knock onset. On the other hand, several uncontrolled parameters influence the detonation outset, as an 

example: fuel quality, intake pressure and temperature. To detect knocking combustions, a pressure sensor 

directly facing the combustion chamber provides the maximum information, but this type of technology 

does still not meet automotive constraints in terms of cost and reliability. To overcome these issues, 

alternative sensors have been developed. The most diffused knock detection systems are based on 

vibration sensors (accelerometer) screwed on the engine, in a specific position, or devices able to use the 

spark plug as a current sensor to detect the ion concentration variations inside the combustion chamber 

[191]. 

In this activity research a novel sensing system for knock detection based on acoustic has been developed 

and its performance has been evaluated in comparison with cylinder pressure sensor, assumed as 

reference. The acoustic sensing offers, at cost comparable with accelerometer, the capability to perform at 

same time more functions (e.g. turbocharger speed evaluation), as already explained.  

The investigations on knock detection were carried with positive results in a 4 cylinders GDI engine for 

passenger car and in high speed 4 cylinders for motorbike. In the next section the focus is on car engine, 

showing the evaluation of the knock detection performance via acoustic and the results of closed loop 

control on engine test bench. More details of the whole research activity have been presented in 

specific works [211, 214,215]. 

Experimental setup  

All the experimental tests carried out during the research activity have been executed on a 4 cylinder 1.4L 

Turbocharged GDI engine, for passenger car applications. Its technical data are summarized in Table 11-3. 

Table 11-3 Technical data of the engine used during the experimental tests 

Displaced Volume 1390 cm
3
 

Maximum Torque 220 Nm @ 1500-4000 rpm 

Maximum Power 103 kW @ 6000 rpm 

Architecture L4, firing order 1-3-4-2 

Number of valves 4 per cylinder 

Intake system Super and Turbo Charger 

Injection system GDI 180 bar 

Bore 76.5 mm 

Stroke 75.6 mm 

Compression Ratio 10.1 
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The engine is managed by means of a Magneti Marelli ECU and a RCP system where run the new control 

functions based on acoustic sensing. Figure 11-33 shows the described experimental set-up. 

The in-cylinder pressure of each cylinder has been measured by means of Kistler 6052A piezoelectric 

sensors. An acoustic probe, presented in a previous section, has been used for acquiring acoustic 

emissions. 

 

Figure 11-33 Experimental layout 

To compare the results obtained by the sound analysis with the performance of the sensors, normally used 

for onboard application, the signal provided from the accelerometer already present on the production 

engine has also been acquired. The accelerometer was placed behind the volumetric compressor, between 

cylinders 2 and 3 (Figure 11-34). This type of sensor is a widespread solution adopted for knock onset 

detection in gasoline engines. The four in-cylinder pressure, accelerometer and acoustic emission signals 

have been acquired simultaneously at 200 kHz by means of an onboard indicating analysis system (OBI-

M2) by Alma Automotive. A turbo SPEED DZ135 sensor by Micro-Epsilon, facing the compressor of the 

turbocharger, has been used to directly measure its rotational speed. 

Moreover, the most important ECU and test bench variable have been acquired at low frequency using the 

ECU interface software INCA provide by ETAS and by means of the test bench management software. 

 

Figure 11-34 Installation of the production accelerometer sensor 
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Knock Detection via Acoustic 

In the first part of the study, a novel methodology to derive a knock index based on engine acoustic 

emissions has been carried out. Three engine operating points have been considered (Table 11-4). 

Table 11-4 Engine operating poins for knock testing 

Operating 

Point 

Engine Speed Intake Manifold 

1 2000 rpm 1300 mbar 

2 2500 rpm 1500 mbar 

3 3000 rpm 1500 mbar 

 

One of the most important aspects that must be taken into consideration when performing an acoustic 

analysis is the microphone position. In fact, the acoustic waves emitted by a source may be partially or 

totally shielded by the presence of a barrier along their path, when diffusing through the surrounding 

environment. The acoustic sensor position has been defined after a preliminary investigation. Thirteen 

different locations around the engine have been tested during the experimental phase, to determine the 

ones that enable knocking clink, with constraint to sense at same time the turbocharger speed. 

The placement with the highest signal to noise ratio has been identified in the intake side of the engine, 

under the intake manifold (Figure 11-35). Usually, onboard application requires a further optimization 

step for finding the best sensing position, but the signal to noise ratio is typically higher onboard the 

vehicle than in the test cell, due to noise absorption characteristics and shape of the engine compartment. 

 

 

Figure 11-35 Positioning of the microphone based sensor 

 

In the second part of activity the close loop control was assessed on real engine demonstrating that the 

audio-based algorithm is quite similar to accelerometer based implemented in standard MM ECU, 

allowing an essay switch between the two sensors. 

Combustion Chamber Vibration Modes  

The combustion chamber can be considered as a bi-dimensional membrane that vibrates if excited by 

pressure waves. The vibration modes of the membrane are strictly correlated to the geometry of the 
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combustion chamber itself and to the thermal state of the trapped gas. The Draper’s frequencies can be 

calculated by equation  

𝑓𝑟 = 𝐶𝑠 ∙
𝜌(𝑟, 𝑐)

𝜋 ∙ 𝐵
 

(11.11) 

where 𝑓𝑟 is the resonance frequency, 𝐶𝑠 the sound speed, B the cylinder bore and 𝜌 the wave number. 

For the engine considered in this study, the first four vibration modes have been calculated using (11.11) 

and the values are listed. 

Table 11-5 Combustion chamber resonant modes 

 

Preliminary experimental tests were performed by inducing knocking levels of different intensity (by 

acting on the Spark Advance), to verify whether the in-cylinder pressure signal was actually excited at the 

estimated resonant frequencies shown in Table 11-5, and whether such “signature” was observable also on 

the engine acoustic emission.  

Figure 11-36 shows the Power Spectral Density (PSD) calculated for the in-cylinder pressure signal under 

non-knocking, light-knocking and heavy-knocking conditions (at a given engine speed), confirming the 

sensitivity of in-cylinder pressure to knock intensity, and the resonant frequencies values calculated by 

equation (11.11).  

 

Figure 11-36 In-cylinder pressure signal energy distribution 

The data shown in Figure 11-37 are related to the same tests of Figure 11-36, but in this case the PSD has 

been extracted from the acoustic emission signal, demonstrating that its frequency content is affected by 

knock in a similar way, and therefore proving that in principle the acoustic emission can be used to 

measure knocking intensity. 
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Figure 11-37 Acoustic emission signal energy distribution 

Comparing the figures above, it may be noted that in both signals the same frequencies are excited 

during knocking combustions. Furthermore, the energy intensity in the acoustic emission spectrum 

increases in the same way as for the in-cylinder pressure signal. On the other hand, observing Figure 

11-37, it is visible that the engine sound wave spectrum contains significant frequency components 

that are not correlated to knock intensity. This consideration suggests that the knock detection should 

be performed through an analysis of frequency bands close to combustion chamber natural modes, in 

order to avoid the influence of other acoustic sources.  

Many types of knock indexes have been developed in the last decades. A detailed review of the main 

approaches has been presented in [193], and more recently in [195].  
To assess the quality of the knocking information contained in the audio signal with respect to the one that 

can be extracted from the cylinder pressure, the first step of the study has been the definition of different 

knock intensity indexes based on acoustic emissions, and the comparison with an in-cylinder pressure 

based knocking index assumed as a reference. In particular, the Maximum Amplitude Pressure Oscillation 

(MAPO) defined by equation (11.12) has been considered as the reference pressure-based knocking index 

[194]. 

𝑀𝐴𝑃𝑂 = max (|𝑃𝑐𝑦𝑙𝑓𝑖𝑙𝑡|) 

(11.12) 

For MAPO evaluation, the in-cylinder pressure is high pass filtered at 5 kHz. MAPO values are strictly 

associated to the intensity of the pressure waves produced by the auto-ignition process, and therefore to 

the main knock-related damage mechanisms [28]. For sound based knock intensity, two different indexes 

have been considered [192], defined by equations (11.13) and (11.14): 

𝐼𝑛𝑡 =
1

𝜃2 − 𝜃1
∙ ∫ |𝑆𝑜𝑢𝑛𝑑𝑓𝑖𝑙𝑡| 𝑑𝜃

𝜃2

𝜃1

  

(11.13) 

𝑆𝐷𝐵𝑃 = max(|𝑆𝑜𝑢𝑛𝑑𝑓𝑖𝑙𝑡 1|) + max(|𝑆𝑜𝑢𝑛𝑑𝑓𝑖𝑙𝑡 2|) + max (|𝑆𝑜𝑢𝑛𝑑𝑓𝑖𝑙𝑡 3|) 

(11.14) 
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For the Int index calculation, the acoustic emission signal (Sound) has been band-pass filtered 

between 7 and 8 kHz. This frequency band corresponds to the first vibration mode, which resulted as 

the most sensitive in both pressure and sound signals. The frequency bands corresponding to the first 

three vibration modes, which resulted more evident in the acoustic spectrum, have instead been chosen for 

the definition of SDBP. Int index represents the knocking index typically implemented within production 

ECUs for accelerometer-based knock-detection, and it is therefore particularly interesting to verify, in this 

study, the correlation level that may be achieved with in-cylinder pressure based knocking indexes using 

this type of algorithm.  

The positions and widths of the angular windows used for knock evaluation for both in-cylinder pressure 

and sound emission are the same. Another aspect that should be considered, in sound analysis, is the 

transport time between sound emission and the moment that the sound wave reaches the microphone. By 

compensating this time delay, it is possible to maximize the signal to noise ratio and to assign the 

knocking event to the right cycle and cylinder. In the real time algorithm, the time delay has been initially 

estimated by measuring the air temperature and the distance between the microphone and each cylinder. 

The sound speed has been evaluated by means of its definition. 

Knock Detection Results 

Knocking has been induced for the three engine operating conditions summarized in Table 11-4 and the 

sound was measured in each of the thirteen sensor positions.  The complete engine operating range has not 

been explored because the goal of this first part of the study was the determination of the position with the 

best signal to noise ratio. For each operating condition, 500 subsequent engine cycles have been acquired 

and processed. 

To evaluate the results, in terms of knock intensity detection, the Pearson’s linear correlation coefficient 

has been calculated between MAPO and the two sound-based knocking indexes. The Pearson correlation 

coefficient is a statistical measure of the linear dependency between two variables x and y defined in 

equation (11.15). It can vary between +100% and −100%. A correlation level equal to 100% means that 

the two quantities change in the same way, therefore, the same information can be found in both signals. 

𝑟(𝑥, 𝑦) =
∑ (𝑥𝑖 − �̅�) ∙ (𝑦𝑖 − �̅�)
𝑁
𝑖=1

√∑ (𝑥𝑖 − �̅�)
2𝑁

𝑖=1 ∙ ∑ (𝑦𝑖 − �̅�)
2𝑁

𝑖=1

 

(11.15) 

The experimental results, obtained in the position considered as optimal for the knock detection (intake 

engine side, with the acoustic sensor placed very close to the engine) are reported in the following Figure 

11-38 and Figure 11-39. 

By analyzing the results reported below, it may be noted that Int knock index shows high correlation 

levels for the first operating point, but it highlights a decreasing trend when engine speed increases. On the 

other hand, the SDBP index presents a more stable behavior for the three operating conditions examined, 

and very high correlation levels. 

Lee et al. [196] explain these two different trends by analyzing the behavior of the combustion chamber 

natural frequencies. When the engine runs at high speed, the contribution of the higher resonating modes 

becomes preponderant with respect to the resonances related to lower frequencies. As already clarified, Int 

index considers only one frequency band, whereas SDBP index takes into account also the natural 

frequencies that become more relevant when the engine runs at higher speeds. Based on such 

considerations, SDBP has been chosen as the sound-based knocking index to be implemented in the real-

time knock control strategy.  
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Figure 11-38 Correlation levels between MAPO and Int audio knock index 

 

 

Figure 11-39 Correlation levels between MAPO and Int audio knock index 

It should finally be noted that the correlation levels presented in Figure 11-38 are particularly high. 

Slightly lower correlation levels were in fact obtained for the same data set by using the standard, 

production type accelerometer mounted on the engine for knock detection and control. 

 

Knock Control Strategy 

In the previous paragraphs the feasibility of using the acoustic emission as knock information source has 

been proved and implemented in real time. In this part of the study, the possibility to switch from 

accelerometer to acoustic signal source only performing a recalibration of control startegy is 
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demonstrated. For the tests, the engine control has been managed by means of a Magneti Marelli standard 

ECU. The knock control strategy implemented in the ECU has been the same used in the standard 

accelerometer-based production system. Knock has been externally induced by applying controlled spark 

advance increments. The MAPO defined by equation (11.12) has been considered as the reference 

pressure-based knocking index, expressed in bar. 

To maintain only the knock-related information contained in the in-cylinder pressure signal, it has been 

high-pass filtered at 5 kHz. The observation window adopted for MAPO evaluation starts from the Top 

Dead Center (TDC) and ends at 70 crankshaft angle degree (CAdeg) after Top Dead Center (ATDC), for 

all the tests that have been executed. In order to assess the ability of the audio-based knock system to 

maintain a light knock intensity, and to compare it to the standard accelerometer-based one, an empirical 

MAPO value limit considered as Light Knock Intensity Threshold (LKTH) has been set in bar, as shown 

by equation (11.16). 

𝐿𝐾𝑇𝐻 =
𝐸𝑛𝑔𝑖𝑛𝑒  𝑆𝑝𝑒𝑒𝑑

2000
 

(11.16) 

Furthermore, a second MAPO limit, in this case as High Knock intensity Threshold (HKTH), has been 

defined by equation (11.17). 

𝐻𝐾𝑇𝐻 =
𝐸𝑛𝑔𝑖𝑛𝑒  𝑆𝑝𝑒𝑒𝑑

1000
 

(11.17) 

In both expressions the Engine Speed is expressed in [rpm]. This distinction is useful to set an appropriate 

trade-off between performance and engine safe operating conditions. Table 11-6 collects the engine 

operating conditions and the corresponding MAPO limits for light and high knock. 

The aim of this study is to demonstrate the possibility of substituting the accelerometer with an acoustic 

sensor as provider of knock intensity information in a standard engine management system, by only 

performing a knock detection strategy recalibration process. To evaluate the actual possibility to switch 

the standard knock control algorithm from vibration to sound, one of the hard constraints is that the 

structure of the knock index evaluated by the control system is to be the same for both signals.  

Table 11-6 Engine operating conditions investigated during the tests 

 

Recalibration procedure has involved only the parameters related to the knock observation windows 

(opening and closing crankshaft angles) and the ECU knock intensity thresholds. In particular, the 

mathematical structure of the Knock Index (KI) evaluated by the engine management system depends on 

the signal energy defined by equation (11.18), as presented in [197]. 
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𝑆𝑖𝑔𝑛𝑎𝑙𝐸𝑛𝑒𝑟𝑔𝑦 =
1

𝑁
∑𝑥(𝑖)𝑓𝑖𝑙𝑡 6−16 𝑘𝐻𝑧

𝑁

𝑖=1

 

(11.18) 

Where N is the number of samples acquired in the angular period and band-pass filtered by the ECU is in 

the range between 6 to 16 kHz. Considerations regarding the dynamics of the average signal energy, its 

statistical distribution and the calibration efforts at the engine test bench, suggest realizing a logarithmic 

transformation by the following equation: 

𝐾𝐼 = log(𝑆𝑖𝑔𝑛𝑎𝑙𝐸𝑛𝑒𝑟𝑔𝑦) − 𝜇 − 𝐾𝐼𝑇𝐻(𝑟𝑝𝑚, 𝑙𝑜𝑎𝑑) 

(11.19) 

where 𝜇 is the mean value of the statistical distribution estimated by a low pass filter applied to the current 

and previous estimated mean value, whereas KITH (rpm, load) is a threshold function of the engine 

operating point. 

A detailed description of the algorithm implemented in the ECU can be found in a dedicated publication 

[197]. The main task that a knock controller should accomplish is the maximization of the engine 

performance (maximization of the combustion efficiency) while preserving the engine from damages 

caused by knocking combustion. Figure 11-40 illustrates the two typical operating regions of engine: the 

bottom area, indicated by “1”, is the non-knocking region, whereas the top area, labelled as “2”, is 

characterized by the onset of knocking combustions. The boundary line that divides the two regions 

represents the goal of the knock control strategy. When the engine runs at an operating condition located 

near the boundary line, it means that the maximization of the combustion efficiency has been achieved, 

while guaranteeing a non-damaging knock intensity level. 

