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Executive summary 

Electric mobility technologies could potentially contribute to the goals of the Swiss energy 

policy, which include assuring a more sustainable supply of energy. The goal of sustainability 

implies a wide range of concerns, including protecting the climate, minimizing pollution, 

protecting ecosystems and human health, and assuring security of supply, affordability and 

social acceptance. 

The recent advances in technologies relevant for electric mobility and the inherent advantages of 

the electric grid in supplying and delivering energy combine to move electric powertrain 

technology into a good position to meet the present conflicting economic, environmental and 

social criteria for sustainability. If future growth of the Swiss electricity system can maintain its 

present low carbon content generation mix, with relative price stability and security from 

interruption, then vehicles with electrified drivetrains can potentially make real contributions to a 

more sustainable Swiss transportation system. 

A detailed, technology-centered  system  analysis  is  a  prerequisite  for  understanding  the 

strengths and weaknesses of the options developed, evaluating trade-offs compared to both 

conventional and other advanced alternatives, and assessing the potential contributions of the 

technology options to a more sustainable future. 

The specific goals of the THELMA project are defined as follows: 

¶ To assess environmental performance of electric vehicle technologies (in particular, batteries 

and fuel cells) in comparison with combustion options driven by fossil fuels. Future 

technology advancements should be taken into account along with the impacts of energy 

supply infrastructure and its evolution. 

¶ To account for the role of, and requirements on, the electric grid depending on the various 

options for electric mobility. Furthermore, in applicable cases, synergetic effects are to be 

addressed. 

¶ To carry out case studies on a regional or local level assessing the environmental implications 

of the expansion of electric mobility and its integration with the energy supply system. In 

particular, the performance of centralized vs. decentralized energy supply options should be 

evaluated. 

¶ To assess aggregated environmental and economic vehicle technology attributes, thus 

enabling a cost-benefit analysis of electric mobility options both on the technology level as 

well as for alternative scenarios on the national level. 

¶ To evaluate the relative sustainability of the options by combining their performance on 

environmental, economic and social criteria with stakeholder preference profiles.  

The scope of the THELMA project includes: 

¶ Vehicle classes: automobiles of various classes. 

¶ Drivetrains and energy carriers: electric (battery and fuel cell) vehicles, fuel cell and internal 

combustion engine (ICE) hybrids, plug-in hybrids, and ICE vehicles using gasoline, diesel and 

methane gas from fossil resources. 

¶ Electricity/energy supply: alternative electricity supply mixes, hydrogen production from 

renewable, nuclear or fossil fuels. 
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¶ Time horizon: detailed technology evolution until year 2030; outlook until year 2050. 

¶ Applications: Swiss-specific case; environmental case studies on local level; impact pathways 

approach and external cost analysis on technological and national level; life cycle, cost 

benefit and sustainability assessment on technological and national levels. 

¶ Geographic boundaries for LCA and impact assessment: beyond Swiss national borders. 

¶ Evaluation criteria: environmental, economic and social (limited), security of supply and 

driver utility. 

The overall approach of the THELMA project i s  b a s e d  o n  a comprehensive combination of 

interdisciplinary technology assessment, vehicle and powertrain simulation, traffic 

simulation, power systems analysis, and integration of results. This begins with characterization 

of a wide range of drivetrains and energy carriers. The drivetrains (electrified and baseline 

internal combustion engines) and energy carriers (batteries and fuels) are combined with various 

vehicle options (e.g. different vehicle classes, down-weighting, etc.) to define a wide range of 

vehicles (a άǾƛǊǘǳŀƭ ŦƭŜŜǘέ ƻŦ designs). 

Life Cycle Assessment (LCA) is used to provide a vector of average burdens for different energy 

carriers and for vehicle materials or components. The LCA burdens for vehicles components or 

materials are then combined with vehicle descriptions to obtain burdens per vehicle kilometer 

travelled. 

Local and/or regional scenarios ar e defined to study the impacts of electric mobility and 

decentralized versus centralized energy supply.  Both  vehicle  technology  and  scenario 

descriptions are then used to find the distribution of charging load patterns by location and time 

of day, so that transmission network modeling can be used to determine system dispatch 

(generator operation) and cost, including grid constraints, if any exist. Modeling of future 

technology developments must therefore be consistent with assumptions for future traffic 

patterns, charging load patterns, and future generation and grid expansion.  Power network 

modeling shall include comparison of central versus customer controlled charging patterns 

(including battery costs) and include analysis of vehicle to grid (V2G) network services. 

The integration analysis task combined criteria indicators partially originating from other tasks to 

characterize local and climate-related emissions, resource burdens and social concerns. Where 

possible, these indicators were monetized to obtain external costs that were added to direct 

technology costs to obtain total costs. The var ious  indicators were  aggregated using 

a l t e r n a t i v e  stakeholder preference profiles and multi-criteria decision analysis (MCDA) tools, 

so that total cost and MCDA rankings for selected technologies and for the overall national 

mobility options could be compared. 

The following conclusions can be drawn from the present study: 

¶ Electric mobility can strongly reduce consumption of non-renewable energy and GHG-

emissions of future individual car mobility in Switzerland. The largest reductions result if 

non-fossil energy resources are used for electricity and hydrogen production. Thus, 

compared to the base year 2012 and based on the analyzed fleet scenarios for Swiss 

passenger cars in 2050, the consumption of non-renewable energy could be reduced by 10%-

65% and the total life cycle Greenhouse Gas (GHG) emissions are estimated to be reduced by 
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25%-65%, depending on the penetration rate of advanced powertrain vehicles and the 

development of the energy system. This conclusion is essential since efficiency 

improvements and climate protection are the core goals of the new Swiss energy policy. 

¶ Electric mobility is found to increase national electricity demand by 12.1 TWh and 

27.5 TWh per year for 90% fleet penetration of BEV and FCEV respectively. 

¶ Environmental external costs of individual technologies with high standards have limited 

influence on their ranking but cumulative external costs are very substantial. Current 

external costs of the car fleet in Switzerland are in the range of about 0.7 ς 1.9 billion EURO 

per year; the broad range of this estimate is associated with large uncertainties of external 

costs caused by greenhouse gases. The evaluated scenario without electric vehicles but 

taking into account the advancements of fossil fuel vehicles leads to a reduction of the 

annual external costs by about 25 % in year 2050; the corresponding reduction in a scenario 

with 80 % penetration of electric vehicles is close to 50 %. It should be noted that external 

costs of accidents and noise are not included in these estimates.  

¶ Future BEVs and FCEVs exhibit strongly improved performance over a range of criteria and 

stakeholder profiles. The evaluations of fleet options by and large reflect the behavior of 

technologies in accordance with the shares of the various types of vehicles. The estimated 

indicators exhibit a clear tendency towards improving performance parameters with time. 