 

Figure 11-40 Main operating regions of engine: 1) non-knocking 2) knocking 

After the knock controller tuning, a series of validation tests for each operating point have been 

performed. To assess the overall performance of the system, two types of tests have been performed. The 

first test has been performed in steady state conditions. Initially, knock is forced by adding a Spark 

Advance (SA) increment to the value calculated from the base map, thus enabling the knock controller to 

take action. The controller response is then observed and evaluated after steady-state conditions have been 

reached again. The SA increment has been the same for the test run with the accelerometer and the 

acoustic sensor, since the aim of this experiment is the assessment of the steady-state calibration 

procedure. 
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Figure 11-41 Results for steady state test runs at 2000 rpm WOT with accelerometer 

 

Figure 11-42 Results for steady state test runs at 2000 rpm WOT with acoustic probe 

By the comparison of the couples of Figure 11-41 and Figure 11-42, which compare the same test 

performed using the accelerometer and sound signals, it can be appreciated as, for both signal sources, the 

control system has approximately the same behavior. For all the tests, the average MAPO percentile target 

has been reached. It is possible to see that the controller forces an oscillation of the MAPO percentile 

value around the target level (Table 11-6). The false positive percentages detected during the steady state 

tests have been calculated and collected in Table 11-7. Very few events are misinterpreted. 
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Table 11-7 Percentage of false positives occurred during the static test using accelerometer (top) and acoustic 

(bottom) sources. 

 

 

 

Table 11-7 shows that the results obtained are similar for both the cases. The difference between the two 

detection methodologies is greater comparing cylinder 3 and 4 in the test at 2000 rpm, but the percentage 

values obtained are compatible with the standard production targets. 

After the steady state validation, a transient test has been performed, with the purpose of comparing the 

stability and the reactiveness of the controller. In this case, the test starts under light knock condition (the 

spark advance actuated is the same calculated from the spark advance base map), and after a few seconds 

a manual spark advance increment is forced. After reaching steady state condition, an instantaneous 

reduction of the spark advance angle w.r.t. the base map is forced. The aim of this test is the assessment of 

the ability of reaching (and maintaining) light knock conditions from two opposite directions. Because the 

aim of the knock controller is not only to safeguard the engine integrity, but to reach the maximum 

thermal efficiency while respecting the knock limit calibrated by the engine manufacturer. In this case, the 

knock threshold (Table 11-6) is not only a border line for the engine integrity, but at the same time, it is a 

thermal efficiency target, and as such the engine should work as close as possible to this limit. 

 

Figure 11-43 Results for transient state test runs at 2000 rpm WOT for vibration 
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Figure 11-44 Results for transient state test runs at 2000 rpm WOT for acoustic probe 

As in the previous case, the couple of Figure 11-43 and Figure 11-44 compares the same type of test 

performed during different engine operating conditions, using the accelerometer and sound sources. It is 

clearly emphasized how the control system tracks the light knock condition, keeping the engine in an 

oscillation around the MAPO percentage target similarly, both in the case of increment or decrement of 

the spark advance from the base condition, and for both acoustic and accelerometer-based systems. The 

time needed to recover a target condition (recovery time) is similar for the two systems based on different 

sensors, and the steady-state SA values (and the corresponding knocking levels) reached after rejecting the 

disturbance are also very similar, demonstrating the feasibility of a sound-based knock-controller based on 

the very same signal processing architecture as the production one, based on accelerometer sensors. 

 

11.4 Virtual Sensor of Combustion Indexes (Case Study) 
 

Due to the increasing request for pollutant emissions reduction in internal combustion engines, a large 

amount of research are ongoing to investigate advanced combustion methodologies presented in Chapter 

#6.4. In particular a significant reduction in both NOx and Particulate Matter added to an efficiency 

improvement can be achieved through Low Temperature Combustion approaches, usually characterized 

by high EGR rates and a highly premixed combustion portion.  

Unfortunately, LTC operation is very sensitive to in-cylinder thermal conditions. Consequently, non-

optimal combustion control can lead to combustion instability and cylinder-by-cylinder imbalance. In 

order to avoid such problem, closed-loop combustion control is necessary.  

As a matter of fact, a significant improvement of combustion outputs can be achieved, also in 

conventional combustions of gasoline and diesel engines, through closed-loop combustion control based 

on the real-time processing of in-cylinder pressure signal [198,199,200]. This quantity provides crucial 

information about the way combustion takes place in the combustion chamber, such as indicated torque 

delivered by the engine, pressure peak location, start (SOC) and center of combustion (CA50). However, 

pressure sensors on-board installation is still uncommon, mainly due to problems related to reliability and 

cost. Therefore, over the past years, several remote combustion sensing methodologies have been 
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developed, the goal being to extract information about combustion through the real-time processing of 

signals coming from low-cost sensors (both standard and additional) mounted on the engine.  

This section presents the research studies about overall remote combustion sensing methodologies that 

allows estimating many indicated quantities used in conventional and LTC closed-loop control strategies, 

such as:  

 Indicated Torque delivered by the engine;  

 Center of Combustion (CA50);  

 Start of Combustion (SOC);  

 Rate of Heat Released (ROHR) Peak location, corresponding to Pressure Peak location within the 

cycle;  

 Combustion Noise (CN). 

 

The presented virtual sensing approach is based on the analysis of engine vibration, engine speed 

fluctuation and engine acoustic emission, therefore the installation of cylinder pressure sensors is not 

required. Engine speed fluctuations can be derived from the same phonic wheel already mounted on-board 

for other control purposes (no extra hardware cost), while engine block acceleration and acoustic emission 

can be measured using an accelerometer mounted on the engine block and a proper acoustic probe 

(compared to the installation of pressure sensors, the additional hardware cost is much lower).  

Previous works [201,202,203] demonstrate that CA50 (average value over one cycle) and indicated torque 

delivered by each cylinder can be determined through a proper processing of crankshaft speed 

fluctuations. Moreover the signal coming from the accelerometer mounted on the engine block can be 

used to determine start of combustion and pressure peak location within the engine cycle (one per 

cylinder), as presented in previous works [205,206,207], one of them by the author of this thesis [204]. In 

addition, a proper processing of the acoustic emission captured by a microphone-based device can be used 

to real-time control combustion noise. 

The virtual sensors developed and presented in this study are general, therefore can be applied to engines 

with different architectures and combustions. The estimation algorithms have been implemented in a 

programmable Rapid Control Prototyping (RCP) system, used to real-time estimate the indicated 

quantities of interest during the operation of diesel and gasoline engines with different layouts (in terms of 

combustion order and angular spacing between combustions). In addition, to validate the algorithms for 

LTC strategies, one Compression Ignited (CI) diesel engine has been also operated in PCCI (diesel) and 

RCCI (dual fuel with diesel and gasoline) mode. 

 

Experimental Set-up 

In order to develop and validate the algorithms for the estimation of the above mentioned combustion 

indexes, a wide set of specifically designed tests have been run on a 1.3L Common Rail Diesel engine 

mounted in a test cell at the University of Bologna. The technical characteristics of the engine employed 

for the investigations are summarized in Table 11-8. 
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Table 11-8 Engine technical characteristics for the CI, PCCI and RCCI studies 

Displaced Volume 1248 cm
3
 

Bore 69.6 mm 

Stroke 82 mm 

Compression Ratio 16.8 

Architecture L4, firing order 1-3-4-2 

Number of valves 4 per cylinder 

Injection system Common Rail Multi-Jet + PFI system 

Maximum Torque 200 Nm @ 1500 rpm 

Maximum Power 70 kW @ 3800 rpm 

 

With regard to the analysis of PCCI combustion, this operating mode has been managed by simply 

modifying the EGR and the injection pattern and in such a way to obtain a highly premixed combustion 

portion (corresponding to the Pilot injection) and varying the Dwell Time (DT) between Pilot and Main 

injection.  

Together with the PCCI operating mode, air and fuel path of the Diesel engine have been modified in 

order to be compatible with the RCCI operating mode. According to description in Chapter #6.4.5, a new 

intake manifold has been manufactured, and 4 gasoline PFI injectors have been installed on it, see Figure 

11-45. These injectors have been connected to a rail filled with gasoline using a rotary fuel pump. Rail 

pressure has been kept constant at 5.5 bar using a pressure regulator. 

In RCCI operating mode, the additional gasoline system allows injecting gasoline in the intake manifold, 

creating a gasoline-air mixture that enters the combustion chamber when the intake valve opens. Then, 

combustion activation is obtained through Diesel direct injection.  

 

 

Figure 11-45 Fuel systems installation on engine employed for CI, PCCI and RCCI tests 

The injection controller has been implemented in a Rapid Control Prototyping system based on a National 

Instruments cRio 9082, see Figure 11-46. The RCP samples at high frequency the signal coming from the 

crankshaft speed sensor (standard VRS), which allows the system to determine the instantaneous angular 

location within the engine cycle, engine block acceleration and the voltage signal coming from the 

microphone.  

Once the angular position has been determined, the RCP outputs the logical commands for the PFI 

injectors, i.e. Energizing Time (ETgas) and Start of Injection (SOIgas). Then, a dedicated ECU converts 
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the logical commands and generates the corresponding electric commands for the PFI injectors. The RCP 

system is also suitable to manage Diesel injection. To do so, it communicates with the standard ECU via 

CAN bus (CAN0) to read and overwrite (when necessary) the injection parameters of interest, i.e. 

Energizing Time (ET) and Start of Injection (SOI). 

The engine under investigation has been equipped with in-cylinder piezoelectric pressure sensors (Kistler 

6058A), and one accelerometer (PCB Piezotronic 352C33) installed in a position in which the block 

acceleration due to the combustion process can be perceived with a high signal-to-noise ratio (the chosen 

position depends on the engine architecture taken into consideration). Finally, engine acoustic emission 

was measured using a microphone-based sensing device, developed by Magneti Marelli. Engine noise 

signal was also measured using a PCB Teds 378C01 microphone faced to the engine block and acquired at 

a sample frequency of 100 kHz, as a reference for the acoustic probe [210]. 

All the signals coming from standard sensors already present on-board for control purposes are monitored 

and acquired using INCA® software and ETAS® hardware. The non-standard sensors installed in the test 

cell are acquired using the test bench controller and stored in the Host PC. The scheme of the experimental 

layout is summarized in Figure 11-46. 

 

 

 

Figure 11-46 Scheme of the developed experimental setup for the management of CDC, PCCI and RCCI combustion 
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11.4.1 Indicated Torque and CA50 Evaluation via Crank-Shaft Speed Signal 

According to previous works [260,261], the correlation existing between the generic k-th frequency 

components of engine speed and torque applied to the crankshaft can be expressed using a transfer 

function that only depends on the torsional characteristics of the engine-driveline system. The k-th 

harmonic component of torque delivered by the engine can be calculated as the difference between the 

corresponding harmonic components of indicated and reciprocating torque. Indicated torque fluctuation 

(𝑇𝑖𝑛𝑑,𝑘) can be directly calculated starting from cylinder pressure measurement, while reciprocating torque 

fluctuation (𝑇𝑟,𝑘) can be calculated as a function of engine speed and reciprocating masses.With regard to 

the k-th harmonic component of engine speed (�̇�𝑘), it can be calculated starting from engine speed 

measurement carried out using the same toothed wheel mounted on-board. Therefore, named H(jω) the 

transfer function, it can be expressed through equation (11.20). 

𝐻(𝑗𝜔) =
𝑇𝑖𝑛𝑑,𝑘 − 𝑇𝑟,𝑘

𝜔 ∙ �̇�𝑘
 

(11.20) 

Since the value of the reciprocating masses is not always well known, the consequent errors in the 

evaluation of the transfer function might be not negligible. This problem has been overcome in previous 

works by the same authors [262] applying equation (11.20) to a test run in cutoff conditions (no fuel 

injected) at the same engine speed. The mathematical expression of H(jω) can be rearranged as follows: 

 

𝐻(𝑗𝜔) =
𝑇𝑖𝑛𝑑,𝑘 − 𝑇𝑖𝑛𝑑 𝑐𝑢𝑡𝑜𝑓𝑓,𝑘

𝜔 ∙ (�̇�𝑘 − �̇�𝑐𝑢𝑡𝑜𝑓𝑓,𝑘)
 

(11.21) 

Here, 𝑇𝑖𝑛𝑑 𝑐𝑢𝑡𝑜𝑓𝑓,𝑘 and �̇�𝑐𝑢𝑡𝑜𝑓𝑓,𝑘 represent the k-th harmonics of indicated torque and engine speed 

measured during an engine cycle run at the same engine speed but in cutoff conditions (no fuel injected). 

A detailed discussion of the methodology for the identification of the engine-driveline Transfer Function 

is beyond the scope of this work. However, the complete methodology is widely discussed in literature 

[201,202,203]. 

Once H(jω) has been determined, the transfer function can be calculated through the analysis of 

experimental data (torque and speed), but it is necessary to choose the proper k-th harmonic characteristic 

of the engine. The k-th harmonic of interest is the one at which torque and speed fluctuations show the 

highest amplitude, i.e. the one corresponding to the order characteristic of the engine. Since the engine 

used throughout this work performs 4 evenly-spaced combustions per cycle, the harmonic component of 

interest is k=4.  

As a matter of fact, if all the cylinders behave the same way, i.e. produce the same torque waveform over 

crank angle, the only difference between the torque harmonic components will be a phase shift related to 

the firing order. Therefore, as it can be observed in Figure 11-47, if the 4 cylinders are perfectly balanced, 

the torque harmonic components (𝑇𝑖𝑛𝑑,𝑘) for k=1, 2, 3 will be identically equal to 0. 

 



 
 

 

 

   

267 

 

 

 

 

Figure 11-47 Torque harmonic components up to harmonic 4 

Bearing in mind that only the harmonic component characteristic of the engine needs to be taken into 

account, the corresponding tranfer function of the engine-brake system has been calculated from transient 

tests run in Conventioanl Diesel Combution (CDC) mode. As reported in literature [262], only 3 engine 

speed ramps run at different load levels (cut-off conditions, medium load and full load) are necessary to 

calibrate the whole strategy. During the ramp tests, the whole speed range of the engine needs to be 

explored (from 1000 to approximately 4000 rpm for the 4-cylinder engine under study) to obtain a 

complete characterization of the transfer function. Amplitude and phase of the obtained transfer function 

are shown in Figure 11-48. 

 

Figure 11-48 Transfer function characteristic of the CI engine-brake system 

Once H(jω) has been determined, it can be used for real-time estimation of the indicated torque fluctuation 

during a generic operating condition simply rearranging equation (11.21) as follows: 

 

𝑇𝑖𝑛𝑑,𝑘 = 𝑇𝑖𝑛𝑑 𝑐𝑢𝑡𝑜𝑓𝑓,𝑘 +𝐻(𝑗𝜔) ∙ 𝜔 ∙ (�̇�𝑘 − �̇�𝑐𝑢𝑡𝑜𝑓𝑓,𝑘) 

(11.22) 

 

With regard to the quantities corresponding to the motored conditions, �̇�𝑐𝑢𝑡𝑜𝑓𝑓,𝑘 can be measured during a 

cutoff and stored in a map as a function of engine speed, while 𝑇𝑖𝑛𝑑 𝑐𝑢𝑡𝑜𝑓𝑓,𝑘 can be estimated, as a 

function of manifold pressure and engine speed, through equation (11.23) [262] (both maps have been 

programmed in the RCP system). 
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𝑎𝑏𝑠(𝑇𝑖𝑛𝑑 𝑐𝑢𝑡𝑜𝑓𝑓,𝑘) = 𝑐0 + 𝑘1 ∙ 𝑝𝑚𝑎𝑛 + 𝑘2 ∙ �̇�0

𝑎𝑛𝑔𝑙𝑒(𝑇𝑖𝑛𝑑 𝑐𝑢𝑡𝑜𝑓𝑓,𝑘) = 90 [𝑑𝑒𝑔]
  

(11.23) 

It is important to highlight that the transfer function (and consequently the estimation of the torque 

harmonic component) is not affected by the combustion strategy (CDC, PCCI, RCCI, etc.), since it only 

depends on the torsional characteristics of the engine-driveline system under investigation [263]. 

 

Conventional Diesel Combustion (CDC) 

 

The calculated transfer function demonstrates that the indicated torque component of interest (amplitude 

and phase) can be estimated starting from the real-time processing of the crankshaft speed signal. Once the 

indicated torque fluctuation of interest has been determined, it can be used to estimate both indicated 

torque and center of combustion (CA50). As a matter of fact, previous works, where the author of the 

thesis was involved, demonstrate that it is possible to identify a strong correlation between torque 

fluctuation amplitude and its mean value over the engine cycle (together with the intake manifold pressure 

𝑝𝑚𝑎𝑛) as well as between torque fluctuation phase and CA50 (linear correlation) [202].  

The above mentioned correlations have been determined offline, taking into account that both indicated 

torque and CA50 can be directly calculated starting from the acquired in-cylinder pressure signal. 

Indicated torque results to be correlated with the amplitude of its 4-th harmonic component and to the air 

quantity trapped inside the cylinder (therefore to intake pressure and engine speed), while a nearly linear 

correlation between CA50 and the phase of torque fluctuation can be set up. 

With regard to CA50 has been determined as the angular position corresponding to 50% of the ROHR 

cumulated sum. As it is well known, net ROHR (that does not take into account the effects of “blow-by” 

and heat transfer through cylinder walls) can be directly calculated starting from in-cylinder pressure 

measurements through equation (11.24), from [86]. 

 

𝑅𝑂𝐻𝑅 =
1

𝛾 − 1
∙ 𝑉 ∙

𝑑𝑝

𝑑𝜃
+

𝛾

𝛾 − 1
∙ 𝑝 ∙

𝑑𝑉

𝑑𝜃
 

(11.24) 

More details of this correlation analysis are not reported here, but it is fully discussed in literature. The 

main aspect to be underlined is that both torque delivered by the engine and the center of combustion can 

be estimated only through the analysis of crankshaft speed fluctuation (carried out using the same phonic 

wheel already mounted on-board). 

The complete methodology for indicated torque and CA50 estimation has been implemented in the RCP 

and used to real-time estimate these quantities from engine speed measurement. The results obtained 

during transient tests run in CDC mode are reported in Figure 11-49. The estimation methodology proved 

to be very accurate in CDC mode, therefore the estimated indicated quantities might be used to feedback a 

closed-loop combustion control strategy. 
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Figure 11-49 Indicated torque mean value and center of combustion in CDC mode, estimated vs measured 

In this case, a closed-loop combustion control strategy has been also implemented in the RCP. Based on 

the estimated values of torque and center of combustion, such control strategy dynamically changes the 

energizing time of the Main injection (ETmain) to keep torque constant while varying also the start of 

injection (SOImain) to keep nearly constant the center of combustion. To do so, when the engine is 

running, the controller reads via CAN bus the values of Start of Injection (SOI) and Energizing Time (ET) 

calculated by the engine control system for all the injections (Pilot, Pre and Main) of each combustion. 

Then, if the error between target and estimated indicated quantities remains below a calibrated threshold, 

the RCP system overwrites (via CAN bus) final SOImain and ETmain with the same values calculated by 

the standard control (Standard injection pattern). Otherwise, if the error increases, the RCP system 

overwrites SOImain and ETmain with new calibrations calculated by two separated PID controllers. 

Figure 11-50 reports a scheme of the whole developed controller. 

 

Figure 11-50 Scheme of the closed-loop combustion controller implemented and tested in this study; here, the 

estimated indicated quantities are the ones determined from the real-time processing of crankshaft speed fluctuations 

To clarify how the developed controller works, Figure 11-51 shows the result obtained applying the 

closed-loop control strategy (that real-time varies the Main injection parameters) during a linear reduction 

of the amount of diesel injected in the Pilot injection (2-injections pattern). 

As it can be observed in Figure 11-51, while the amount fuel injected in the Pilot injection is reduced 

(from 2.5 to nearly 0 mm
3
/stroke) the controller increases both ETmain and SOImain to keep estimated 

torque and estimated CA50 at their target values. The experimental results demonstrate that the 

corrections based on the values of the estimated quantities also keep nearly at their target values the actual 

indicated quantities (calculated by the indicating system from in-cylinder pressure). 
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Figure 11-51 Closed-loop control of SOImain and ETmain while reducing the amount of fuel injected in Pilot from 

2.5 to nearly 0 mm3/stroke 

Since the center of combustion estimation methodology proved to be effective for the closed-loop control 

of conventional diesel combustion, further investigations have been performed to extend the approach to 

other LTC strategy. To do so, the same CI engine has been modified to be operated in PCCI and RCCI 

mode. 

Pre-mixed Combution Compression Ignition (PCCI) 

PCCI combustions are diesel CI combustions mainly characterized by high EGR rates and highly 

premixed combustion portions. The combination of high ignition delays and EGR rates usually results in 

high sensitivity to cylinder thermal conditions; therefore closed-loop combustion control becomes crucial 

to guarantee combustion stability [41,306,307]. 

To validate the torque and CA50 estimation algorithm for PCCI diesel combustion, the standard injection 

pattern of the engine under investigation has been significantly modified. The number of injections has 

been set to 2 (Pilot, Main) and the amount of fuel injected in Pilot injection (Qpil) has been increased (up 

to 4 times the standard value) while reducing Qmain (to keep constant the overall fuel consumption). EGR 

rate has been also increased, the goal being to reduce combustion stability and increase cycle-to-cycle 

variability. As an example, starting from the standard injection pattern actuated by the ECU while running 

the engine at 2000 rpm and IMEP = 4 bar, Qpil has been increased from 1 to 4 mm3/stroke and SOIpil has 

been varied from nearly 14 up to 40 deg (while SOImain has always been kept constant at 3.5 deg). 

The variations applied to standard injection pattern significantly modify the way energy is released during 

the combustion process. Figure 11-52 shows an example of ROHR for an engine cycle in PCCI mode 

(red) compared to a baseline cycle run in CDC mode using the standard injection pattern (black). 

For the cycle run in PCCI mode, the oscillations visible in the angular range corresponding to the Main 

combustion portion is caused by the impulsive energy release (more pre-mixed with respect to CDC), that 

occurs in a short angular range and produces high frequency oscillations captured by the in-cylinder 

pressure transducer. 
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Figure 11-52 Comparison between ROHR in PCCI and CDC mode; tests run at 2000 rpm and IMEP = 4 bar 

The whole PCCI combustion process can be often divided in 2 consecutive and partially overlapped 

combustion events. In this case, the calculated CA50 value becomes very noisy, and might also be unable 

to provide accurate information about combustion location within the cycle. To clarify this consideration, 

Figure 11-53 reports the cumulated (net) Rate of Heat Release for an engine cycle run in PCCI mode at 

2000 rpm and IMEP = 4 bar. As it can be observed, identifying the angular position corresponding to the 

50% of ROHR cumulated sum (CHR) can be critical, mainly due to the high dwell time (that leads to a 

non-monotonically increasing curve) between Pilot and Main injection. In some cases, this behavior 

makes CA50 a non-useful parameter for closed-loop combustion control. 

 

Figure 11-53 Normalized CHR curve for an engine cycle run at 2000 rpm and IMEP = 4 bar in PCCI mode 

Although CA50 calculation might be critical for PCCI combustions, engine speed can still be used to 

estimate the indicated torque fluctuation of interest. Figure 11-54 reports the result obtained applying the 

torque fluctuation estimation methodology. As it can be observed, also in PCCI combustion, both 

amplitude (still strongly correlated with indicated torque mean value over the engine cycle) and phase of 

the indicated torque fluctuation can be accurately estimated. This quantity still provides important 

information about combustion location within the cycle, even if it is not always linearly correlated with 

CA50. 
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Figure 11-54 Measured vs Estimated Torque fluctuation (amplitude and phase) for the tests run in PCCI mode at 

2000 rpm and IMEP = 4 bar (SOI variations) 

 

Reactivity Controlled Compression Ignition (RCCI) 

As mentioned in the previous sections, the remote combustion sensing algorithm based on the analysis of 

crankshaft speed fluctuation has been also applied to the 1.3L Diesel engine run in RCCI mode. 

To validate the methodology in RCCI mode, several tests have been run at 2000 rpm and IMEP = 4 bar 

investigating wide ranges of EGR (from 10% to 32%). In addition, 3 different gasoline/diesel target ratios 

have been tested: 55/45, 70/30 and 80/20 (the mass of each fuel has been corrected, with respect to the 

ratio, according to the defferences between the lower heating values of the fuels). During all the tests, the 

base structure of the diesel injection pattern has been maintained in terms of number of injections and 

dwell time between injections, while combustion phasing has been modified varying SOImain (from 10° 

BTDC up to 45° BTDC). To achieve the mentioned gasoline/diesel target ratios maintaing constant the 

total amount of energy, the energy introduced with gasoline has been compensated equally reducing 

Qmain. 

Figure 11-55 shows 4-th harmonic component of Torque, respectively in terms of amplitude and phase, 

which results applying the estimation methodology during a test run in Dual Fuel mode with 

Gasoline/Diesel ratio equal to 80/20. 

RMSE = 1.4.93 Nm

RMSE = 0.86 deg
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Figure 11-55 Amplitude (left) and Phase (right) of indicated torque fluctuation, measured vs estimated, for a test run 

at 2000 rpm, IMEP=4 bar, Gasoline/Diesel = 80/20, RMSE=3.6 Nm and RMSE=0.65°  

Figure above proves that torque fluctuation can be properly estimated starting from the crankshaft speed 

fluctuations also in RCCI mode. Whereas Figure 11-56 shows the real-time application of the CA50 

estimation algorithm to a steady-state test run with gasoline/diesel target ratio 55/45. During the test, 

SOImain has been varied from 5 to 0 deg BTDC (combustion retarded). As already mentioned, in this case 

the 3-injection pattern is simply shifted, because the Dwell Time between injections is kept constant. As a 

result, the average apparent heat release over the cycle (ROHR) varies as reported in the top subplot of 

Figure 11-56. 

 

Figure 11-56 Measured and estimated center of combustion for a test run at 2000 rpm, IMEP = 4 bar, gasoline/diesel 

target ratio 55/45 
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Figure 11-57 shows, the results obtained applying the whole estimation procedure to the tests run with 

Gasoline/Diesel target ratios 70/30 and 80/20. 

 

Figure 11-57 Estimated vs Measured CA50 and difference for Gasoline/Diesel 70/30 (left) and 80/20 (right) 

Then, the estimated values of amplitude and phase of the torque fluctuation have been correlated to 

average indicated torque and CA50 respectively. Table 11-9 summarizes the accuracy of the obtained 

estimations for the 3 gasoline/diesel target ratios analyzed. 

 

Table 11-9 Accuracy of torque and CA50 estimation for the tests run in RCCI mode 

Fuel Ratio Torque RMSE [Nm] CA50 RMSE [deg] 

Gasoline/Diesel 55/45 3.42 0.61 

Gasoline/Diesel 70/30 3.60 0.65 

Gasoline/Diesel 80/20 4.03 0.72 

 

 

11.4.2  SOC, ROHR Position and CA50 Evaluation via Accelerometer 

Another key source to sense ICE combustion is the engine block vibration sampled by means of an 

accelerometer. Prior studies [204, 209], where the authors of this research was involved, demonstrates that 

accelerometers mounted on the engine block can be used to extract useful information about combustion 

effectiveness. In this case, the accelerometer signal has been used to determine SOC and ROHR peak 

location. 

In order to understand the nature of the correlation between engine block acceleration and the combustion 

process, Figure 11-58 (top) shows a comparison between the normalized accelerometer signal and the 
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corresponding normalized ROHR waveform. Both signals have been low-pass filtered in order to highlight 

the combustion information of interest. In this work, the correlations between engine block acceleration 

(measured using the accelerometer shown in Figure 11-45) and indicated quantities have been investigated 

for cylinder 1. The main idea behind the approach is that ROHR provides information about the way heat 

is released within the engine cycle, i.e. about combustion velocity. Due to this, it is reasonable to expect 

that acceleration signal might be strictly correlated to ROHR first derivative (NHRD) [205]. This 

consideration is confirmed by the comparison reported in Figure 11-58 (bottom). 

 

 

 

Figure 11-58 ROHR (top) and NHRD (bottom) compared with accelerometer signal for a test run in RCCI operating 

mode (2000 rpm, IMEP = 4 bar) 

From the observation of previous figure arises that a strong similarity exists between ROHR derivate and 

the accelerometer signal. It is also interesting to notice the existence of a time delay between those two 

signals. Such delay depends of the accelerometer position, and it is equal to the time between the 

combustion event and the moment in which the effect is captured by the acceleration transducer. This 

delay is constant over time, but the angular delay might be variable, since it depends on crankshaft's 

angular velocity. 

It is important to notice that accelerometer signal is the result of both combustion and mechanical forces. 

Therefore, in order to optimize the signal to noise ratio, the accelerometer needs to be properly windowed 

(in this case a Tukey window has been chosen). The window location within the engine cycle can be 

automatically determined using the information about combustion phasing obtained through the algorithm 

discussed in the previous section. 

Compensating the mentioned accelerometer delay and using the appropriate window, NHRD and 

accelerometer normalized waveforms look very similar (Figure 11-59). In particular, the major 

accelerometer peak seems to be a good SOC estimator, while the following zero-crossing seems to be a 
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good estimator for angular location of ROHR peak and Cylinder Pressure peak. The identified 

correspondences have been used to set up an algorithm for real-time detection of SOC and Cylinder 

Pressure Peak location. 

 

Figure 11-59 Overlap between the signals; SOC and RHOR Peak/Cylinder Pressure identification 

RCCI Results 

This methodology has been applied to all the tests run in RCCI mode, and the results in terms of SOC and 

Cylinder Pressure Peak identification are shown in the following figure. In particular, Figure 11-60 reports 

the results obtained, in terms of SOC and ROHR peak location estimation, for the tests run with 70/30 

Diesel/Gasoline ratio (each point in the figures corresponds to one engine cycle). The accuracy of the 

obtained results demonstrates that this methodology can be successfully applied to the analyzed RCCI 

combustion mode for the estimation of SOC and ROHR peak location (equivalent to Cylinder Pressure 

Peak position). 

   

Figure 11-60 SOC Estimation (RMSE=1.68°) and ROHR Peak estimation (RMSE=0.89 deg) for different EGR 

values and SOIMain 20° BTDC Diesel/Gasoline 70/30.  
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After this first study the investigation of CA50 method has been extended to all 4 cylinders, implanting in 

RCP the aforementioned estimation algorithms. The methodology, implemented in the RCP system, filters 

the acquired accelerometer signal using a bandpass filter with cutoff frequencies equal to 0.3 kHz and 2.5 

kHz. Then, the filtered signal is resampled in the angular domain and properly windowed around the top 

dead center (TDC) of each cylinder. Finally, the algorithm automatically detects, for each cylinder, the 

major peak of the windowed signal and the angular location of the following zero-crossing, that provides a 

reliable estimation of pressure peak position within the engine cycle. The Figure 11-61 illustrates in-

cylinder pressure, cylinder pressure derivative and engine block acceleration (all normalized with respect 

to their maximum values) correlation, noting that the time delay of the accelerometer signal was 

characterized offline and compensated. 

 

Figure 11-61 In-cylinder pressure, in-cylinder pressure first derivative and engine block acceleration (normalized 

with respect to their maximum) for a test run in RCCI mode at 2000 rpm, BMEP approximately 5 bar and CA50 = 9 

deg. 

The developed algorithm proved to be suitable for Pressure Peak location estimation in all the 4 cylinders. 

Figure 11-62.A reports the results obtained applying the estimation algorithm to all experimental during 

CA50 sweep performed with the closed loop control based on cylinder pressure measurement.  
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Figure 11-62 (A): Comparison between measured and estimated (from accelerometer signal processing) Pressure 

Peak location. (B): Correlation between measure CA50 and Pressure Peak location 

The root mean squared error (RMS) between measured and estimated Pressure Peak location is equal to 

0.47 deg. The estimated Pressure Peak location that calculates the RCP system corresponding to measure 

CA50 value shown in Figure 11-62.B  

As reported in Figure 11-62.A a slight dispersion can be observed in the estimation of the latest peak 

pressure positions, mainly because retarded combustions (CA50 higher than 11 deg) usually produce 

acceleration signals characterized by a lower signal to noise ratio. This might also cause a reduction in the 

accuracy of CA50 estimation. However, the analyzed operating point the CA50 values of interest, i.e. the 

ones at which the efficiency of RCCI combustion is higher than CDC efficiency, are lower than 10 deg 

(around 8 deg). 

Conventional Diesel Combustion Results 

The discussed algorithm proved to be effective for Pressure Peak location (strongly correlated with CA50, 

as swon in Figure 11-62 and [222]) and SOC estimation in all the engines under investigation. As an 

example, Figure 11-63 shows the results obtained during a transient test performed running the CI engine 

in CDC mode. The accuracy of the obtained results is high enough to feedback an algorithm for closed-

loop combustion control. 

 

Figure 11-63 Estimation of Pressure Peak loaction and SOC during transient test run in CDC mode 

 

PCCI Results 

Due to the highly pre-mixed portions, the approach needs to be slightly modified to properly manage 

PCCI combustions. As already discussed, the PCCI combustion process can be usually divided in 2 

consecutive (partially overlapped) combustion events. As a result, the major peak in the accelerometer 

signal might be caused by both premixed and diffusive combustion portion. To manage this peculiar 

behavior, the algorithm has been modified to capture the maximum and the following zero-crossing of the 

2 major peaks in the acceleration signal. To clarify this consideration Figure 11-64 shows the detection of 

the 2 peaks of interest for a test run at 2000 rpm and IMEP = 4 bar in PCCI mode.  