This applies in particular to electric cars. Apart from the above mentioned reductions in 

consumption of non-renewable energy consumption and GHG emissions there are, for 

example, remarkable cost reductions within the time horizon considered, with costs of 

battery vehicles being reduced by a factor of two and fuel cell cars by a factor of three. But 

also other indicators such as average mortality or ranges and charging times for Battery 

Electric Vehicles (BEV) are expected to improve decisively. In the balanced multi-criteria 

perspective (i.e. with equal preference given to the high level criteria), with the exception of 

scenarios with Steam Methane Reforming (SMR), fleets with various shares of electric 

vehicles rank at the same level as the hypothetical future fleet fully dominated by (much 

improved) Internal Combustion Engine Vehicles (ICEV). Also, excluding scenarios with SMR, 

the sustainability performance of fleet scenarios is clearly better than that of the current 

fleet. 

¶ Electric mobility faces challenges with regard to a number of factors. These include costs, 

range and charging performance for BEV, environmental performance for example with 

regard to metal depletion, dependence of future availability of nearly carbon-free electricity 

for charging BEV and production of hydrogen, deployment of the necessary infrastructure, 

and last but not least the continued trend towards remarkable improvements of 

conventional technologies. 

For detailed results and conclusions we refer to chapters covering the various Work Packages and to 

the chapter summarizing the conclusions. 

Recommendations for further work include, among others, improvements with regard to data, 

methods used, tool developments and substantial scope extensions. 

A subset of the recommendations is listed here: 

¶ Collection and analysis of primary industry data from manufacturers of batteries and fuel 

cells, establishment of Life Cycle Inventory (LCI) data for specific future battery technologies 
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not considered in this work, such as Li-air or Li-sulfur, and for future fuel cells explicitly taking 

into account new materials and manufacturing technologies. 

¶ Extension of grid analysis to address a substantially higher penetration of BEV and PHEV with 

time horizon of year 2050, i.e. beyond year 2030 as implemented in the present study.  

¶ Modeling of imports and exports as endogenous parameters within the power system model. 

¶ Analysis of additional municipalities, aiming at identification of low-impacting communities 

to help to identify structural factors (like short commuting distances), that are favorable for 

keeping the mobility demand at moderate level. 

¶ Consolidation of the improvements of the traffic simulation mode MATSim that the THELMA 

project brings to the software. This may involve applications of the simulation to similar 

problems (i.e. involving energy consumption calculation, use of electric vehicles, etc.) as well 

as differentiating weekday and weekend scenarios. 

¶ Refinements of integration analysis for example by consequently implementing the analysis 

for year 2050 rather than extrapolating from 2030 results as is done in some tasks of this 

project. 

¶ Updates and extensions of technology assessment are necessary, particularly having in mind 

that the reference year for current technologies as defined in the THELMA project is 2012. 

¶ Interdisciplinary assessment of biofuels and their implementation in the fleet model is 

considered to be a high priority.  

¶ Autonomous vehicles are not addressed in this work. Given the potentially revolutionary 

impact they could have on the future mobility they need to be included and subjected to 

detailed analysis. 

¶ Since the infrastructure necessary for the expansion of electric mobility is addressed to a 

very limited extent in this work, the development of the infrastructure and the associated 

impacts on economy, environment, risks etc. as well as social acceptance issues should be 

investigated in order to achieve a more realistic assessment of future mobility. 

¶ Work on mobility demand and associated social aspects are included to very a limited extent 

and call for much extended attention. This includes consideration of rebound effects. 

¶ The fleet analysis builds on rather arbitrary assumptions about future composition of the 

future fleet. Furthermore, though electricity supply scenarios and energy supply chains 

constituted part of the analysis, no energy-economic model with mobility as one of the end 

use sectors is used in the present work. Such a model allows representation of the complex 

and dynamic interplay of the mobility sector with the overall energy system and is able to 

endogenously generate cost-optimal solutions also under climate protection constraints. 

¶ The current analysis needs to be extended to cover the whole mobility sector, i.e. other 

modes of passenger mobility such as motorcycles, buses, railway and airplanes as well as 

transport of goods.    

During the last two years the THELMA Project was coordinated with the Swiss Coordination 

/ŜƴǘǊŜ ŦƻǊ 9ƴŜǊƎȅ wŜǎŜŀǊŎƘ ό{//9wύ ά9ŦŦƛŎƛŜƴǘ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ ǎȅǎǘŜƳǎ ŦƻǊ Ƴƻōƛƭƛǘȅέ 

http://www.sccer-mobility.ch/ to mutual benefit. Some of the developments mentioned above 

are already pursued within this SCCER. 

Finally, one of the achievements of the THELMA Project is the fact that five students defended 

their Ph. D. thesis fully or partially based on their work within the THELMA Project. 

http://www.sccer-mobility.ch/
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1. Project content 

 

!ÕÔÈÏÒÓȡ 3ÔÅÆÁÎ (ÉÒÓÃÈÂÅÒÇ7ȟ 7ÁÒÒÅÎ 3ÃÈÅÎÌÅÒ8ȟ "ÒÉÁÎ #ÏØ9 ɉ03)Ɋ 

1.1. Project background  

Project THELMA (TecHnology-centered ELectric Mobility Assessment) was established to carry out an 

integrated, technology-ōŀǎŜŘ ǎǘǳŘȅ ƻŦ ƭƛƎƘǘ ŜƭŜŎǘǊƛŎ ǾŜƘƛŎƭŜǎΩ ǇƻǘŜƴǘƛŀƭ ƛƴ {ǿƛǘȊŜǊƭŀƴŘΣ ŀǎǎŜǎǎƛƴƎ 

tradeoffs and sustainability compared to other drivetrains and fuels. 

The project was established in April 2010 based as an activity of the Competence Center for Energy 

and Mobility in co-operation with swisselectric research and Swiss Petroleum Association (German: 

Erdöl-Vereinigung). The co-operation and co-ordination with the Swiss Competence Center for 

9ƴŜǊƎȅ wŜǎŜŀǊŎƘ ά9ŦŦƛŎƛŜƴǘ ¢ŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ {ȅǎǘŜƳǎ ŦƻǊ aƻōƛƭƛǘȅέ ƳŀŘŜ ƛǘ ǇƻǎǎƛōƭŜ ǘƻ ŜȄǘŜƴŘ ǘƘŜ 

scope and depth, particularly with regards to the overall integration of the assessment carried out in 

the various Work Packages (WPs) of THELMA. 

¢ƘŜ ¢I9[a! ŎƻƴǎƻǊǘƛǳƳ ōǊƛƴƎǎ ǘƻƎŜǘƘŜǊ ŀ ƘƛƎƘƭȅ ǉǳŀƭƛŦƛŜŘ ǊŜǎŜŀǊŎƘ ǘŜŀƳ ŦǊƻƳ 9¢I ½ǸǊƛŎƘΣ ǘƘŜ {ǿƛǎǎ 

Federal Laboratory for Materials Testing and Research (EMPA) and the Paul Scherrer Institute (PSI). 

The THELMA project was structured to build on the strengths and experience of these research 

groups. 

 

1.2. The national and international context: strategies and 
perspectives  

Today, the transport sector is responsible for 27% of global total final energy consumption and nearly 

25% of global CO2 emissions (International Energy Agency, 2009, International Energy Agency, 2013).  

Over 95% of transport energy is supplied by oil, amounting to over 2250 MToe per year and 

exceeding 60% of global annual oil consumption (International Energy Agency, 2009, International 

Energy Agency, 2013). In the last 40 years, global transport energy use has steadily increased by 2-

2.5% per year, more than doubling between 1971 and 2006 (International Energy Agency, 2009). In 

the coming decades mobility demand is expected to continue to increase, leading to further 

increases in fossil fuel consumption. For example, the IEA predicts that the global passenger car fleet, 

which was 870 million strong in 2011, will increase to 1.7 billion cars by 2035 (International Energy 

Agency, 2012). 

This large demand for mobility and the related consumption of fossil fuels results in serious 

environmental, economic and social burdens. Aside from their contribution to global warming, 

emissions from the combustion of fossil fuels also contain pollutants such as particulate matter, SO2, 

NOx, and CO which can cause serious health problems, especially in cities where pollutant 

concentrations are highest (Takeshita, 2011). Furthermore, such reliance on fossil fuels raises issues 

of energy security for many countries that rely on imports to satisfy their fossil energy demand. The 

geological distribution of oil and the political stability of producing regions make price stability and 

                                                           
7
 PSI, Laboratory for Energy Systems Analysis (LEA), stefan.hirschberg@psi.ch 

8
 PSI, Laboratory for Energy Systems Analysis (LEA), Technology Assessment Group, warren.schenler@psi.ch 

9
 PSI, Laboratory for Energy Systems Analysis (LEA), Technology Assessment Group, brian.cox@psi.ch 
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security of supply problematic. Declining production from present reserves and the uncertain costs of 

discovering and recovering lower quality reserves only serve to further emphasize the risks of future 

cost escalation and decreasing supply. 

In addition to the primary concerns of fossil dependence and CO2 emissions, there are also a range of 

additional problems associated with sustainability, including health concerns associated with 

emissions (NOx, CO, and particulates), noise, and social concerns. 

In order to reduce the impacts of mobility, many governments are setting limits on fuel consumption 

or CO2 and other pollutant emissions of new cars, such as the European Union, United States, China, 

and Japan (An et al., 2011). For example, the European Union has regulated the fleet average CO2 

emissions of new cars to 130 g CO2 per kilometer by 2015, reducing to 95 g CO2 per kilometer by 

2020. This fits into the European UnƛƻƴΩǎ ƭŀǊƎŜǊ Ǝƻŀƭ ƻŦ ǊŜŘǳŎƛƴƎ ŘƻƳŜǎǘƛŎ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŜƳƛǎǎƛƻƴǎ 

to 20% below 1990 levels by 2020 and further to 80% below 1990 levels by 2050 (European 

Commission, 2014). In order to reach the 80% reduction by 2050 goal, the European Union is 

planning to reduce transport section greenhouse gas emissions by 60% compared to 1990 levels by 

2050 (European Commission, 2011).  

In 2011 the Swiss Federal Council and Parliament decided to move away from nuclear based 

electricity production and restructure the energy system to meet ambitious sustainability goals.  The 

goal of sustainability implies a wide range of concerns, including protecting the climate, minimizing 

pollution, protecting ecosystems and human health, and assuring security of supply, affordability and 

social acceptance. Resulting from this decision, the Federal Council has developed the Energy 

Strategy 2050, which is a long-term national energy policy based on forecasts of energy supply and 

ŘŜƳŀƴŘ ŀǎ ǿŜƭƭ ŀǎ ŎƭƛƳŀǘŜ Ǝƻŀƭǎ ǳƴŘŜǊ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ǎŎŜƴŀǊƛƻǎ ŀǎ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ŘƻŎǳƳŜƴǘ ά9ƴŜǊƎȅ 

tŜǊǎǇŜŎǘƛǾŜǎ нлрлέ (Prognos, 2012). These three scenarios define three potential futures for the 

Swiss energy system. The Business As Usual (BAU) scenario considers only energy policy instruments 

that are currently in place and that energy demand and efficiency improvements will continue to 

develop as they have in recent history. The Political Measures (POM) scenario considers the 

implementation of all political measures currently being considered by the federal council and that 

energy demand and efficiency improvements will continue to develop as they have in recent history. 

The New Energy Policy (NEP) scenario is the target scenario for the federal council and considers a 

possible development until 2050 that includes a reduction of CO2 emissions down to 1-1.5 t per 

person. By 2050, the demand for personal and goods transport in Switzerland is expected to increase 

by 23-32% and 48-57% respectively (Swiss Federal Office for Spatial Development, 2012, Prognos, 

2012). Despite this large growth in transport demand, depending on scenario, final energy 

consumption of transport in Switzerland is projected to reduce by 29-54% and CO2 emissions by 37.7- 

85.7% by 2050 compared to 2010 (Prognos, 2012). See Figure 1.1 below.  
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Figure 1.1 Transport demand, final energy consumption and CO2 emission forecasts until 2050 under the three scenarios 
defined in the Energy Perspectives 2050.Business As Usual (BAU), Political Measures (POM), and The New Energy Policy 
(NEP).  

1.3. E-mobility as a potential solution  

Technological advances in oil extraction may extend the life and reduce the political risk of the fossil 

oil supply while improved internal combustion engine (ICE) technology may increase efficiency and 

reduce emissions. However, these improvements will only provide a bridge or extend the transition 

to real, long-term sustainability. The only real solution is a non-fossil, zero (net) carbon energy carrier 

that can be produced and delivered, and then carried and used in a vehicle with acceptable 

characteristics (e.g. range) and cost. This energy carrier may be electricity, gas (hydrogen or syngas) 

or a range of synthetic liquid fuels. Performance along the full energy carrier pathway or chain is 

important, and different alternatives have different present disadvantages. Electricity can be nearly 

carbon-free, and is relatively easy to deliver, but it is still difficult to carry enough onboard the vehicle 

at a low enough size and cost. Hydrogen is still more expensiǾŜ ŦǊƻƳ άȊŜǊƻ-ŎŀǊōƻƴέ ǎƻǳǊŎŜǎΣ 

relatively hard to handle (transportation and on-board storage), and fuel cells are still expensive. 

Synthetic fuels have relatively high energy densities and are easy to burn, the carbon to cost balance 

is often poor, or production may have environmental and social side effects. At present a combined 

system of a drivetrain using a non-ŦƻǎǎƛƭΣ άȊŜǊƻ-ŎŀǊōƻƴέ ŜƴŜǊƎȅ ŎŀǊǊƛŜǊ ƛǎ ǎǘƛƭƭ ŜƛǘƘŜǊ ǳƴŀǾŀƛƭŀōƭŜ ƻǊ ǘƘŜ 

total cost per kilometer is too expensive. 