It is important to highlight that the detection of combustion phasing based on accelerometer processing is 

not influenced by engine layout or combustion order, since the combustion process of each cylinder is 

windowed. In this case, the main limitation is the signal-to-noise ratio, that might be too low to guarantee 

RMSE = 0.47 deg

RMSE = 1.42 deg RMSE = 0.47 deg
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a robust estimation when the amplitude of mechanical vibrations is equal or higher than the amplitude of 

the vibrations caused by the combustion process. 

 

Figure 11-64 Application of the algorithm for the detection of accelerometer peaks location, engine cycle run in 

PCCI mode 

The signal-to-noise ratio can be usually improved increasing the number of accelerometers applied to the 

engine block. However, the accuracy of the algorithm is usually low when in high speed (high amplitude 

of mechanical vibrations) or low load (low amplitude of combustion vibrations) conditions. 

 

11.4.3 Combustion Noise Control via Acoustic Emission Real-Time processing 

The last part of this section describes a methodology for the calculation of engine noise, that provides a 

potential for the control of Common Rail Multi-Jet diesel engines. 

As it well known, engine noise is usually monitored calculating the Combustion Noise (CN) index, that 

can be directly calculated from in-cylinder pressure trace. Many works [264,265,266] demonstrate that 

combustion noise is strongly influenced by the impulsiveness of the combustion process, because fast pre-

mixed diesel combustions (with high ROHR peaks) are usually characterized by high CN values. To 

verify this, a set of experimental tests has been performed running the CI engine under study in CDC 

conditions. All the operating points (summarized in Table 11-10) have been run both using the standard 

injection pattern (3 injections) and switching off both Pilot and Pre injections (only one Main injection, 

with increased amount of fuel injected to compensate Pilot and Pre omission). 

The set of experimental data confirms that CN, calculated using the algorithm proposed in [267], is 

strongly correlated to combustion impulsiveness, because it is well correlated with the maximum 

amplitude of cylinder pressure first derivative or with the maximum ROHR peak. 

Table 11-10 Tests run in CDC mode for the analysis of the acoustic emission 

Engine Speed IMEP [bar] 

[Rpm] 3 6 9 12 

1250 1 2 3 4 

1500 5 6 7 8 

2000 9 10 11 12 

2500 13 14 15 16 

Delay 

compensation

Major peakPremixed peak
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As reported in Figure 11-65, for each operating point, the impulsive combustion (higher cylinder pressure 

derivative) is always characterized by a higher combustion noise. 

Although CN shows a good correlation with pressure derivative and ROHR peak, the goal of the approach 

presented in this work is to provide an algorithm for the closed-loop control of engine noise based on the 

real-time processing of the signal coming from the acostic probe faced to the engine block. 

 

Figure 11-65 Comparison between cylinder pressure derivatives and corresponding Combustion Noise for engine 

cycles run in CDC mode with standard injection pattern (3 injections) and without pre-injections.  

To do so, it is necessary to consider that the acoustic probe perceives the overall noise radiated by the 

engine, i.e. the sum of combustion noise (CN) and mechanical noise (MN). To quantify the overall noise 

radiated by the engine, equation (11.25) has been implemented in the RCP. 

𝑁𝑜𝑖𝑠𝑒 = 𝐶𝑁 +𝑀𝑁 = 𝑙𝑜𝑔10 (
�̅�

�̅�0
) 

(11.25) 

Here, �̅� is the mean energy level of the signal (evaluated from the spectrum of the acoustic emission 

signal), while �̅�0 is is a standard reference value that corresponds to the energy level at 20 µPa, which is 

usually considered the threshold of human hearing at 1 kHz [266]. 

Since mechanical noise is produced by the mechanical components in motion, it is mainly influenced by 

the engine rotational speed. As a result, the overall noise is a function of both engine speed and 

combustion impulsiveness (ROHR peak). Figure 11-66 shows that the correlation between overall noise 

and ROHR peak is nearly linear. However, given a value of ROHR peak, the overall noise level rises with 

engine speed. 
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To highlight the effect of engine speed (mechanical noise) on the overall radiated noise, the linear fittings 

reported in Figure 11-66 are all characterized by the same slope, while a noise offset (mechanical noise 

variation) is applied to properly fit the experimental measurements. 

 

Figure 11-66 Correlation between overall noise radiated by the CI engine run in CDC mode (measured using the 

acoustic sensor) and ROHR peak; test run with standard injection pattern and omitting pre-injections 

According to the discussed results, the use of an acoustic sensor allows the indirect calculation of CN. 

Once mechanical noise has been identified (mainly as a function of engine speed) the overall noise target 

needs to be set taking into consideration mechanical noise variations with engine speed. 

In the research activity, presented in [210], it has been demonstrated that is possible to real-time control 

engine noise (overall), properly activating or omitting pre-injections (Pilot or Pre). The dynamic variation 

of the injection pattern (limited by the measured noise) provides a significant potential in the reduction of 

pollutant emissions, especially particulate matter [267], because while combustions performed without 

pre-injections are usually characterized by an unacceptable engine noise, soot emissions usually drop with 

respect to the corresponding operating conditions run with Pilot and Pre. The main idea behind the 

proposed approach is that the noise (and consequently pollutant emissions) can be controlled running the 

engine in an intermediate operating mode in which Pilot and Pre are removed only to a subset of the total 

number of combustions performed, according to a proper designed sequence of engine cycle over a 

generic N-cycles buffer [210]. The switching frequency between the two operating modes (standard with 

Pilot and Pre or modified activating only the Main injection) needs to be high enough to produce noise 

discontinuities that can be barely perceived by the driver. Once N is fixed, N+1 options become available 

to properly design the sequence. Each sequence corresponds to an intermediate level between standard (3 

injections) and modified (only one injection) injection patterns. To clarify this consideration, equation 

(11.26) reports a matrix that contains 8 injection sequences that can be designed for N = 7. 

A noise control algorithm has been implemented in the RCP system and tested in dynamic conditions. 

This methodology real-time varies the sequence of standard and modified combustions based on the error 

between target and measured noise (calculated through equation (11.25) from the acoustic probe signal). 
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(11.26) 

 

As it can be observed in Figure 11-67, the selection of the proper injection pattern (performed by a PID 

controller) always allows controlling the target noise level, except in the cases in which the noise target is 

higher or lower with respect to the reachable noise levels. 

 

 

Figure 11-67 Noise produced by the engine (while activating the noise control algorithm) together with the selected 

injection sequence 

Summary 

This paragraph summarizes algorithms for remote combustion sensing studied in the research activities. 

The discussed methodologies extract indicated quantities, usually directly calculated from in-cylinder 

pressure measurement, using virtual or low-cost sensors applied to the engine. In particular, to estimate 

torque, combustion phasing (center of combustion, pressure peak location and SOC) and combustion 

noise, the discussed procedures use the standard phonic wheel already present on-board for other control 

purposes, one additional accelerometer and one acoustic probe. 

The complete remote combustion sensing methodology has been implemented in a programmable rapid 

control prototyping (RCP) system and applied to different combustion methodologies (both conventional 

and LTC) and engine architectures. 
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The proposed algorithms proved to be effective in all the analyzed cases, and the accuracy of the estimated 

combustion indexes seems to be accurate enough to feedback an algorithm for closed-loop combustion 

control, i.e. an algorithm that real-time varies the ignition/injection parameters to keep the estimated 

combustion feedbacks at the proper target value. For generic engine applications, the accuracy of the 

discussed algorithms cannot be defined a priori, because it will be strongly dependent on the signal-to-

noise ratio characteristic of the specific application, i.e. on the capability of perceiving the effects of 

combustion using the analyzed low-cost sensors. However, this work clearly highlights the potential of the 

discussed approaches when implemented in a real-time system (RCP). 

Additional work has been done to implement the developed algorithms in standard ECUs for on-board 

engine control, to prove that there is no limitation related to the on-board installation. Further studies are 

also being performed on an engine-dyno system to define the operating ranges in which a reliable 

combustion optimization can be guaranteed over time. 

 

11.5 Advanced Combustion Control: the case of RCCI  
 

As presented in Chapter #6.4.6 the RCCI combustion, despite the costs and complexity of two fuel 

systems, has many advantages than the other approaches to LTC. Indeed the possibility to define on-board 

the fuel proper reactivity allows to extends the operation area of the LTC combustion. However, the 

instability of the combustion remains an issue to be managed, like other LTC approach.  

In this section a closed loop controller architecture is proposed and its behavior in a selected engine point 

is assessed by means of an RCP system. The engine is the same modified 1.3 L Diesel presented in Table 

11-8 and the experimental set-up is the same illustrated in Figure 11-45 and Figure 11-46. 

The investigation has been carried out in the engine operating point 2000 rpm and BMEP=6 bar, 

significant for the type approval cycle. Starting from conventional diesel combustion (CDC), a base 

calibration for RCCI operation has been defined with aim to reduce pollutant emissions (especially 

particulate matter and NOx) while keeping thermal efficiency equal or higher than the one obtained during 

standard diesel operation. The reference CDC test was performed with the standard injection pattern (3 

injections per cycle, 2 Pre-injections and 1 Main injection). The main constraint for the calibration of 

RCCI mode was the limit of the Peak Pressure Rise Rate (PPRR), lower than 5 bar, considered a safe 

threshold to avoid knocking for the analyzed operating condition.  

In Figure 11-68 the RCCI combustion parameters are summarized and the comparison between CDC and 

dual fuel RCCI at 2000 rpm and BMEP = 6 bar is illustrated, both in term of combustion performance and 

engine-out emissions. As it can be observed, compared to CDC, a significant reduction in the 

concentration of NOx and particulate matter can be obtained, together with a reduction of the overall fuel 

consumption. As expected, the RCCI operating mode suffers from a high concentration of unburned 

hydrocarbons. The set of parameters summarized in table of Figure 11-68 is the reference starting point 

for the activation of a closed-loop combustion control strategy, that needs to be tested and validated in 

operating conditions of interest, i.e. nearly optimal. Further optimizations of the set of injection parameters 

are beyond the scope of the work. 

https://context.reverso.net/traduzione/inglese-italiano/instability
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Figure 11-68 RCCI combustion parameters and Comparison between CDC and dual fuel RCCI at 2000 rpm and 

BMEP = 6 bar, both in term of combustion performance and engine-out emissions 

Closed-loop combustion control strategy 

The closed-loop combustion controller proposed in this study keeps the CA50 of each cylinder at a proper 

target value. To control the center of combustion, the strategy varies the start of diesel injection (SOImain) 

to compensate the error between target and measured CA50. Due to the high cycle to cycle dispersion of 

CA50, the controller uses (as a feedback) the averaged center of combustion over the last 20 cycles. The 

real-time adjustment of diesel SOImain is performed using a PID controller that corrects injection phasing 

to meet the target CA50. 

The critical aspects related to this kind of approach are mainly related to the limiting characteristics of 

RCCI combustion. The first limiting characteristic of RCCI operating mode is low combustion stability. 

As a matter of fact, the high cycle to cycle variability can easily lead to the occurrence of poor 

combustions and misfires. Misfiring cycles might be extremely critical for the closed-loop controller, 

since it is well known that, in such conditions, the calculated values of CA50 are strongly affected by the 

low signal to noise ratio in the calculation of energy release. Consequently, during very poor and misfiring 

combustions the calculated values of CA50 might be not correlated to the real behavior of the air/fuel 

mixture trapped in the combustion chamber. Experimental results clearly show that the frequency of 

misfiring cycles increases while retarding the center of combustion. Therefore, the real-time CA50 

controller needs to monitor misfire occurrences and avoid unstable conditions advancing combustion. 

To clarify the above considerations, Figure 11-69 reports the effects of CA50 variation on misfire 

frequency and PPRR during tests run at 2000 rpm, BMEP = 6 bar and reference gasoline/diesel ratio 

70/30. For the presented experimental investigation, the maximum PPRR allowed was set to 9 bar/deg. 

Another critical aspect to be addressed is that the selection of too advanced CA50 targets might result in a 

rapid increase of the peak pressure rise rate (PPRR), i.e. an increase of the mechanical load acting on 

piston and crankshaft. For this reason, to avoid reliability issues, the combustion controller needs to real-

time monitor the pressure rise rate, retarding the CA50 target in case of impulsive combustions (PPRR 

over a calibrated threshold). 

 

Optimal set of combustion parameters 

identified for the RCCI operating mode at 

2000 rpm and BMEP = 6 bar. 
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Figure 11-69 Effects of average CA50 variation on Misfire frequency and Peak Pressure Rise Rate; tests run at 2000 

rpm and BMEP = 6 bar 

The combustion control implemented in the RCP system allows controlling CA50 and respecting the 

limits established by misfire occurrence and maximum PPRR. The complete scheme of the strategy is 

reported in the next Figure 11-70.  

 

Figure 11-70 Scheme of the real-time injection controller implemented in the RCP system. 

Here, the block termed “Misfire diagnosis” checks the discrepancy between indicated torque calculated by 

the indicating system (Tind) and expected indicated torque, evaluated as a function of total amount of fuel 

injected and SOImain (TIndExp). The effect of SOImain variation on torque is modeled as a variation of 

torque efficiency, as done for spark advance variation in standard SI engines [207]. When the difference 

between Tind and TIndExp exceeds a calibrated threshold, the corresponding CA50 is removed from the 

buffer for the calculation of CA50avg and the base CA50 target is advanced. The Pressure Rise Rate 

limitation is managed in the block “LUT protection”, that automatically saturates the final contribution of 

the PID controller in case the measured PPRR exceeds the established limit. All the valid CA50 values 

(not excluded by the misfire check) are averaged over the last 20 combustions and used to calculate the 

combustion feedback for the PID controller (CA50avg). 

The scheme reported in Figure 11-70 was implemented in the RCP system and used to control combustion 

starting from the base calibration reported in table of Figure 11-68. First, the closed loop controller was 
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activated using as inputs the indicated quantities (indicated torque, CA50 and PPRR) calculated by the 

indicated system and sent to the RCP system via CAN bus. Figure 11-71 reports the results obtained 

performing a sweep of target CA50 from 9.5 to 5.5 deg. As it can be observed, the controller is not able to 

reach the nominal target request in case of misfire occurrence or in case of activation of the protection due 

to high PPRR (the control retards CA50 with respect to the nominal target when PPRR exceeds the dotted 

threshold). 

 

Figure 11-71 CA50 target sweep, results obtained for cylinder 1; tests run at 2000 rpm and BMEP = 6 bar 

 

Closed-Loop Combustion Control Based on Estimated Combustion Indexes 

The results shown in previous section demonstrate that the proposed approach is suitable for closed-loop 

control of the center of combustion respecting the limitations from misfire occurrence and pressure rise 

rate. However, results were obtained using, as inputs, the indicated quantities provided by indicating 

system, therefore calculated from in-cylinder pressure measurement. The goal of the presented study is to 

replace the inputs coming from the indicating system with estimated quantities calculated from a proper 

processing of engine block acceleration.  

The real-time methodology to estimated CA50 is already presented in the previous sections and it proved 

to be suitable for the estimation of pressure peak location in standard RCCI combustions, while it becomes 

extremely critical in case of poor combustions and misfires. In these cases, the amplitude of the major 

peak corresponding to cylinder pressure peak and the level of noise in the block acceleration signal might 

be similar. Consequently, the identified pressure might be unreliable or not representative of the real 

behavior of the air-fuel mixture in the combustion chamber. 

To avoid the use of unreliable quantities in the control strategy, it is necessary to real-time detect misfires 

and poor combustions, the goal being to exclude the corresponding estimated pressure peaks from the 

control inputs. Thus a specifically designed integral index (Kint) for the detection of poor combustions 

was implemented. Such index is calculated as the integral of the filtered block acceleration signal, 
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windowed (for each cylinder) in the angular range 0÷25 degrees. To calculate the integral index, a specific 

band-pass filter was added. With regard to the chosen cut-off frequencies, block acceleration was band-

pass filtered between 0.5 and 2.5 kHz. As shown in Figure 11-72, the occurrence of poor combustions 

seems to be strongly correlated to the chosen integral accelerometer. 

 

Figure 11-72 Frequency of poor combustions or misfires as a function of CA50 variation 

Previous considerations explain how cylinder pressure peak estimation can be performed and validated 

through a proper processing of engine block vibration signal. Figure 11-73 (left) shows the results 

obtained applying the complete algorithm for pressure peak estimation to a set of experimental data 

acquired during a CA50 scan performed at 2000 rpm and BMEP = 6 bar. As it can be observed, the 

accuracy of the estimated peaks is very high, except for cycles characterized by poor combustions or 

misfires (highlighted with red circles), that can be identified using the above mentioned integral index 

(Kint). 