Recent, continuing advances on a range of relevant technologies and the inherent advantages of the 

electric system in supplying and delivering energy combine to mean that electric mobility is among 

the best options to meet the conflicting economic, environmental and social criteria for 

sustainability. If future growth of the Swiss electricity system can maintain the low carbon content of 

the generation mix, and the relative price stability and security from interruption, then lightweight 

vehicles with electrified drivetrains can potentially make real contributions to a more sustainable 

Swiss transportation system. Advances in battery and supercapacitor technologies, hydrogen storage 

(to a lesser degree), and better fuel cells and IC engines as prime movers make such potential 

contributions ever more likely. Increased electrification offers advantages in power distribution and 

management (e.g. braking regeneration, and more efficient operating of ICEs), and allows varying 
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degrees of hybridization to optimize combining the relative advantages of power generation and 

storage. 

E-mobility technologies also present a range of challenges and opportunities to the electric system. 

Obviously electric and plug-in hybrid vehicles must be charged, and the location and time of the 

additional load affects the existing electric system. This can present a need for new generation 

capacity and energy, as well as possible new transmission capacity. On the other hand, if charging 

times can be shifted to off-peak hours, new capacity can be minimized. If vehicles can supply 

electricity back to the grid from battery storage or distributed generation (vehicle to grid, or V2G), 

then there is a potential for providing grid services like load leveling, spinning reserve, or support for 

stochastic renewables (sun and wind). Charging loads or V2G power supply may be either centrally 

controlled or coordinated by price signals, including battery-life related costs. All of these 

ŎƻƴǎƛŘŜǊŀǘƛƻƴǎ ǊŜǉǳƛǊŜ ƳƻŘŜƭƛƴƎ ǘƘŜ ǇƻǿŜǊ ǎȅǎǘŜƳΩǎ ƻǇŜǊŀǘƛƻƴ ŀƴŘ ǎǘŀōƛƭƛǘȅΦ Figure 1.2 below shows 

the overlap between vehicle traffic density and the electric power transmission grid. 

 

Figure 1.2 Swiss traffic density and electric transmission grid 

In addition to technical advances related primarily to E-mobility, there are also ongoing advances in 

combustion engines, reducing loads and losses due to accessories, rolling resistance, aerodynamic 

drag, and down-sizing/down-weighting that all contribute to lower vehicle energy use. Advances in 

some technologies may provide a competitive advantage to one or several drivetrains (e.g. better 

batteries advance Electric Vehicles (EVs) more than hybrids, but better power electronics advance 

EVs and hybrids v. ICE drivetrains), while light-weighting is an advantage to all drivetrains. This means 

advancing technologies creates a complex environment of competition and co-evolution between 

different drivetrains. 
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1.4. Sustainable mobility as a multi -criteria problem  

The analysis of the transportation sector is a classic example of a large, complex problem suited to 

multi-criteria analysis, including the effects of Life Cycle Assessment and environmental impact 

assessment. The system has large investments in vehicles and infrastructure, large costs and impacts 

and changes slowly due to long turnover times. The problem has many participants or stakeholders 

(manufacturers, fuel suppliers, customers, safety and environmental regulators, etc.), all of whom 

care about a broad range of criteria in different ways. And there are no easy, optimal solutions. 

Instead, there are only complex trade-offs between a range of Pareto-optimal solutions (individual 

vehicles or case study scenarios). 

From a societal level we have already seen that the criteria include total costs, the environment 

(including climate), and security of supply. But because people buy cars individually, this implies that 

other characteristics of individual vehicles also matter, i.e. purchase and lifetime costs, drivability or 

performance, range, utility (passengers and payload), safety, etc. For this reason, it is important that 

a technology-centric analysis characterizes a broad range of criteria so that individual customers, 

stakeholders, or fleet analysts can all compare costs, total costs and Multi-Criteria Decision Analysis 

(MCDA) rankings. 

Cost and environmental burdens need to be considered from a life cycle perspective in order to avoid 

leakages ς i.e. burdens occurring outside the system under consideration. Thus, Life Cycle 

Assessment (LCA) and Life Cycle Costing (LCC) form a logical basis for taking into account 

environmental and cost aspects within MCDA. 

 

1.5. Project goals and scope 

¢I9[a!Ωǎ ǇǳǊǇƻǎŜ ǿŀǎ ǘƻ ƳŀƪŜ ŀ comprehensive assessment of the tradeoffs and sustainability 

implications of the increased use of light electric vehicles, as compared to other drivetrains and fuels. 

The goal was thus to compare a full range of vehicle technologies, based on those criteria considered 

important by major stakeholders. These measure both direct and indirect effects, i.e. not just 

exhaust emissions and downwind health and environmental impacts, but also upstream fuel chain 

effects. This technology based analysis was then used as a basis for national level scenarios that 

include electric grid related impacts. These national scenarios were supplemented by local 

community case studies. Ultimately, the analytical results were integrated using both the total cost 

approach and multi-criteria decision support to form a transparent and trustworthy basis for 

evaluating sustainability and inform decision-makers and stakeholders. 

The specific goals of the project were defined as follows: 

¶ To assess LCA-based environmental performance of electric vehicle technologies (in particular, 

batteries and fuel cells) in comparison with combustion options driven by fossil fuels or 

hydrogen. Future technology advancements need to be considered along with the impacts of 

energy supply infrastructure and its evolution. 

¶ To account for the role of, and requirements on, the electric grid depending on the various 

options for electric mobility. Furthermore, in applicable cases, synergetic effects were to be 

addressed. 
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¶ To carry out case studies on a regional or local level assessing the environmental implications of 

the expansion of electric mobility and its integration with the energy supply system. In particular, 

the performance of centralized vs. decentralized energy supply options should be evaluated. 

¶ To assess aggregated environmental and economic vehicle technology attributes, thus enabling a 

cost-benefit analysis of electric mobility options both on the technology level as well as for 

alternative scenarios on the national level. 

¶ To evaluate the relative sustainability of the options by combining their performance on 

environmental, economic and social criteria with stakeholder preference profiles.  

The scope of the THELMA project was defined as follows: 

¶ Vehicle classes: automobiles of various classes. 

¶ Drivetrains and energy carriers: electric (battery and fuel cell) vehicles, fuel cell and ICE hybrids, 

plug-in hybrids, and ICE vehicles using gasoline, diesel and methane gas from fossil resources. 

¶ Electricity/energy supply: alternative electricity supply mixes, hydrogen production from 

renewable, nuclear or fossil fuels. 

¶ Time horizon: detailed technology evolution until year 2030; outlook until year 2050. 

¶ Applications: Swiss-specific case; environmental case studies on local level; impact pathways 

approach and external cost analysis on technological and national level; life cycle, cost benefit 

and sustainability assessment on technological and national levels. 

¶ Geographic boundaries for LCA and impact assessment: beyond Swiss national borders. 

¶ Evaluation criteria: environmental, economic and social (limited), security of supply, driver 

utility. 

 

1.6. THELMA approach  

A detailed, technology-centered system analysis is a prerequisite for understanding the strengths and 

weaknesses of the options developed, examining their costs and benefits compared to both 

conventional and other advanced alternatives, and assessing their potential contributions to a more 

sustainable future. 

The overall approach employed by the THELMA project is to perform a detailed, comprehensive 

combination of technology assessment, life cycle assessment, power systems analysis, and 

integration of results. This begins with characterization of a wide range of drivetrains and energy 

carriers. The drivetrains (electric and competing ICE) and energy carriers (batteries and fuels) are to 

be combined with other vehicle options (e.g. different vehicle classes, down-weighting, etc.) to 

ŘŜŦƛƴŜ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǾŜƘƛŎƭŜǎ όŀ άǾƛǊǘǳŀƭ ŦƭŜŜǘέ ƻŦ ŘŜǎƛƎƴǎύΦ [ƛŦŜ ŎȅŎƭŜ ŀƴŀƭȅǎƛǎ ƛǎ ǳǎŜŘ ǘƻ ǇǊƻǾƛŘŜ ŀ 

vector of average burdens for different energy carriers and for vehicle materials or components. The 

LCA burdens for vehicles components or materials are then combined with vehicle descriptions to 

obtain burdens per vehicle. Local and/or regional scenarios are defined to study the overall impacts 

of vehicles penetrating into the Swiss fleet. Both vehicle technology and scenario descriptions are 

then used to find the distribution of charging load patterns by location and time of day, so that 

transmission network modeling can be used to determine system dispatch (generator operation) and 

cost, including grid constraints, if any exist. These various tasks must be coordinated so that 

technology, LCA, scenario, and transmission modeling assumptions are consistent. Modeling of 

future technology developments must therefore be consistent with assumptions for future traffic 
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patterns, charging load patterns, and future generation and grid expansion. Power network modeling 

includes comparison of central versus customer controlled charging patterns (including battery costs) 

and analysis of V2G grid services. The integration analysis task combines criteria indicators partially 

originating from other tasks to characterize local and climate related emissions, resource burdens 

and some social concerns. Where possible, these indicators are monetized to obtain external costs 

that are added to direct technology costs to obtain total costs. All indicators are aggregated using 

selected stakeholder preference profiles and multi-criteria decision analysis tools, so that total cost 

and MCDA rankings can be compared. 

 

1.7. Project structure and framework  

The following analytic tasks (called work packages) have been defined. These work packages are also 

used throughout the rest of the proposal to organize the sections on related research, research 

targets, research plans and specific timetables and milestones.  

WP1: Life Cycle Assessment (LCA) ς LCA-based environmental performance of vehicles and energy 

supply chains (electricity and fuels). Focus to be on technologies and materials related to E-mobility 

vehicles, with competing vehicle technologies included for comparison. Includes predicted future 

advances in vehicle technologies and the energy supply infrastructure up to 2030, with results that 

can be extrapolated for use in other packages in analysis for up to the year 2050. (EMPA-LCAM, PSI-

LEA). 

WP2: Vehicle simulation and powertrain assessment ς Technology characterization of future 

drivetrains for E-mobility designs, plus competing drivetrain technologies. Includes the direct analysis 

of technology criteria, and supplying technology descriptions to WP1, WP4 and WP5. (ETHZ-LAV, PSI-

LEA). 

WP3: Power system modeling ς Analysis of the impacts on electric system dispatch, transmission 

constraints and costs due to the presence of new charging loads from  electric vehicles. Includes 

analysis of vehicle-to-grid storage or generation. (ETHZ-PSL). 

WP4: Case studies ς Perform studies on the regional and/or local level assessing the sustainability 

implications of electric mobility options penetrating the transportation market, compared to 

competing vehicle technologies. Includes integration with the energy supply system, and in particular 

analysis of centralized vs. decentralized energy supply systems. (ETHZ-ESD, ETHZ-IVT). 

WP5: Analysis integration ς Integration of sustainability measures based on technology-specific 

assessment of vehicles, including local/regional pollution, carbon emissions, resource use and social 

concerns (e.g. energy security, etc.). Includes aggregation of these measures, based on inclusion of 

external costs to produce total costs, and the use of stakeholder preferences for sustainability 

criteria to produce rankings of both individual vehicle and scenario alternatives. (PSI-LEA). 

WP6: Project management & coordination ς Management and co-ordination of the other five work 

packages, including dissemination of final results (PSI-LEA). 

Figure 1.3 provides an overview of the structure and partners involved in THELMA as well as the 

relationships among the various work packages. 



8 
 

 

Figure 1.3 THELMA framework diagram with work package tasks and partners. 

Each work package addresses the following key issues and questions. 

Work Package 1: Life Cycle Assessment (LCA) 

The key question for LCA is to characterize the full transportation chains for different combinations 

of vehicles and energy carriers. In some cases, energy carrier data may already exist (e.g. current 

ŜƭŜŎǘǊƛŎƛǘȅ ƳƛȄŜǎ ŀƴŘ ǎƻƳŜ ƻŦ ǘƻŘŀȅΩǎ ŦǳŜƭǎύΣ ōǳǘ ƴŜŜŘ ǘƻ ōŜ ƳƻŘƛŦƛŜŘ ŀƴŘ ŜȄǘǊŀǇƻƭŀǘŜŘΦ Lƴ ƻǘƘŜǊ 

cases, original LCA of energy carriers (e.g. advanced chemistry batteries) and prime movers (e.g. fuel 

cells) needs to be performed. Likewise, LCA for the set of alternate fuels for ICE drivetrains that 

compete with electric mobility options needs to be completed. For the LCA analysis of drivetrains and 

vehicles, a key question is disaggregation of the results on the basis of material content, components 

or processes, so that the LCA burdens per vehicle can be calculated for a large combination of 

different drivetrain and vehicle options (class, size, light-weighting, etc.). 

Work Package 2: Vehicle simulation and powertrain assessment 

The primary task of Work Package 2 includes the characterization and modeling of current and future 

powertrain technologies. In particular conventional, hybrid electric (including plug-in hybrids), 

battery electric and fuel cell vehicles are simulated for assorted driving cycles, representative of real-

world driving conditions. These drivetrain models are combined to generate large sets of consistent 

vehicle designs combining different drivetrains, vehicle classes and energy carriers. Each vehicle 

design is characterized by multiple criteria, including energy use, performance, and cost. In addition, 

environmental indicators are calculated based on life cycle results of Work Package 1.  
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Work Package 3: Power system modeling 

The chief issue in power system modeling is to model the addition of electric drivetrain vehicles to 

the power grid. The first step is to take technology and scenario descriptions from Work Packages 2 

and 4 to generate charging load distributions by time of day and location. This charging load is 

combined with normal load patterns and system operation is simulated, including transmission 

system constraints on generation dispatch, to obtain least-cost operation of the power system. 

Future scenarios of energy supply and demand are modeled. A key question involves whether 

charging is controlled or uncontrolled. 

Different charging strategies may be compared, ranging from purely convenience-based to including 

load shifting incentives induced by time-of-use tariffs. These charging strategies may also be 

compared to 

centralized control based on minimizing utility cost. Questions also include the provision of grid 

ancillary services, where not only load-shifting is considered but also the use of vehicle to grid. 