The complete procedure for the estimation of pressure peak location and the detection of misfires and poor 

combustions was implemented in RCP system. 

 

Figure 11-73 (Left): Comparison between measured and estimated pressure peak location. Tests run performing a 

CA50 target sweep from 5 to 10 degrees (closed loop combustion control based on cylinder pressure measurement). 

The red circles represent poor combustions and misfires discarded by the detections algorithm. (Right): Correlation 

between measure CA50 and pressure peak location. 

Once the pressure peak location has been estimated, the RCP system calculates the corresponding CA50 

value using the experimental linear correlation shown in Figure 11-73 (right). The results shown in Figure 
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11-73 also provides information about the maximum CA50 at which the engine can be run when 

combustion control is based on the accelerometer signal. As matter of fact, when the center of combustion 

is retarded up to approximately 10 degrees (corresponding to a pressure peak approximately at 14 

degrees), the impulsiveness of combustion becomes very low (poor combustions). Consequently, the 

CA50 estimation performed using the acceleration signal becomes unreliable. Due to this limitation, the 

engine should be run (in the analyzed operating point) selecting CA50 targets lower than 10 degrees 

(combustion stability is the limiting factor). 

Once the operating limitations related to combustion retard have been established, it is also necessary to 

take into account limitations in combustion advance, i.e. in the reduction of the target CA50. As already 

shown in Figure 11-69, reducing CA50 results in high PPRR values and knocking cycles, that increase 

mechanical load on the pistons and might lead to reliability issues over time.  

To avoid reliability problems due to aggressive operating conditions (combustion too advanced) the 

combustion controller needs to limit SOI variations in case the maximum PPRR allowed (9 bar in this 

study) is exceeded. To control PPRR when only the accelerometer signal is available, an integral index 

similar to the one used for misfire detection was set up. This integral index (for PPRR estimation) was 

calculated from a band-pass filtered accelerometer signal. In this case, the selected cutoff frequencies of 

the filter are 0.6 and 3 kHz. The obtained index Kint PPRR results well correlated with the pressure rise 

rate calculated from in-cylinder pressure trace, therefore it can be used as a PPRR estimator. Figure 11-74 

shows the correlation between measured and estimated PPRR for the same tests reported in Figure 11-73. 

 

Figure 11-74 Peak pressure rise rate (PPRR), measured vs estimated. Tests run performing a CA50 target sweep 

from 5.5 to 10 degrees (closed loop combustion control based on cylinder pressure measurement). 

The calculation of estimated PPRR was also implemented in the RCP system and used to complete the 

whole closed-loop combustion control strategy. All the combustion indexes estimated, using the discussed 

algorithms, from block acceleration processing (estimated CA50, Kint for poor combustions detections 

and estimated PPRR) can be used to replace the information provided by the indicated system. 

The scheme of the complete combustion control methodology can be modified as reported in Figure 

11-75. Here, in case of misfires due to excessive combustion retard, the CA50 target is automatically 

advanced, while in case PPRRest (i.e. PPRR estimated from block acceleration) exceeds the calibrated 

threshold, SOImain is limited by a proper dynamic clip (protection). 



 
 

 

 

   

289 

 

 

 

 

Figure 11-75 Scheme of the real-time injection controller implemented in the RCP system. All the combustion 

feedbacks used as inputs for the controller are estimated through a proper processing of engine block acceleration. 

The discussed closed-loop combustion control strategy (schematized in Figure 11-75) was finally applied 

to control dual fuel RCCI combustion. To validate the methodology in steady operating conditions, a 

sweep of target CA50 from 9.5 to 5.5 deg was repeated. The sweep is similar to the one already shown in 

Figure 11-71. 

As it can be observed in Figure 11-77, the controller allows correcting diesel SOImain to keep CA50 at the 

target value. It is interesting to observe that the base target is slightly corrected (advanced) in the first part 

of the test, to reduce the frequency of poor combustions/misfires. On the contrary, in the second part of the 

test, the target is reduced, down to 5.5 degrees. Combustion advance causes a significant increase of the 

estimated PPRR, that sometimes exceeds the threshold that triggers the activation of the protection 

strategy. The controller reacts clipping SOImain to stop further advancing the center of combustion. 

Consequently, the nominal target (5.5 deg) is not reached to avoid reliability problems.  

The same methodology demonstrated to be suitable for closed-loop CA50 control in transient conditions. 

Figure 11-77, shows the results obtained running the engine at constant load (BMEP = 6 bar) and engine 

speed variable from 1800 to 2300 rpm. During the test, CA50 target was kept constant at 8 deg. As it can 

be observed, the controller keeps combustion stable at its target: due to a few poor combustions, in the 

first part of the ramp the target is slightly advanced, while in the last part of the test the SOI offset is 

limited by the dynamic clips, due to some high values of the estimated PPRR. 

The experimental results clearly demonstrate the potential of the proposed methodology for the closed-

loop control of RCCI combustion, avoiding both instabilities due to excessive combustion retard and 

undesired impulsive combustions (characterized by high values of the peak pressure rise rate). Due to the 

potential of the controller, further work is being performed to improve its robustness, mainly optimizing 

accelerometer location in the engine block, the goal being to maximize the signal to noise ratio and extend 

the operating range in which CA50 can be automatically identified (through the algorithm reported in 

Figure 11-61) for all the cylinders. 

The control scheme is under study to manage the engine in Gasoline Compression Ignition (GCI) mode 

and will be the object of future presentations.  
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Figure 11-76 Closed loop RCCI combustion control based on estimated combustion indexes; test run at 2000 rpm 

and BMEP equal to 6 bar. 

 

Figure 11-77 Closed loop RCCI combustion control based on estimated combustion indexes; test run at variable 

engine speed and BMEP approximately equal to 6 bar  
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12. Powertrain Architecture Definition and 

Selection  
 

 

 

In this chapter examples of powertrain architecture definition and selection are illustrated, with aim of 

presenting technology pathways towards 2025 and post-2025 regulations. 

The first section presents the conceptual design and the analytic assessment of electric hybrid powertrains 

to fulfill 2025 regulation, applying the methodology presented in the previous chapters. 

The second section describes the comparison of different drivetrain technologies in terms of CO2-

equivalent (CO2e) quantified over the WTW and total lifecycle paths. 

 

12.1 Conceptual Design and Analytic Assessment of E-Hybrid 

Powertrains towards 2025 regulations (Case Study) 
 

This section presents the conceptual design procedure and the analytic comparison of hybrid electric 

architectures, focusing on 48 Volt electric drive systems. As already introduced in the previous Chapter #8 

these low voltage electric propulsion systems have a good trade-off between benefits and costs. In the 

considered timeframe up to 2025, this work will focus on powertrains designed for two different vehicles, 

C-Segment and SUV, covering the expected main market share [227,251]. In order to perform the right 

comparison, the design and control of the hybrid powertrains are optimized for each vehicle segment. The 

methodology applied is according to the steps presented in the previous chapters.  

Powertrain Requirements 

The definition and the deployment of vehicle and powertrain requirements have been carried out applying 

the multi-level QFD methodology presented in the Chapter #4.1. User’s needs and their priority (1-low, 7-

high), have been obtained from market researches [227,251] and they represent the inputs for QFD. 

Specifically, in HoQ1 (house of quality, level 1), driver’s needs are evaluated in an objective way by 

means of engineering variables. 

Table 12-1 shows the measurable requirements, which represent the inputs for the second level, coming 

from driver’s point of view. Legislation requirements are clearly of great importance because the vehicle 

needs to fulfill them to be commercialized. They are not explicitly considered by the user, although their 

impact on customer’s choice is becoming greater due to the driving bans imposed in many cities to the 

vehicles complying with old legislations. The constraints on CO2 and pollutant emissions remain the main 

drivers of the technological change requested to new vehicles and powertrains. 

The priorities and requirements targets in Table 12-1 depend on the vehicle segments, as describe in [227], 

legislation standards and the manufacturer positioning among the competitors.  
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Table 12-1 Measurable Powertrain Requirements and Priority from HoQ1 considering a C-segment vehicle and a 

SUV, considering emission standards at 2025  

 

 

In the HoQ2.1 of QFD level 2, the requirements and priorities for the powertrain, described in the previous 

Table 12-1 are mapped with their technical characteristics in Table 12-2, with appropriate specifications to 

effectively satisfy the requirements.  

In Table 12-2, the priority specifications are reported. The relevance of the different powertrain 

characteristics is highlighted by the green histogram on the left and it is the result of driver’s needs 

priority. Among all, the powertrain weight, including the contribution of the energy storage system, 

represents the most important factor in addition to the energy generation efficiency for the propulsion. 

Furthermore, among the technical characteristics with higher ranking, it must be noted that the energy 

refilling time is not so critical for a hybrid powertrain, in contrast to a pure electric one.  

Clearly, emissions still have a crucial role. The reported powertrain characteristics and their specifications, 

determinated following, are the inputs for the next phase of definition and selection of the powertrain 

architectures. 
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Table 12-2 Powertrain Technical Characteristics and relevance from HoQ2.2 

 

 

Evaluation of Powertrain Specifications to match Vehicle Requirements 

In this section the focus is on quantitative powertrain specifications of Table 12-2 deduced form the end-

user requirements in Table 12-1. 

Solving the equation that describes the classical vehicle longitudinal motion, it is possible to define power 

and torque specifications of powertrain from vehicle performances for each vehicle segments object of 

study, in particular:  

 maximum vehicle speed; 

 acceleration (time to go from 0 to 100 kph); 

 take-off capabilities (to move off the vehicle on a 25÷35% slope). 

The requirements for CO2 emission, fuel consumption and maximum vehicle range, especially in electric 

mode, are used to define the powertrain overall efficiency, the kinetic recoverable energy and the energy 

storage capacity. In particular, the electric energy storage system is specified to match with range 

requirement in electric mode. 

User comfort and accessories, that influences the energy consumption of the vehicle, are considered 

constant in this in this work, whereas the pollutant requirements impact mainly on combustion mode and 

after treatment technologies.  

The key formulas to define many powertrain parameters are derived from vehicle longitudinal model and 

mass or energy balance principles. They have been already introduced in the Chapter #4.5. For an easy 

reading, some equations of the procedure for the powertrain conceptual design applied to case study are 

reported again following. The powertrain traction power 𝑃𝑡𝑟𝑎𝑐  and the traction toque 𝑇𝑡𝑟𝑎𝑐  can be 

obtained with: 
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𝑃𝑡𝑟𝑎𝑐 = 𝑀𝑉 (𝑎 + 𝐶𝑟 ∙ 𝑔 + 𝑔 ∙ 𝑝%) ∙ 𝑉 +
1

2
 ∙ 𝜌 ∙ 𝐶𝑥 ∙ 𝑆𝑓 ∙ 𝑉 

3 

(4.2) 

𝑇𝑡𝑟𝑎𝑐 = (𝑀𝑉 (𝑎 + 𝐶𝑟 ∙ 𝑔 + 𝑔 ∙ 𝑝%) +
1

2
 ∙ 𝜌 ∙ 𝐶𝑥 ∙ 𝑆𝑓 ∙ 𝑉 

2) ∙ 𝑟𝑊 

 (4.3) 

To proceed with the calculation some vehicle parameters have to be assumed. For the baseline of case 

study they are the following: 

 

Table 12-3 Vehicle parameters for powertrain power and torque evaluations 

 

As anticipated, the vehicle mass has a huge impact on many vehicle performances and its value has to be 

refined during the sizing of powertrain after a first assumption to perform the preliminary calculation, 

according the design procedure presented in the workflow in Figure 4-5. For the evaluation of powertrain 

power and torque to reach the top vehicle speed target 1235kg and 1735 kg have been considered.  

The powertrain power obtained from vehicle maximum speed requirement is typically the maximum 

needed and it depends little on weight, so the uncertainty in the mass doesn’t introduce significant error in 

the calculation.  

 

Evaluation of Powertrain Features for Maximum Vehicle Speed 

Assuming zero acceleration in the equations (4.2) and (4.3) and considering the required vehicle speed 

Vmax in Table 12-1, the powertrain traction power and torque can be calculated. Table 12-4 shows the 

power and torque needed to achieve different values of maximum speed for C-segment and SUV vehicles, 

in case of zero slope and p=5%. In blue the relevant values for each vehicle type, considering the targets 

for ICE and EV mode. For the slope p=5% lower vehicle speed targets than p=0 are considered. 

Table 12-4 Power and Torque to achieve maximum Vehicle Speed with slope p=0, slope p=5% 
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Energy Storage Capacity for Vehicle Autonomy 

Considering the vehicle speed profiles and the preliminary vehicle masses defined in the previous section, 

it is possible to define with equation (4.2) the power in the driving cycles to move and brake the vehicle 

and as consequence by means of an integration process the energies EMOV needed to move the vehicle and 

dissipated Ebraking for different standard cycles, see Table 12-5.  

Table 12-5 Energy to move the vehicles EMOV  and dissipated Ebraking  in the case study, considering different standard 

cycles 

 

 

To evaluate the battery capacity as a function of electric autonomy requested in Table 12-1 the following 

equations can be used:  

𝐸𝑡𝑟𝑖𝑝 = ∫ 𝑃𝑏𝑎𝑡 𝑑𝑡 − 𝐸𝐾𝐸𝑅

𝑡𝑡𝑟𝑖𝑝

𝑜

= 𝐸𝑀𝑂𝑉/𝜂 + 𝐸𝑎𝑢𝑥 − 𝐸𝑏𝑟𝑎𝑘𝑖𝑛𝑔 ∙ 𝜂 

(4.8)  

𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = 
𝐸𝑡𝑟𝑖𝑝
𝛼 ∙ 𝛽

∙
𝑅𝑒𝑞𝑢𝑒𝑠𝑡𝑒𝑑 𝐴𝑢𝑡𝑜𝑛𝑜𝑚𝑦

𝑇𝑟𝑖𝑝 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 

(4.9) 

assuming 𝜂 = 0.8 the efficiency that takes into account the transmission and the electric traction drive 

losses. The electric energy 𝐸𝑎𝑢𝑥 consumed by the auxiliaries is calculated assuming a constant power 

Paux= 280 W during the trip. 

The following Table 12-6 shows the energy need to move the vehicle in case of pure electric propulsion, 

including the electric load, and theoretical energy recovered during braking. 
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Table 12-6 Energy Etrip needed from the battery to move the vehicle in electric mode and recovered during braking 

 

 

The battery capacity 𝐸𝑆𝑆, see Table 12-7, is calculated with equation (4.9), in which 𝐸𝑡𝑟𝑖𝑝 is the value of 

NEDC in Table 12-6 with 20% of increasing, the α and β factors are equal to 0.8. 

The mass of battery pack is obtained with equation (4.10) considering the specific energy of 48V LiFePO 

cells around 130 Wh/kg and a packaging factor γ equal to 1.2. 

𝑀𝑏𝑎𝑡 =
𝛾 ∙ 𝐸𝑠𝑠
𝑆𝐸𝑏𝑎𝑡

 

(4.10) 

Table 12-7 Battery capacity and weight  

 

 

Vehicle Weight Evaluation 

The preliminary vehicle mass Mv can be update with the equation: 

𝑀𝑣 = 𝑀𝑐ℎ𝑎𝑠 + 𝑀𝑝𝑤𝑡 +𝑀𝑒𝑠𝑠 +𝑀𝑑𝑟𝑖𝑣𝑒𝑟 

(4.11) 

where the vehicle chassis mass, depending on vehicle segment is assumed from the values in Table 12-3. 

The estimation of energy storage delta mass due to electrification is obtained considering the battery mass 

Mbat , in Table 12-7. 

The evaluation of powertrain mass is carried out considering the power to achieve top vehicle speed in 

Table 12-4 and typical value of the electric machine power density indicated in Chapter #8.2.3. The total 

mass of the two vehicles with electrification becomes 1350 kg and 1765 kg respectively.  
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Evaluation of Powertrain Features to fulfill Vehicle Take-off Requirements 

The powertrain traction power and torque to achieve vehicle take-off requirements can be calculated with 

the equations (4.2) and (4.3), where the acceleration is defined as a = 1.6 - 0.08(p-10), linking the vehicle 

target acceleration to the slope p and vehicle speed is assumed equal to 10 km/h. A payload Mpload of 400 

kg is added to the vehicle mass. In the following Table 12-18 the power and the torque calculated with 

p=35% for ICE mode and 25% for pure electric mode are reported. 

 

Table 12-8 Power and Torque for Take-off in ICE and Electric mode 

 

 

 

Evaluation of Powertrain Performances for Vehicle Acceleration Requirements 

The vehicle acceleration requirements are defined by criteria such as time interval to go from 0 to 100 

kph, with targets defined in Table 12-1. Analytically the power requested can be obtained from the 

integration of equation (4.2). Assuming that the traction power Ptrac of the powertrain is constant, the 

calculation of the duration tf to go from zero speed to a final speed Vf can be done by resolving equation 

(4.16). The variation of the traction power as a function of acceleration time requirements (0 – 100 km/h) 

for the two segment vehicles (C-class and SUV) is illustrated in Figure 12-1 and in Table 12-9. 

 

 

Figure 12-1 Traction power as a function of time from 0 - 100 kph requirement for a C-segment vehicle and for a 

SUV 
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Table 12-9 Power and Torque for Time 0100 km/h 

 

 

Moreover the traction power as a function of the acceleration time requirements (0 – 50 km/h) for the two 

vehicle types with a payload of 150 kg is considered, taking into account an urban use of the vehicle in 

pure electric mode, see Table 12-10. 

Table 12-10 Power and Torque for Time 050 km/h with payload 150kg 

 

 

Evaluation of Powertrain Features to Recover Vehicle Kinetic Energy  

One of the main advantages of an electric hybrid powertrain is the capability to recover the vehicle kinetic 

energy during the braking events. The maximum power can by evaluated using equation (4.16) where the 

initial vehicle speed is the current speed Vc and the final is zero or a lower level Vl and tbraking the braking 

duration. The maximum regenerative braking power has high impact on performance of battery too. Table 

12-11 shows the maximum braking power Pbrake in different standard cycles: it is higher in the cycles with 

frequently transients and for vehicle with higher mass. 

 

Table 12-11 Maximum braking power Pbraking for different standard cycles 
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Evaluation of Power and Torque for ICE and ETD Driveline 

The powertrain maximum power Ppwt and torque Tpwt at vehicle wheels can be defined considering the 

maximum of the terms evaluated above, through the equations: 

 

𝑃𝑝𝑤𝑡 = max (𝑃𝑉𝑚𝑎𝑥 , 𝑃𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 , 𝑃𝑎𝑐𝑐 ) 

(4.20) 

𝑇 𝑝𝑤𝑡 = max (𝑇𝑉𝑚𝑎𝑥 , 𝑇𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 , 𝑇𝑎𝑐𝑐 ) 

(4.21) 

In Table 12-12 the results for the cases of study are highlighted in light blue. It can be observed that the 

power request is more demanding at the top vehicle speed, in accordance with the preliminary assumption, 

whereas the torque is maximum during the take-off with slope of 35% . 

 

Table 12-12 Powertrain Maximum Power and Torque to fulfill requirements 

 

 

The equations (4.20) and (4.21) define the total outputs requested to the powertrain in ICE mode, 

considering the operation in hybrid mode only for the acceleration.  

Taking into account the specific requirements for the electric propulsion mode and the requested power 

for kinetic energy recovery, the specifications for the Electric Traction Drive (ETD) system can be 

deduced, for the peak and continuous values: 

 

𝑃𝑒𝑙𝑒𝑐𝑡  𝑝𝑒𝑎𝑘 = max (𝑃𝑏𝑟𝑎𝑘𝑖𝑛𝑔 , 𝑃𝑒−𝑡𝑎𝑘𝑒−𝑜𝑓𝑓 , 𝑃𝑒−𝑎𝑐𝑐 ) 

(4.22) 

𝑃 𝑒𝑙𝑒𝑐𝑡 𝑐𝑜𝑛𝑡 = 𝑃𝑒−𝑉𝑚𝑎𝑥  
 

(4.23) 

Table 12-13 and Table 12-14 summarize the results of equations (4.22) and (4.23) for the cases of study, 

with assumption that the reference cycle for kinetic energy recovery is the WLTC. The maximum vehicle 

speed considered in electric mode is 80 km/h for the C-segment vehicle and 100 km/h for the SUV. With 

the slope p=5% the top speed targets are lowered 70 and 90 km/h respectively. 
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Table 12-13 Electric Driveline system Peak Power and Torque to fulfill requirements 

 

It can be observed that the peak power request is more demanding for the acceleration, quite higher than 

energy recovery, whereas the maximum peak torque is for the take-off with slope of 25%. 

Instead the maximum continuous power and torque of the ETD are depending on the maximum vehicle 

speed in pure electric operation.  

 

Table 12-14 Electric Driveline Continuous Power and Torque to fulfill requirements 

 

 

Transmission and ETD Specifications 

The previous quantities for power and torque are the values at wheel, to deduce the power and torque at 

engine and electric motor shafts, we need to consider the transmission that links the machines to the 

wheels, introducing the gear ratio τ, defined with the equation (4.26), and the efficiency of transmission 

ηtrasm. 

The gear ratio and transmission efficiency depend on transmission type and hybrid powertrain architecture 

and the values of τ have a significant impact on powertrain performance and energy consumption, because 

of the great influence on machine efficiency and sizing. The selected gearboxes for this study are a DCT 

for the C-segment and an AT for the SUV. The management of these automated gearbox are key for the 

ICE and ETD (in case of P2 architecture) operations and their control is performed with the logic 

presented in the Chapter #11.1.  

From the maximum power values in Table 12-13 and Table 12-14 sensitivity versus the transmission ratio 

is performed to evaluate the torque to be requested to ETD system, both for peak and continuous 

operations, see the following Table 12-15. 

 The transmission global efficiency for the evaluation is assumed equal to 0.94, neglecting the dependence 

on gear ratio and temperature.  
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Table 12-15 Electric Driveline Power and Torque specifications as a function of Transmission Ratio 

 

 

 

The transmission ratio has a positive effect on torque requested to the ETD system, lowering the torque 

and thus the current and the effect Joule losses. On the other hand motor speed increases with the risk to 

achieve the upper limit at high vehicle speed, despite the wide operation range of electric drives. The 

selection criteria of transmission ratio has to take into account also the efficiency of the electric drive, 

typically higher close the basic speed, for instance 3000÷5000 rpm for a 48V electric drive in the Figure 

12-2. 

In the second part of this section a sensitivity analysis of performance and fuel consumption/CO2 by 

means of simulation will be presented, with the aim to define the better transmission ratio for the electric 

machine in each considered architecture. 

 

Figure 12-2 Efficiency map of 48V Electric Drive 

Powertrain Features to meet CO2 and Pollution Requirements at 2025 

The targets are demanding both for CO2 and pollutions, especially to take into account the realistic use of 

vehicles. The features of the baseline vehicles and powertrains, for the considered vehicle types, are 
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reported in the following Table 12-16. Both the engines are GDI turbocharged and compliant to EU6 

regulation. 

Table 12-16 Vehicle and Powertrain features of the vehicles considered as baseline 

: 

 

The efficiency improvement can be obtained with two main actions: the electrification, according to 

specifications defined in the previous paragraph, and the engine evolution.  

The electrification by means of a proper architecture selection can lead to significant kinetic energy 

recovery and engine simplification, for instance, by reducing the number of cylinders. The applied 

approach will be discussed in the next paragraph. 

Based on the engine technology prioritization in Chapter #6.7, the following technologies have been 

considered to improve the internal combustion engines: 

a. Extended Miller/Atkinson cycle; 

b. Compression Ration increasing (+2); 

c. Water Injection systems; 

d. Cylinders reduction. 

With focus on SUV, thanks to the first three technologies the CO2 emission can be reduced about 4.5% in 

NEDC, maintaining the 4 cylinders, and up to 9% with 3 cylinder engine (140 kW). 

 

 
  

Figure 12-3 Simulation comparison of CO2 emissions in NEDC cycle for baseline engine (left) and its evolution with 

4 cylinders (central) and 3 cylinders (right)  

Fuel Consumed, Fuel Consumed, 
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To compensate the impact of displacement reduction at low speed, and thus maintaining the same vehicle 

acceleration, the boosting of an electric motor can be employed and an electric supercharger could be 

added.  

The Water injection technology allows to mitigate the knock phenomena at low engine speed and to fulfil 

the EU7 emission requirement in RDE cycle, that forces engine to operate at =1 combustion. 

 

The other requirement to be managed is the major relevance of the cold condition (-7°C), that lead to 

introduce systems to accelerate powertrain warm-up. One of the most effective technologies illustrated in 

the previous chapter is the Fast Warm-up system. Its benefit on engine coolant warm-up time and fuel 

consumption/CO2 emission is illustrated in Figure 12-4. Thanks to faster friction reduction during the 

cycle, an improvement up to 3.6 of CO2 % can be achieved for the SUV. This system of energy recovery 

is also useful to compensate the intermittent operation in case of electric hybrid powertrain. 

 
Figure 12-4 Comparison of engine warm –up with (right) and without Fast warm-up system (left) for the 3cylinder 

engine introduced above  

Another key technology to face the cold starts is the Electric Heating Catalyst system. As already 

explained it ensures a faster catalyst light off with little fuel saving that in the case study is approximately 

1% for both vehicles. The EHC technology can reduce the light-off time, useful especially in case of 

electric hybrid powertrain, characterized by the intermittent operation of the internal combustion engine. 

 

Definition of Electric Hybrid Powertrain Architecture 

Starting from the architectures analysis and prioritization in Chapter #5.2 and #5.3 the preferred 

powertrain layouts are P2, P0+P4 and P2+P4 based on the 48V electric traction drives, Figure 12-5. 
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Figure 12-5 Preferred hybrid electric powertrain architectures for case study 

Considering the specifications for the ETD systems in  

 

Table 12-15 and the performance of 48V systems at the state-of-art (see  

Table 8-4), the 48V architectures can fulfill the requested power, see Table 12-17. The total power is 

reported for each selected architecture.  

48V electric drives with 22/25 kW maximum peak power have been chosen as a trade-off with costs. As 

benchmark a HV architecture has been also considered. Indeed during the architecture optimization by 

means of global vehicle simulation the LV architectures will be compared with the HV. 

Table 12-17 Electric Traction Driver requirements vs Architecture solutions  

  

 

Sensitivity Analysis and optimization of E-Machines Transmission Ratio  

In the previous section the importance of the right transmission ratio τ between Electric Machine and 

wheels has been remarked. To obtain a correct comparison of the powertrain solutions, for each vehicle 

and powertrain architecture the transmission ratio has been optimized by means of model simulations, 

taking into account the CO2 emission and performances (i.e. vehicle top speed , take-off, etc.). 

To performe this kind of the optimization it has been fundamental the use of the model based gear-shit 

logic presented in Chapter #11.1, especially for the P0 and P2 machines, for which the operating points are 

highly influenced by the gear engaged in addition to transmission ratio between the electric machine and 

gearbox. 

Figure 12-6 shows the sensitivity of CO2 emissions, top speed and acceleration time versus transmission 

ratio of P4 48V 25kW electric motor in case of SUV with a Turbocharged GDI 1.5L engine. The electric 

hybrid architecture includes a P2 48V 22kW electric machine too.  

In this example a sweep of τ (x-axis of figure) was performed to define the optimal value. In this 

architecture the optimal value of transmission ratio is approximately 18. 
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Figure 12-6 Sensitivity of P4 transmission ratio variation in SUV vehicle with P2+P4 48V 22kW/25kW electric 

motors and Turbocharger GDI 1.5L engine 

 

Analytic Assessment and Comparison of preferred Powertrain Architectures 

After the preliminary design in previous sections, through the model of the vehicle and powertrain (see 

Chapter #10.2), the more promising configurations are evaluated to verify the capability of fulfilling the 

vehicle requirements defined in Table 12-1 (HoQ1). Moreover in addition to NEDC and WLTC, US06 

and RTS 95 cycles were simulated, with the aim of verifying the behavior in more realistic conditions.  

For each vehicle segment the 48V hybrid architectures previously selected with the preliminary design 

have been considered. The electric machines are Permanent Magnet Synchronous Motors with three rated 

peak power levels: 15, 22 and 25 kW. 

 

For the C-segment vehicle two different engines were considered: Turbocharged GDI (TGDI) engines 

with 3 and 2 cylinders and VGT, for a maximum power of 112 kW and 83 kW, according to the baseline 

and specifications of Table 12-12, respectively. 

At same time for the SUV two TGDI engines, with 4 and 3 cylinders and 204kW and 140 kW of output 

power respectively, have been evaluated. 

In both engine families the following technologies were considered: 

- Miller/Atkinson cycle ; 

- Compression Ratio increase (+2); 

- Water Injection system; 

- Fast engine warm-up system; 

- Electric Heating Catalyst system. 

 

The transmission is a DCT with 7 gears for the C-segment vehicle and an AT with 8 and 10 gears for the 

SUV. 

The electric energy storage is a 48V LiFePO4 battery, air cooled, with a capacity of 1.4 kWh for the C-

Segment vehicle and 2.2 kWh for the SUV.  

 

Comparison of Solutions for C-Segment Vehicle 

Table 12-18 summarizes the performances achievable with the powertrain architectures pre-selected in the 

previous sections for the C-Segment vehicle. From simulation analysis, a 48V hybrid P2 powertrain 
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(SOL1 in the table) can guarantee performances quite similar to HV P2 system (SOL3) in NEDC, with the 

advantage of lower costs.  

Table 12-18 Summary of C-Segment vehicle performances as a function of the analyzed powertrain architectures 

 
 

The P2 LV is able to recover a significant part of kinetic energy in NEDC and the P2 HV offers negligible 

advantage in terms of CO2 emission, despite better performances. The gap between P2 HV and LV 

systems increases considering cycles with many transients and high braking power peaks (e.g. RTS95), 

since in this case P2 LV recovers partially the kinetic energy of the vehicle.  

The 48V P4+P0 architecture (SOL2) allows CO2 emission similar to P2 HV, also in the more demanding 

driving cycles, with a limited gap in terms of performance. Considering the lower costs and the ability to 

fulfill all performance requirements the 48V P4+P0 architecture is the best solution. Another additional 

benefit of the P4+P0 layout compared with P2 HV is the All Wheel Driving operation. 

The electrification compensates the engine power reduction due to engine downsizing, obtained with the 

reduction from 4 to 3 cylinders. However to reduce furtherer the CO2 emission, the engine downsizing up 

to 2 cylinder (SOL5) is need. This step is compensated by means of the BMEP increasing, obtained with 

turbocharging system optimization.  

However to fulfill the 2025 target of CO2 emissions, without other expensive actions on the powertrain, an 

improvement of the vehicle aerodynamics (Cx=0.24) has also been introduced, allowing the achievement 

of less than 76 g/km of CO2 (  3.27 L/100 km of fuel consumption) in NEDC. The costs of vehicle 

improvement are not considered, with assumption that they are included in a new vehicle design. The next 

Figure 12-7 shows, for the architecture 48V P4+P0 (SOL5) the operating points of the electric machines 

and of the engine in the WLTC cycle. Furthermore the SOC and cumulative fuel consumption [L/100/km] 

in comparison with the baseline engine are also depicted.  
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Figure 12-7 Operating points of Electric Machines and ICE in a WLTC cyclce for C-Segment vehicle equippeed 

with P4+P0 powertrian architecture (SOL5 of Table 12-18); the fuel consumption [L/100km] is shown in comparison 

with the baseline engine 
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Finally, the end-user‘s breakeven distance of the best powertrain architecture has been evaluated in 

comparison with the baseline engine, Figure 12-8. The cost estimations are derived from data in previous 

chapters and they include the battery. Its cost could be shared with the power net supply update to 48V, 

lowering the electrification cost. To consider the car manufacturer margin, the estimated costs were 

increased of 50%. Moreover a sensitivity analysis versus fuel price variation in [€] has been performed. 

The breakeven distance is in a range 85 000÷175000 km, for a fuel price variation between 1÷ 2 €. 

 

 
Figure 12-8 End-user ‘s breakeven distance compared with baseiline for the C-Segment vehicle equipped with 

P4+P0 powertrain architecture (SOL5 of Table 12-18) and  sensitivity analysis vs. fuel price variation in [€] 

Comparison of Solutions for SUV 

A similar architecture analysis has been performed for the SUV and the results are presented in Table 

12-19.  

Table 12-19 Summary of SUV performances as function of the analyzed hybrid powertrain architectures 

 



 
 

 

 

   

309 

 

 

 

The simulation demonstrates also for this vehicle the capability a 48V hybrid powertrain to fulfill all 

performance targets and a significant reduction of CO2 emission. In addition to the electrification, engine 

technology improvements and downsizing are needed. The power reduction from 204 kW of baseline to 

140 kW is compensated by the ETD system, but to reach the CO2 target, also in this case aerodynamic 

improvement has been considered (SOL6). 