Work Package 4: Case studies 

In this work package, electric mobility in the context of household consumption on the level of Swiss 

municipalities is assessed. Energy supply and demand for important energy-related activities are 

modeled and strategies to effectively reduce environmental impacts are proposed. For this purpose, 

the multi-agent transport simulation is enhanced and a predictive building stock energy demand 

model is developed and coupled with life-cycle assessment models to account for the environmental 

dimension. The prospective energy systems are optimized using ecological criteria. This task has the 

main responsibility for constructing case study scenarios, including forecasts of future traffic 

patterns. These traffic patterns are then combined in Work Package 5 with customer charging rules 

(in coordination with the WP3 on power system modeling). The integrated scenario modeling must 

also combine results from Work Packages 1, 2 and 3 to produce scenario results. Scenario 

formulation also includes regulatory and political boundary conditions for Swiss conditions. 

Work Package 5: Analysis integration 

The chief task of Work Package 5 is the aggregation of results from tasks 1 through 4. It also includes 

estimation of additional criteria. These will include, for example, social indicators like energy carrier 

risk, autonomy, cost sensitivity, etc. This task also includes monetization of external costs associated 

with local & regional impacts (e.g. due to PM, NOx emissions) and global effects (e.g. due to CO2 

emissions), using appropriate models for transport, damages and valuation. Appropriate models for 

distributed, tailpipe emissions are combined with more detailed models for emissions from 

centralized power plant emissions. Externalized costs are added to direct costs to find average total 

vehicle costs per kilometer. 

Multi-criteria indicators related to vehicle sustainability are combined with stakeholder preferences 

based on generic stakeholder profiles. Indicator data will be normalized and combined with 

stakeholder indicator weights using a Multi-criteria Decision Analysis (MCDA) algorithm for ranking of 

discrete alternatives. MCDA ranking of national vehicle fleet and grid operation scenarios is also 

performed. Total cost and MCDA ranks are compared.  

Work Package 6: Project management & coordination 

This work package has the task of coordinating efforts within all the other work packages, managing 
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the overall THELMA project in a productive and effective manner, and disseminating the analytic and 

scenario results to stakeholders and decision-makers concerned in the mobility area. 

 

1.8. Project deliverables  

Based on the above-stated project goals, the following key deliverables were generated: 

¶ Life Cycle Inventories and Life Cycle Impact Assessment results for current and future electric 

(battery and fuel cell) vehicles, fuel cell and internal combustion engine (ICE) hybrids, plug-in 

hybrids, and ICE vehicles using gasoline, diesel, and methane gas from fossil resources. 

¶ A self-consistent set of electrified and conventional vehicle designs, representative of Swiss and 

International fleets; validated vehicle simulation results for key criteria such as cost, fuel use, 

performance, utility; trade-off assessment for vehicle technology from the present to 2050. 

¶ Tools for the investigation of Plug-in Hybrid Electric Vehicle (PHEV) impacts on distribution and 

transmission assets and their lifetime; method and tool to model and assess asset lifetime with 

and without V2G operation schemes; methods controlling V2G scheduling operations in order to 

achieve network friendly vehicle operation. 

¶ Case studies for selected Swiss municipalities addressing mobility and energy supply scenarios 

based on an integrated model of energy supply and demand, and transport simulation model; 

identification of strategies to cost-efficiently reduce the overall environmental impact of mobility 

and energy use of municipalities. 

¶ A set of sustainability indicators characterizing current and future mobility options for 

Switzerland; assessment of externalities associated with these options; MCDA-based ranking of 

mobility options on the technological and scenario levels with consideration of stakeholder 

preferences. 

 

1.9. Report organization  

Chapters 2 ς 6 summarize the approaches and results of Work Packages 1 ς 5, respectively. Chapter 7 

contains the main conclusions and outlook. Appendices  A ς G provide complementary information 

on inputs and models used as well as complete sets of technology and fleet performance indicators, 

and MCDA results.    
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Acronyms  

BAU  Business As Usual  

EMPA Swiss Federal Laboratory for Materials Testing and Research 

EMPA-LCAM EMPA Life Cycle Assessment and Modeling Unit 

ETHZ Swiss Federal Institute of Technology in Zurich 

ETHZ-ESD ETHZ Chair of Ecological Systems Design 

ETHZ-IVT ETHZ Institute for Transport Planning and Systems 

ETHZ-LAV ETHZ Aerothermochemistry and Combustion Systems Laboratory 

ETHZ-PSL ETHZ Power Systems Laboratory 

ICE  Internal Combustion Engine 

LCA Life Cycle Assessment 

LCC Life Cycle Costing 

MCDA Multi-criteria Decision Analysis  

NEP  New Energy Policy  

PHEV  Plug-in Hybrid Electric Vehicle  

POM  Political Measures  

PSI Paul Scherrer Institute 

PSI-LEA PSI Laboratory for Energy Systems Analysis 

V2G Vehicle to Grid 

WP Work Package 
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2. Work PÁÃËÁÇÅ ρ Ȱ,ÉÆÅ #ÙÃÌÅ !ÓÓÅÓÓÍÅÎÔȱ 

 

!ÕÔÈÏÒÓȡ #ÈÒÉÓÔÉÁÎ "ÁÕÅÒ10ȟ !ÎÄÒÅ× 3ÉÍÏÎÓ11 ɉ03)ɊȠ !ÎÄÒÅÁ $ÅÌ $ÕÃÅ12ȟ 
(ÁÎÓ-*ÏȃÒÇ !ÌÔÈÁÕÓ13 ɉ%ÍÐÁɊ 

2.1. Introduction  

Evaluation of the environmental performance of current and new passenger vehicle technologies is 

one of the key aspects contributing to one of the overarching goals of the THELMA project, a more 

comprehensive vehicle assessment addressing trade-offs between environmental, economic and 

social aspects. 

Such an environmental evaluation must be based on Life Cycle Assessment (LCA), since not only the 

environmental burdens due to operation of vehicles, but also due to their production and end-of-life 

as well as those of the associated fuel chains need to be included in such assessments. For this 

purpose, Work Package 1 (WP1) developed new Life Cycle Inventory (LCI) data for a broad range of 

current and future passenger vehicle technologies (and the associated fuel chains), which were used 

as a basis for the LCA. 

2.2. Specific objectives  

Developing new LCI data and quantifying the associated Life Cycle Impact Assessment (LCIA) results 

for a broad range of current and future passenger cars in a modular way ς i.e. for the individual 

components of the vehicles ς was defined as specific objective of WP1. LCI data for fuel chains are 

mainly based on previously established data and to a limited extent on external data sources. These 

LCI data and LCIA results serve as inputs for other THELMA work packages, namely WP2 and WP5, in 

which they can be used for evaluation of the environmental performance of cars using vehicle 

simulation, as well as for quantification of environmental performance criteria in multi-criteria 

assessment of individual vehicles and potential future car fleets. 

Another objective was the development of a user-friendly tool allowing for comparative LCA of 

vehicles with characteristics (vehicle weight, propulsion system, fuel demand, etc.) defined by 

stakeholders. 

2.3. Scope 

The scope of WP1 covers the complete set of generic14 passenger vehicles, which are assumed to be 

potentially relevant on the market between today and 2030. LCI data for their components and the 

associated production and fuel chains are established and the associated LCIA results quantified. 

                                                           
10

 PSI, Laboratory for Energy Systems Analysis (LEA), Technology Assessment Group, christian.bauer@psi.ch 
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 Current affiliation: 3SP consulting, andrew.simons@3sp.ch 
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 αƎŜƴŜǊƛŎά ƛƴ ǘƘŜ ǎŜƴǎŜ ǘƘŀǘ ǘƘŜ [/L Řŀǘŀ Řƻ ƴƻǘ ǊŜǇǊŜǎŜƴǘ ǎǇŜŎƛŦƛŎ ŎŀǊ ƳƻŘŜƭǎΣ ōǳǘ ŀǊŜ ǎǳǇǇƻǎŜŘ ǘƻ ōŜ 
ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŦƻǊ ǎŜƭŜŎǘŜŘ ǾŜƘƛŎƭŜ ŎŀǘŜƎƻǊƛŜǎΣ ŜΦƎΦ άŎƛǘȅ ŎŀǊέΣ άƳŜŘƛǳƳ-ǎƛȊŜŘ ŎŀǊέΣ ŀƴŘ άƭŀǊƎŜ ŎŀǊέΦ /ŀǊǎ 
corresponding to these categories would for example be a Renault Twingo, a VW Golf, and a Lexus 600, 
respectively.  
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The vehicle set, which can be evaluated based on the developed LCI data can be categorized 

according to vehicle size: 

¶ City car 

¶ Medium-sized car 

¶ Large car 

¶ Van 

¶ Small lorry 

¶ Bicycle 

¶ Scooter 

The vehicles can also be further differentiated according to their type of primary body materials: 

¶ Standard (as of today) 

¶ Light-weight aluminum 

¶ Light-weight fibre reinforced polymers 

LCI data for four different propulsion systems are available: 

¶ Internal combustion engine (ICE) with tailpipe emission data corresponding to EURO 3, 4, 5 

and 6 

¶ Hybrid (ICE + battery) 

¶ Battery electric (BE) 

¶ Fuel Cell (FC + battery) 

Bicycles can only be evaluated as human-powered or electric; and scooters only as BE and ICE 

vehicles. 

The powertrain of hybrids, battery electric and fuel cell electric vehicles (BEV, FCEV15) contains 

ŀƴƻǘƘŜǊ ōŀǘǘŜǊȅ ǘƘŀƴ ǘƘŜ άƴƻǊƳŀƭέ ƭŜŀŘ ŀŎƛŘ ōŀǘǘŜǊȅ ƻŦ L/9±Φ ¢ƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ǘȅǇŜǎ ƻŦ ǎǳŎƘ 

άǇǊƻǇǳƭǎƛƻƴ ōŀǘǘŜǊƛŜǎέ ƘŀǾŜ ōŜŜƴ ŀƴŀƭȅȊŜŘΥ 

¶ Nickel-metal-hydride (NiMeH) 

¶ Li-Ion 

¶ ZEBRA16 (Na-NiCl2) 

A large set of fuels for vehicle operation is available: 

¶ Fossil: gasoline, diesel, natural gas 

¶ ά.ƛƻέŦǳŜƭǎΥ ōƛƻƎŀǎΣ ōƛƻŘƛŜǎŜƭΣ 9ур (85% bioethanol, 15% gasoline) 

¶ Hydrogen (for FCEV): produced via steam methane reforming (SMR) of natural gas; coal 

gasification; biomass gasification; electrolysis using the Swiss consumption mix, the Swiss 

certified electricity mix, or the European mix; electrolysis using PV, wind, hydro, nuclear, 

wood, natural gas CC17, or geothermal power 

                                                           
15

 Sometimes ŀōōǊŜǾƛŀǘŜŘ άC/±άΦ 
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¶ Electricity (for BEV and plug-in hybrids): Swiss consumption mix, Swiss certified power mix, 

European consumption mix, hydro, PV, wind, wood, geothermal, natural gas, coal, and a 

user-specified mix18 

The LCI data of the different components and some fuel production pathways are quantified for 

three different time horizons (with some of them assumed to be identical for all three reference 

years): 

¶ Present (2012) 

¶ άbŜŀǊ ŦǳǘǳǊŜέ όнлнлύ 

¶ άCŀǊ ŦǳǘǳǊŜέ όнлол ŀƴd beyond) 

The LCA tool developed in WP1 allows the user to individually specify a set of vehicles for a 

comparative assessment of the environmental performance based on a variety of LCIA indicators. 

The vehicles need to be specified in terms of the following characteristics/parameters: 

¶ Vehicle type and size 

¶ Type of materialization 

¶ Power train type 

¶ Emission class (for ICEV and hybrids) 

¶ Battery type 

¶ Temporal scenario 

¶ Fuel (energy source) 

¶ Masses of the glider and the drivetrain, of potential batteries and fuel cells 

¶ Fuel consumption for driving only and for auxiliaries 

¶ Total driving lifetime 

¶ Lifetimes of batteries and fuel cells 

Certain unrealistic characteristics and parameter combinations are disabled, also depending on the 

ǘŜƳǇƻǊŀƭ ǎŎŜƴŀǊƛƻ ŎƘƻǎŜƴΦ 9ΦƎΦ άǇǊŜǎŜƴǘέ όŀǎ ƻŦ нлмнύ ŀƴŘ ά9¦whсέ ƛǎ ƴƻ ǾŀƭƛŘ ŎƻƳōƛƴŀǘƛƻƴΣ ǿƘƛƭŜ 

άŦŀǊ ŦǳǘǳǊŜέ ŀƴŘ ά9¦whоέ ǿƛƭƭ ǊŜǎǳƭǘ ƛƴ ŀ ǿŀǊƴƛƴƎΦ tŀǊŀƳŜǘŜǊ ǎŜǘǘƛƴƎΣ ŜΦƎΦ ƭƛŦŜǘƛƳŜǎ ƻŦ ōŀǘǘŜǊƛŜǎ ŀƴŘ 

vehicles, is only possible within certain ranges which are estimated to be realistic. 

Based on the characteristics and parameters provided by the user, the tool calculates LCIA results for 

the following indicators and methods: 

¶ ReCiPe (H/A) mid- and endpoints (Goedkoop et al., 2012) 

¶ Impact 2002+ mid- and endpoints (Jolliet et al., 2003) 

¶ IPCC 2007 global warming potential (GWP 20/100/500a) (Solomon et al., 2007) 

¶ Ecological scarcity 2006 (Frischknecht et al., 2009) 

¶ Cumulative energy demand (with subcategories) (Hischier et al., 2010) 

¶ CML abiotic resource depletion (Oers et al., 2002) 

The LCIA results as quantified in WP1 do not represent location-specific impacts on human health 

and ecosystems, which is in line with state-of-the-art LCA practice today, since damage factors in 
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commonly used LCIA methods usually represent average European/global conditions. However, 

besides these LCIA results, also the cumulative environmental flows are calculated. These can be 

used for further processing, e.g. estimation of site-specific impacts using the impact-pathway 

approach as performed within WP5. 