As an example of performance evaluation for the SUV, with architecture 48V P4+P2 and engine 140 kW, 

the following Figure 12-9 shows the acceleration from 0 to 100 km/h in HEV mode and Figure 12-10 the 

acceleration from 0 to 80 km/h in EV mode.  

 

 
Figure 12-9 SUV acceleration from 0 to 100 km/h in HEV mode 

 

 
Figure 12-10 SUV acceleration from 0 to 80 km/h in EV mode 

 

The capability of achieving the performance targets allows a comfortable operation of the SUV in pure 

electric mode, overcoming potential legislation restrictions in urban areas. 

Also for the SUV, by means of the Total Cost of Ownership calculation, the breakeven distance compared 

with baseline has been evaluated: assuming the price of 1.65 € for the gasoline, the breakeven is in 45 000 

km, see the following Figure 12-11. 
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Figure 12-11 SUV Breakeven distance compared with baseline for the SUV equipped with 48V P4+P2 powertrain 

architecture, SOL6 of Table 12-19 

 

Rankine Cycle Advantage Evaluation in SUV  

To lower further the CO2 emission of the SUV, it has been investigated the introduction of a WHR system 

based on Rankine Cycle. In this case the RC integration is facilitated by the elimination of one engine 

cylinder and by the use of existent electric machine in P2 position as electric generator linked to the 

expander. The evaporator of RC is installed downstream the FastWarm-up (FWU) system. The RC sizing 

has been carried out using data from literature and according to methodology presented in Chapter #6.9.4. 

R123 is the working fluid and the expander is a scroll type. The hit sink is the external ambient, accepting 

a higher size of the condenser and the variability of ambient temperature, however assumed constant in the 

analysis. For a fast simulation in the standard cycles, the RC system has been modeled with a black box 

model that defines global efficiency as a function of engine exhaust gas flow rate and temperature.  

 

 
 

Figure 12-12 Principle scheme of RC integration in electrified powertrain 

During the engine warm-up, when the FWU system is active the energy in the exhaust gas is too lower to 

permit an useful operation of the RC system. Thus the harvested energy by RC system is appreciable only 

when the by-pass valve of the FWU system is opened, that occurs when the engine coolant temperature 

overcomes the target of 85°C. For this reason during cold NEDC cycle, especially in case of electrified 

powertrains, the use of the RC system is limited.  

Integrating the RC system in the better architecture of Table 12-19 (SOL6) the CO2 decreases up to 102.9 

g/km, obtaining a saving of approximately 1.4%. The RC system recovers energy mainly during the last 

part of NEDC (EUDC), where the electric motors and the FWU system are switched off. The following 

P2 
Motor/ 
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Figure 12-13 shows the comparison of the inlet temperature of the RC evaporator and the generated power 

during the NEDC. The figure compares the behavior in ICE mode (left in figure) bypassing FWU system 

and the hybrid mode where the FWU is switched off after the engine warm-up. In the hybrid cycle the 

power harvested in the EUDC phase is higher because the available energy in the engine exhaust gas is 

higher due to the load increasing for battery recharging. 

     

Figure 12-13 Comparison of RC Power recovered with and without activated FWU system: (left) in only ICE mode 

and (right) hybrid mode with use of the FWU.   

 

The benefit of the RC system is higher in long driving profiles characterized by high load operation, where 

the warm up phase has a lower weight. For instance in WLTC, the energy CO2 saving can achieve 

approximately 3.2%. The Figure 12-14 illustrates the fuel consumption and the power harvested during in 

the aforementioned driving profile.  

The fuel and CO2 saving increase up to 8% considering cruising driving profiles, typical of the highway, 

with vehicle speed in a range 120÷140 kph. In these conditions the hybrid powertrain operates in in ICE 

mode and the RC can provide the harvested power in parallel by means of the clutches CLT1 and CLT2 

closing, see Figure 12-12. The following Figure 12-15 (left) shows the delivered mechanical power by the 

engine and the RC system during a driving cycle with three steps of vehicle speed. The RC power 

(difference between blue and red lines in the central picture) is in a range 0.7÷3.1 kW. Alternatively the 

recovered energy could be delivered through the electric pathway by means of P2 electric machine as 

generator and P4 as motor. In this case the saving is approximately 4 %, lower than the direct mechanical 

link due to loss in the energy conversion of the electric machines, see Figure 12-15(right). 
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Figure 12-14 Comparison of power recovered with (right) and without (left) RC system in WLTC. 

   
Figure 12-15 Hybrid powertrain behaviour in highway cruising condition with RC system: (left) mechanical 

actuation, (right) electric actuation 
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Summary 

Considering the emission standards in a timeframe up to 2025, with low voltage propulsion systems it is 

possible to achieve very low CO2 emissions, close to the limits. However, for both vehicles considered in 

the analysis (Compact and SUV), further vehicle improvements are needed (e.g. aerodynamics and/or 

weigh reduction) to fulfill the targets. Alternatively blends with biofuels or synthetic fuels are needed.  

The low voltage electric drives allow to implement full hybrid vehicles, without any limitations in 

comparison with high voltage systems, as a consequence they are a viable solution for the powertrain 

electrification at affordable costs.  

The following Figure 12-16 and Figure 12-17 summarize the technologies paths for both the vehicles. In 

case of the C-segment vehicle, other options to the previous presented are proposed. 

 

 
 

Figure 12-16 Technological paths for a C-Segment vehicle to face NEDC CO2 requirements, without penalty on 

engine performance and emissions; the technologies are additive, excluding the path highlighted by the arrows where 

the adoption of BSG or P2 48 V layout are considered as an alternative 
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Figure 12-17 Technology paths to reduce NEDC CO2 in a SUV 
 

12.2 Vehicle WTW and LCA Analysis towards post 2025 

regulations (Case Study) 
 

Comprehensive objective evaluation of technologies can only be achieved under consideration of the 

entire product lifecycle, especially taking into account the GHG targets for transportation sector beyond 

2030, see Chapter #2.1.  

In this section, the resulting CO2-equivalent (CO2e) emissions of different drivetrain technologies are 

compared and quantified over the WTW and total lifecycle paths. 

The evaluation considers a common vehicle body, technology and materials, and the provision of electric 

energy and fuel from fossil and renewable origins. However, the use phase has the major influence on the 

life cycle evaluation of vehicles. Determination and processing of data has bee done by a combination of 

literature data and vehicle simulations.  

This study treats a comparison of several powertrain concepts with different technologies. Considered 

technologies include different types of propulsion, energy forms and storage systems. In the use phase, 

electric energy and fuels are considered from different (fossil and renewable) sources.  

Steps of the Study  

 A technology research has covered the determination of operation-relevant specifications (e.g. masses, 

efficiencies, future development potential) and production-relevant data for various components in the 

vehicle. 

 Data regarding energy supply, production and end-of-life phases of the considered technologies has 

been taken from literature review, including environmental reports [4,17,230,231,232,233,258].  

 The data combination and calculation of the entire balance have been performed by technical and 

economic models presented in Chapter #10.  



 
 

 

 

   

315 

 

 

 

Reference Driving Cycle for TTW analysis 

The reference driving cycle used to evaluate in simulation the TTW emissions and the energy 

consumptions is the NEDC and to take into account the gap with realistic use the values have been 

increased of 40%, according to data presented in Figure 2-7. For the PHEVs the CO2 emission and energy 

consumption are measured applying the European legislation UN ECE R 101 [282]. It formulates specific 

rules for evaluating the fuel consumption and the emissions of plug-in vehicles with intermittent ICE 

operation, basing on the weighting of partial results in Charge Depleting (CD) and Charge Sustaining (CS) 

operation modes (for further details see Figure 2-10). 

Vehicle and Powertrain Architectures 

The analysis has covered vehicles of Compact class with propulsion systems and energy forms listed in 

the following Table 12-20.  

Table 12-20 Features of investigated Vehicle/Powertrain architectures 

Vehicle Class Propulsion System Energy Storage Energy Form 

Compact (C) Gasoline ICE Fuel Tank Gasoline 

  Diesel ICE Lion-battery Diesel 

  HEV Mild H2 Tank Electric Energy (EU 28 mix) 

  HEV Full   e-Fuels  

  P-HEV   100% CO2 neutral H2 

  FCEV   100% Renewable Electricity  

  BEV     

 

The Biofuel is not included in the energy forms, due to the low sustainability in term of land and water 

usage, as already explained in Chapter #9, only their blending in gasoline and diesel up to 5 and 10% 

respectively are considered. For each vehicle and powertrain architecture the performance targets in Table 

12-21 have been assumed. They are defined taking into account market trend analysis and uniformity of 

performances, in order to carry out a proper comparison of powertrain alternatives. The requested 

pollutant regulation is at least EU7 level, whereas the CO2 limit is according to proposal for 2025 in EU 

(80 g/km). However, in order to forecast the powertrain architecture footprint beyond 2025, the best of the 

powertrain technologies under development has been considered, without forgetting the costs.  

The conceptual definition of the powertrains for HEVs, P-HEVs and BEV has been performed according 

to methodology presented in this thesis. For the FCEV the data is obtained from technical literature 

review, where many solutions have been presented [68]. 

Table 12-21 Performance requirements of investigated Vehicle/Powertrain architectures 

 

Powertrain Architecture 

SI-ICE 
CI-ICE 
HEV 

PHEV SI 
PHEV SI 

FCEV BEV 

Minimum Vehicle Performance Unit         

Time for acc. 0->100 [s] 9 9 9 9 

Gradeability at 10 km/h [%] 25 25 25 25 

Minimum Top Speed  [km/h] 180 180 180 180 

Minimum Top Speed (Electric Mode) [km/h] 80 100 180 180 

Minimum Driving Range in Electric Mode [km] 0/5 50 500 500 

Minimum Driving Range [km] 500 500 500 500 
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The following Table 12-22, Table 12-23 and Table 12-24 illustrate the features of each powertrain with 

the outputs in terms of CO2 and energy consumption. As anticipated, NEDC has been the used driving 

profile, increasing the cycle outputs of 40% to take into account the realistic use.  

In 2025+ the electrification is not just seen as an add-on technology, but as an integrated system designed, 

where the ICE is optimized together with the electric motor (used for propulsion) in terms of combined 

system performance. Accordingly in case of the hybrid gasoline vehicles the ICEs are downsized and 

downrated (reduced in their maximum power), operate with a Miller cycle with increased compression 

rate. Hybrid Diesel ICEs are not downsized or downrated to prevent complex NOx after-treatment 

systems. 

For the high benefit/cost ratio the 48V ETD systems are preferred (see Chapter #8.2.3), with different 

power rates from mild hybrid up to pug-in hybrid vehicles. P0+P4 and P2+P4 architectures have been 

preferred. They are quite less efficient than a power split architecture [298], but at same time they are less 

expensive, with possibility of electric All Wheel Drive (E-AWD) and Torque Vectoring functions. The 

transmissions are DCT types with 7 and 8 gears. Li-ion batteries of 1.4 kWh and 8 kWh have been 

selected for the HEVs and PHEVs respectively.  

 

Table 12-22 Powertrain features of ICEs based vehicles and Mild HEVs  

 

 

Table 12-23 Powertrain features of Full HEVs and P-HEVs 
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The features of the FCEV vehicle have been adjusted from [68]. The fuel cell is a PEM with power up to 

55kW. The battery is a LI-ion of 1.4 kWh of capacity and the H2 tank is able to store up to 4kg of fuel. 

In the case of BEV, to ensure a real autonomy up to 500 km, for the battery a capacity of 75 kWh is 

considered. In order to increase the efficiency a two gears transmission connects the 110 kW IPM motor to 

the wheels.  

Table 12-24 Powertrain features of FCEV and BEV 

 

 

Analysis of energy supply 

The fuel and the electric energy provision foot prints (WTT) have been analyzed in different studies, 

among these the JRC analysis [230] was the most complete. The study was published in 2014 and for this 

reason the data have to be integrated with recently analysis [4,17,231,232,233,258]. 

The following table summarizes the WTT values for the energy forms considered in the evaluation. The 

values are a forecast in 2030. In case of electricity and hydrogen the value are significant lower than the 

values at 2014, 140 gCO2/MJ and 30 gCO2/MJ respectively.  

 

Table 12-25 WTT CO2 footprint for the energy forms considered in this study 

Energy Form WTT [gCO2/MJ] 

Gasoline 14 

Diesel 15.5 

e-Fuels (for SI and CI engines) 5 

Electric Energy (EU 28 mix) 50 

Hydrogen  4 

 

Analysis of vehicle manufacturing footprint 

As the energy WTT data, the literature is the source for the vehicle manufacturing footprint. Many LCA 

studies [17,231,232,234,235], including vehicle production and end of life disposal, have been published 

in US and EU. The results generally indicate that vehicle production and end of life disposal make a 

significant, but fairly constant contribution to the overall lifetime performance. For example, in a mid-

sized car the GHG emission contribution is estimated beyond 2030 to be in a range 21÷27 g CO2eq/km 

for gasoline, diesel and hybrid vehicles. The fuel cell and battery vehicles GHG emissions for vehicle 
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production and disposal rise up to 50÷57 gCO2eq/km. In case of BEV a significant part of emissions is 

due to battery substitution, assuming a vehicle life time of 200 000 km. The following table summarizes 

the CO2 footprint for the vehicle manufacturing considered in this analysis. 

Table 12-26 CO2 footprint for vehicle manufacturing considered in this study 

Powertrain Architecture VEH LCA [gCO2/km] 

Gasoline ICE 21 

Diesel ICE 22 

HEV Mild (SI, CI) 24 ,25 

HEV Full (SI, CI) 26 ,27 

P-HEV (SI, CI) 37 ,38 

FCEV 57 

BEV 50 

 

Vehicle Life Cycle Results 

Integrating the data in the previous tables, the complete LC impact for a C-segment vehicle with different 

powertrain architectures has been calculated, see Figure 12-18. The time frame is beyond 2025, but in 

dashed lines the footprint with the WTT values at 2014 for H2 and electricity are added. 

As expected the CO2e emissions decrease with electrification degree, also using the tailored 48V electric 

drives, due to global efficiency increase of powertrain. The substation of the propulsion energy form with 

electricity improve furtherer the emissions. This is particularly true considering the prospective reduction 

of the WTT impact to produce the electricity, expected with the increasing of renewable energy 

production.  

With current figures the global benefit of the PHEVs and BEVs is negligible versus the HEVs. For this 

reason and considering the costs of HEVs, they are preferable in a short term scenario. The cost aspect 

favorites the SI engines because the electrification reduce the gap with CI engines. In case of FCEVs, they 

offer advantages in a long term horizon, but the impact of vehicle manufacturing is the main drawback 

compared with PHEVs and BEVs. Naturally FCEVs are the unique alternative to BEVs to implement 

local zero emission vehicles, overcoming at same time the long re-fueling time of BEVs.  

A further evaluation has been performed considering the use of 100% CO2 neutral energy forms, see 

Figure 12-19, according to EU targets at 2050. In this case the electricity is considered produced by wind. 

As alternative energy carrier to the electricity the e-Fuels (for CI and SI engines) have been considered. 

The advantages and properties of these syntactic fuels have been already presented in the Chapter #9. 

With the adoption of the e-Fuels, produced with renewable electricity and CO2 from air or renewable 

sources, the TTW footprint of the ICE based powertrains is zero. In this way the global CO2 emission can 

become lower than BEVs and FCEVs, considering the forecast of their manufacturing footprints. The 

BEVs have to pay the impact of battery substitution, which impacts highly on manufacturing emission, 

and FCEVs need to improve production process in terms of CO2 emission.  

e-Fuel powered ICE vehicles are considered to be in co-existence with BEVs and FCEVs in the market. 

Though it is obvious that a transition to an alternative energy carrier such as battery or fuel cell electric 

vehicle will require a large additional investment in charging and refueling infrastructure, the additional 

invest in a nationwide new infrastructure is not yet considered at this time. 

In this scenario, the electrification of the ICE based powertrain remains a key technology solution, 

because it improves the powertrain overall efficiency, with benefit on energy cost, reduces the urban 

combustion emissions and allows an easy implementation of the vehicle functions (Torque Vectoring, 
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AWD, etc.), even more requested by the end-user. To asses to viability of the e-Feul solutions, the cost of 

ownership has been evaluated and presented in the next paragraph.  

  

Figure 12-18 LCA of C-Segment Vehicle with different Powertrain Architectures  

 

Figure 12-19 LCA of C-Segment Vehicle with different Powertrain Architectures in case 100% CO2 neutral energy 

forms   
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Total Cost of Ownership Comparison with Renewable Energy 

At today’s oil price, synthetic fuels are of higher costs than fossil fuel. Fossil fuels need to be replaced 

within the transport sector in the long term, so e-Fuels will have to compete economically with alternative 

powertrain concepts such as battery electric vehicles. 

The following comparison is based on a simplified end customer total cost of ownership (TCO) including 

only vehicle price and fuel costs. The basis for the comparison is the same compact class vehicle used for 

LCA, with an end customer price of approximately 30.000 EUR and best in class ICE technology. The 

expected end customer range for a battery electric vehicle is over 450 km and requires a battery capacity 

of 75 kWh (with <15 kWh/100km and 90 % usable battery swing). The SI-ICE hybrid vehicle with the 

configuration presented in Table 12-23 has NEDC emission of approximately 70g/km and fuel 

consumption in real life condition of 4.2 liter/100km. 

Vehicle manufacturer technology costs are derived by the analyses of the previous chapters and the target 

price increase in 2025 for the BEV is 9000 €, whereas the price increase for the hybrid ICE powertrain is 

2500 €. 

The electricity and e-Fuel price were obtained from [74]. A variation of 29÷39 €ct/kWh for electricity 

price is used to represent uncertainties in electricity cost. Pricing of e-Fuels at the gas station has two 

major tuning factors: blend rate of e-Fuel and taxation, taking into account that electricity has a 

significantly lower tax contribution within the traffic sector. For the TCO comparison a 100 percent e-Fuel 

is considered with a market price variation of 2.0÷2.5 € per liter, representing a low and high taxation 

scenario.  

In order to be comparable in a well-to-wheel consideration with a BEV, a fossil-eFuel blend would still be 

justified resulting in lower fuel price at the gas station. Due to the lower vehicle price of a HEV, e-Fuels 

are more favorable up to 110÷165 thousand km, depending on pricing of the specific energy carriers, see 

Figure 12-20. 

 

Figure 12-20 Breakeven distance of BEV vs. HEV with e-Fuel in case of C-Segment vehicle, considering e-Fuel 

price 2.0 and 2.5 €/L whereas electric energy 0.29 €/kWh  
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13. Summary & Outlook 
 

 

 

 

Future emission standards represent a great challenge for the automotive industry, however, the definition 

of powertrain solutions has to take into account at the same time cost constraints and the end-user’s 

requirements. The powertrain design is even more challenging because the legislations are focusing on the 

real use of vehicles. For these reasons new homologation procedures have been defined in USA and 

recently in Europe, with the introduction of WLTP and Real Driving Emission (RDE) procedures. 

To fulfill the requirements coming from the end-users and legislations, several powertrain architectures 

and engine technologies are possible, such as Spark Ignition (SI) or Compression Ignition (CI) engines, 

with many new technologies, new fuels, and different degree of electrification. 

The definition of the more promising powertrain architectures, with proper technology mix, and the 

assessment of benefits and costs must be accurately evaluated by means of objective procedures and tools 

in order to choose among the best alternatives. 

Moreover, the impacts on Greenhouse Gas (GHG) or energy consumption should be evaluated in term of 

powertrain Well-to-Wheel or Life Cycle and not only evaluating the Tank-to-Wheel, as many legislations 

are considering. 

The main achievements of this work have been: 

 the definition of a structured methodology to link constraints and end-user’s requirements to 

powertrain technical features, in order to perform a conceptual basic design and an objective 

comparison of architectures and technologies; 

 the development of a conceptual design procedure of the powertrain architectures, with a proper 

technology mix, with the aim of reducing the analysis to the more promising solutions;  

 the analytic comparison of the defined powertrain architectures and technologies, considering their 

effectiveness vs. regulations and end-user’s requirements, the technological maturity and the impact 

on production costs; 

 the analysis and investigations of the powertrain key technologies (e.g. Water Injection, Low 

Temperature Combustions, etc.); 

 the definition of the possible powertrain technology pathways towards 2025 and a general forecast 

post-2025. 

The methodology adopted for the conceptual design, the analysis and the comparison of the main 

powertrain architectures and technologies is according to a System Engineering approach, based on the 

listed tools and methodologies:  

 a modified QFD approach for the deployment of technical requirements;  

 deep technical literature analysis and experimental tests of the key technologies; 

 vehicle and powertrain modelling with different level of detail to support design and analysis; 

 technology cost analysis;  
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 technology selection and prioritizing methodologies. 

 

The powertrain areas to be improved and possible technology paths have been defined (Figure 13-1): 

 the Internal Combustion Engine, with particular focus on combustion, waste heat recovery 

technologies and controls; 

 the reduction of fossil carbon contents in the fuel, with synthetic fuels produced by means of 

renewable energy and CO2; 

 powertrain electrification, with several architectures and growing degree. 

 

 
 

Figure 13-1 Technology options for Powertrain improvement 

 

For each technology path the priority solutions have been identified, see Figure 13-1 (highlighted in red). 

The increase of electrification degree in powertrain enhances the requirement fulfillment, by means of the 

vehicle kinetic energy recovery and the shifting of ICE operation in highly efficiency areas. The 

electrification is also mandatory to provide new functions, which the end-user desires, such as Torque 

Vectoring and Electric All Wheels Driving. 

The cost and packaging issues of the electric drives and the electric energy storage systems are the main 

concerns to be overcome in order to allow a large application of electric propulsion systems. Among the 

technologies under development the Low Voltage (48V) propulsion systems are very promising solutions 

with good trade-off between benefits and costs, allowing the implementation of real “electric full hybrid” 

vehicle. The application of these low voltage systems at affordable cost is also favored by the power net 

evolution towards high voltage than the current 12V. 

An important pillar towards clean powertrain is the fuel de-fossilization, especially in a long term scenario 

beyond 2030. Among the alternatives to fossil fuels, together with the renewable electricity, the so called 

e-Fuels are very promising options. By means of a process named “Power-to-Liquids” synthetic fuels can 

be produced from water, electric energy and CO2 (see Figure 13-2). 

Using renewable electric energy and CO2 extracted from the air the e-Fuels can significantly decrease the 

WTW CO2 footprint of ICE based vehicles, taking into account a long term period, when the electric 

energy production is expected mainly from renewable sources, such as sun and wind. In this electric 

power generation scenario, the synthetic fuels are also promising options for large storage and simple local 

distribution of the energy, mitigating the discontinuity of the renewable sources. At same time the 

synthetic fuels can reduce up to four times the pollution production [PM/NOx] during the combustion 
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process, decreasing the gap vs. pure electric propulsion. The main advantages compared with BioFuels are 

the negligible water demand (1.4 lit for 1lit of e-fuel) and land use. 

 

 

Figure 13-2 Various renewable fuels with different powertrain architectures 

 

The cost is the main challenge, but recent studies forecast a price little higher than fossil fuel, considering 

future production technology improvements. Focusing on ICEs evolution, the main concerns to improve 

efficiency and emissions are:  

 pumping losses at partial loads (SI engines); 

 limited thermodynamic efficiency due to reduced compression ratio, to avoid knocking damages at 

high loads (SI engines); 

 combustion chamber and exhaust system thermo-mechanical stresses at high loads (SI and CI 

engines); 

 NOx production, expensive to be managed with catalyst (CI engines) and PM/PN (GDI and CI 

engines); 

 waste heat in coolant and exhaust gas (SI and CI engines, higher in the first ones). 

 

From prioritization based on QFD analysis the key technologies to face these limits are: Water Injection 

(WI) during the combustion, Low Temperature Combustions (LTCs) and Waste Heat Recovery Systems 

(WHRS), see Figure 13-3. 

 

For the effectiveness of these technologies the proper control is fundamental. In some cases the state 

variables of the systems are not measurable, for cost and/or reliability of the sensors. This is the case of 

angular positioning of combustion for Low Temperature Combustions and engines adopting Water 

Injection. The use of virtual sensors based on grey-box models and sensors already presented in the engine 

management system is an effective solution as confirmed in this study. However a novel multifunction 

sensor has been developed. It is based on acoustic sensing and allows to implement at affordable cost the 

measurements of classic engine parameters (such as knock intensity and turbocharger speed) and new 

parameters (e.g. CN noise), for control and diagnosis purpose. 
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Figure 13-3 Key Powertrain technologies 

Water injection (WI) is a cost-effective solution to minimize knocking in turbocharged downsized 

gasoline engines, allowing at the same time higher compression ratio. Furthermore the =1 engine 

operation at high power is allowed, matching the new requirements of EU7 legislation, starting from 2023. 

For these reasons the WI can be exploited as a solution to reduce fuel consumption and CO2 emissions, 

particularly at medium and high load, as well as to increase the engine power output. The benefits and 

constraints of Port Water Injection (PWI) technology have been investigated in experimental activities 

carried out on 1.4L Turbocharged GDI engine, installed on test bench in University of Bologna. The PWI 

system was retrofitted on the original engine and managed by a Rapid Control Prototyping system, that 

allows the functional by pass of Engine Control Unit. The effects on the combustion in significant engine 

points are according to the results obtained in literature. Increasing the ratio r between mass of water and 

fuel injected, the knocking tendency decrease, with a benefit on BSFC reduction of approximately 2%. 

Other activities were carried out to investigate the sensitivity of phenomena, varying engine points, water 

injection phase and pressure. Moreover preliminary control architecture has been defined. 

The Low Temperature Combustion concept is a way to combine benefits of CI and SI engines, such as 

high efficiency and performance with easy pollution management, overcoming their specific limits. 

Different approaches are possible (e.g. PCCI, RCCI, GCI, etc.), but the main principle is to obtain a 

controlled homogeneous or partially homogeneous ignition of the air-fuel mixture, characterized by low 

local temperature and oxygen excess, that leads to high efficiency, low NOx and Soot generation. The 

main issue is the combustion instability, which can be overcome with a proper design of combustion, air 

and fuel systems, and the closed loop control of the combustion process. 

In this study the focus was on the approaches PCCI (Premixed Combustion Compression Ignition) and 

RCCI (Reactivity Controlled Compression Ignition), applying these concepts to a 1.3L diesel engines, 

equipped with an additional multi-point gasoline injection system. In the PCCI approach only diesel fuel is 

used, with a proper pattern injection that increases the pre-mixed component of combustion. Whereas in 

the RCCI approach the combustion is performed using a dual fuel mixture of diesel and gasoline, with 

reactivity depending on the two fuels mass ratio. The gasoline injected in the intake manifold forms with 

air a homogeneous lean mixture, that doesn’t burn easily due to low reactivity of gasoline. The ignition is 

ensured by the diesel injection, that operates has a sort of “spark plug”. The investigated fuel mixtures 

were up to 80/20 gasoline/diesel mass ratio, with good results on consumption and emissions. In 
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comparison with a Conventional Diesel Combustion (CDC), RCCI has allowed up to 6% of fuel 

consumption reduction and a significant contemporary reduction of NOx and Soot, paying with the HCs 

increase, that can be managed with an oxidant catalyst present in current systems.  

The engine management was performed by means of a RCP system, that has allowed the development of 

an innovative combustion control, based on virtual sensors, and the investigation of key aspects of this 

innovative combustion mode. The most important quantities used for the combustion control are the 

engine load (Indicated Mean Effective Pressure or delivered Torque) and the center of combustion 

(CA50), i.e. the angular position in which 50% of fuel burned within the engine cycle is reached. All these 

quantities can be directly evaluated starting from in-cylinder pressure measurement; however, the use of 

in-cylinder pressure sensors would significantly increase the cost of the engine management system, with 

reliability issues. As demonstrated in this study, alternatively these measurements can be performed 

through the magnetic pick-up facing the toothed wheel already present on-board and a low-cost 

accelerometer mounted on engine block. The information can be obtained observing with the first sensor 

the engine speed fluctuations and with the second one engine block vibration. Based on these feedbacks a 

Close Loop Combustion Control of RCCI has been implemented and tested on engine dyno. The control 

scheme is under study to manage the engine in Gasoline Compression Ignition (GCI) mode and will be the 

object of future presentations. 

As well known, the majority of fuel energy in the ICEs is lost in heat. The Waste Heat Recovery 

technologies have the aim of harvesting this waste energy. The main systems are: Rankine Cycle system, 

Thermoelectric Generator and the integration of an Electric moto-generator in the Turbocharger (E-

Turbo). Packaging and costs are the limits to be overcome. Taking into account the technology maturity, 

the amount of recoverable energy, that increases the benefit/cost ratio (gCO2/€), the Rankine Cycle 

systems are the most promising. The evaluations for this technology have been performed by means of 

simulation models, investigating the achievable benefits in term of fuel consumption/CO2 in different 

driving cycles, that can be representative of the real conditions. Considering a conventional vehicle the 

fuel economy achievable is up to 4% in WLTP, whereas for an HEV (48V P2/P4 architecture) in highway 

cruising condition up to 8% can be obtained. 

 

Finally, as case study, the concept methodology has been applied to define the powertrain architectures 

and the technology paths for a C-class vehicle and SUV, which cover a large range of vehicle features. 

To fulfill customer requirements and future European legislations for the emissions, without any 

performance penalty, the following technologies mix can be implemented (in case of C-Segment Vehicle):  

 the 2020 regulations (95 g/km CO2 and EU6d final) can be fulfilled with a low grade of 

electrification, employing technologies to improve the ICE combustion and the gearbox 

automatization; 

 for the 2025 legislations (81 g/km CO2 and EU7) a higher electrification degree is needed, but low 

voltage (48V) traction systems can be valid solutions to mitigate the cost increase; 

 up to 2030 (61 g/km CO2), together with an higher electrification grade, vehicle weight reduction 

and further ICE improvements are needed, with the use of de-carbonized fuels (e.g. blend with bio-

fuels or synthetic fuels over 20%). 

 

In a long term scenario, considering the WTW CO2 footprint and pollutants towards zero, the adoption of 

de-fossilized fuel cannot be avoided. The BEVs are not the only solution, valid alternative can be HEVs, 

PHEVs and RE-EVs propelled with e-Fuels, see Figure 13-4 . 
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Figure 13-4 Application fields and Powertrain architectures  
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Figure 6-28 Exhaust gas temperatures in RCCI vs. CDC 

Figure 6-29 GPF assembly and filtering scheme inside its channels 
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Figure 6-37 Measured IMEP as a function of CA50%MFB, for different water quantities; larger markers 

identify maximum IMEP (and efficiency) points 
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Figure 6-39 Comparison of knock intensity at different values of water/fuel mass; bigger markers 

correspond to MBT 

Figure 6-40 Measured Brake Specific Fuel Consumption trends for different water ratio values 

Figure 6-41 CFD engine model: geometry with injector locations (a); water and gasoline spray 

visualization (b); mesh (c) 

Figure 6-42 (a) Spray angles definition; (b) Grid size effects on spray patterns and on tip penetration 

Figure 6-43 Comparison of simulated and measured droplet diameters at various transverse locations at 15 

mm from the tip 

Figure 6-44 Timing and duration of each water injection case (a), and comparison of measured pressure 

vs. sim-ulated in-cylinder pressure (b) 
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working fluid 

Figure 6-62 Proposed RC system integration in electric hybrid powertrain 

Figure 6-63 Example of Energy balance in RC System 

Figure 6-64 Ideal vs. real RC cycle in TS diagram 

Figure 6-65 Three types of working fluid: dry fluid, wet fluid, and isentropic fluid. 

Figure 7-1 Expected impact of the Automated Driving on electric and electronic architectures [24] 

Figure 7-2 Single Voltage and Single-Battery standard architecture (12V) 

Figure 7-3 Dual Voltage architecture (12V/48V), typical of BSG (P0) application 

Figure 7-4 Multi-Voltage architecture (12V/48V/HV) 

Figure 7-5 Example of dual voltage48V/12V electric power net architecture 

Figure 8-1 Electric Propulsion System Architecture 

Figure 8-2 Normalized Torque and Power characteristic vs. speed of an electric motor 

Figure 8-3 Example of target specification for an electric vehicle adapted from [ 178] 

Figure 8-4 Classification of electric motor types 

Figure 8-5 Simplified cross sections of rotor for different motor types (red and green are the permanent 

magnets) 

Figure 8-6 Comparison of different machine topologies for limited stator current, adapted from [56] 

Figure 8-7 Exemplary efficiency maps of different machines with constant power [179] 



 
 

 

 

   

351 
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Figure 10-6 Sample of the experimentally measured DCT efficiency values as functions of input torque 

and different transmission temperature: (a) ωin =1000 rpm, T = 30 °C; (b) ωin =1000 rpm, T = 70 °C; (c) 

ωin =2000 rpm, T = 30 °C; (d) ωin = 2000 rpm, T = 70 °C [139] 
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Figure 10-30 Scheme of the RC system control [133] 
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Figure 11-24 Co-simulation model overview 

Figure 11-25 Reference transient maneuver 
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Figure 11-49 Indicated torque mean value and center of combustion in CDC mode, estimated vs measured 

Figure 11-50 Scheme of the closed-loop combustion controller implemented and tested in this study; here, 
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