2.4. Methodology and data  

2.4.1. Life Cycle Assessment (LCA) 

Life Cycle Assessment is used as the method to estimate the overall environmental burdens of 

passenger vehicles including its production, operation and end-of-life as well as the associated fuel 

chains. The LCA carried out in this WP1 is based on the methodology as standardized according to 

ISO 14040-14044 (ISO, 2006a, ISO, 2006b). The four required steps of LCA are the following: 

1. Goal and scope definition: A detailed description of the goals of the assessment, the 

question(s) to be answered, the target audience, the system boundaries and the impact 

assessment methods to be used needs to be established.  

2. Data collection (Life Cycle Inventory): Data collection will cover the complete life cycle of 

the products in focus: production, use, and end-of-life (disposal and/or recycling). Data in 

[/! ŀǊŜ ŎƭŀǎǎƛŦƛŜŘ ŜƛǘƘŜǊ ŀǎ άǇǊƛƳŀǊȅ ŘŀǘŀκŦƻǊŜƎǊƻǳƴŘ ŘŀǘŀέΣ ƻǊ άǎŜŎƻƴŘŀǊȅ 

ŘŀǘŀκōŀŎƪƎǊƻǳƴŘ ŘŀǘŀέΦ ¢ƘŜ ƭŀǘǘŜǊ ŀǊŜ ŜΦƎΦ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ǇǊƻŎŜǎǎ ƻŦ ƎŜƴŜǊƛŎ ƳŀǘŜǊƛŀls 

such as steel or chemicals and freight transport processes; whereas the foreground data 

represent the systems/technologies in focus of the study, i.e. vehicles and their individual 

components as well as fuel supply chains. 

3. Life Cycle Impact Assessment (LCIA): Cumulative life cycle inventory data ς i.e. LCA results 

ς are calculated based on the collected primary data and the background data. 

Application of LCIA methods allows for a quantification of potential impacts on the 

environment and on human health. 

4. Interpretation: The LCA results including the comparative evaluation with alternative 

system will be described and interpreted. 

2.4.1.1. Goal and scope 

Primary goal of this WP1 is the establishment of a set of consistent LCI data allowing for an unbiased 

comparative evaluation of the environmental performance of a broad range of passenger vehicle 

technologies, as described in chapter 2.3. The associated LCA results are supposed to represent the 

environmental burdens associated with travelling 1 km with a certain vehicle technology, i.e. the 

functional unit used in the comparison is 1 vehicle-km (vkm or just km). 

The LCA is carried out based on the attributional approach, i.e. representing the current (or future, 

respectively) economic system, as it is (or supposed to be in the future, respectively). Therefore, the 

LCA results on their own are technology specific per vehicle kilometer. This is subject to a number of 

limitations with regard to conclusions concerning the consequences of a large-scale future market 

penetration of innovative vehicle technologies such as BEV or FCEV in terms of environmental 

burdens and potential impacts. Complete analysis would require taking into account economic 

feedbacks (also in other sectors than transport and mobility), market mechanisms, rebound effects 

and application of consistent scenarios for future development of specific production chains and the 

economic system. 
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The system boundaries, i.e. the included processes and the division between foreground and 

background system, is shown in Figure 2.1. 

The target audience is diverse and includes both scientific and non-scientific stakeholders. Apart 

from this report, the LCA results are communicated via target-oriented tools and media, i.e. scientific 

papers as well as reports and articles for the general public. 

The impact assessment methods used are listed in chapter 2.3. 

 

Figure 2.1 System boundaries of the WP1 LCA; vkm = vehicle-km. 

2.4.1.2. Data collection  

The new LCI data are largely established according to guidelines provided by ISO (ISO, 2006a, ISO, 

2006b). LCI data of the processes in the ecoinvent LCI database, v2.2 (ecoinvent, 2012), serve as 

background LCI data and the associated quality guidelines (Frischknecht et al., 2005) as a landmark. 

End-of-life (EoL) treatment of the vehicle infrastructure, i.e. the glider and the powertrain (incl. 

batteries and fuel cells), represents an exception: instead of the cut-off approach, a substitution 

approach as described in (Althaus and Gauch, 2010, Habermacher, 2011) was chosen in order to 

represent the above-average recycling rates in the automobile industry.19 

Data sources for the establishment of new LCI data are diverse: They include public databases such 

as the TREMOVE model (Ceuster et al., 2007) and the EMEP/EEA Emissions Inventory Guidebook 
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(Ntziachristos et al., 2009) used for quantifying vehicle emission data and road infrastructure as 

presented in detail in (Simons, 2016) scientific literature and primary industry data from fuel cell and 

battery research for the LCI data of vehicle infrastructure, with details provided by (Althaus and 

Gauch, 2010, Habermacher, 2011) for engines, electric motors and gliders; by (Bauer and Simons, 

2010, Looser, 2011, Notter et al., 2010, Simons and Bauer, 2011a) for batteries; (Miotti et al., 2015, 

Simons and Bauer, 2015) for fuel cells; and by (Del Duce et al., 2016) for further electric vehicle 

components. 

LCI data for hydrogen production chains have been established as part of this project and are 

documented in (Simons and Bauer, 2011b). LCI data for electricity supply chains representing current 

technologies are based on LCI data from the ecoinvent database v2.2 and (Roth et al., 2009) . LCI 

data for electricity supply chains representing future technologies are based on LCI data from (Roth 

et al., 2009) with European electricity mixes according to the projections of the NEEDS project (ESU-

services, 2008)Φ CǳǘǳǊŜ {ǿƛǎǎ ŜƭŜŎǘǊƛŎƛǘȅ ƳƛȄŜǎ ŀǊŜ ǉǳŀƴǘƛŦƛŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ t{LΩǎ ŜƴŜǊƎȅ 

economic modeling of the Swiss electricity sector for 2020 and 2035, respectively (Ramachandran 

and Turton, 2012, Ramachandran and Turton, 2013), adopting the electricity demand cases of the 

latest Swiss Federal energy strategy (Prognos, 2012) but providing least cost supply solutions for 

alternative scenarios. LCI data from the ecoinvent database v2.2 (ecoinvent, 2012) are used for fossil 

fuel supply chains. 

2.4.1.3. Life Cycle Impact Assessment (LCIA) 

Calculation of cumulative LCA results and quantification of LCIA results has been performed using the 

LCA software SimaPro v7.3.3 with the implemented LCIA methods (PRé, 2013). These LCIA methods 

used for estimation of potential impacts on human health, ecosystem quality and natural resources 

are listed in chapter 2.3. The indicators analyzed in more detail are discussed in chapter 2.5.2. The 

broad range of methods and environmental indicators allows for a comprehensive comparative 

evaluation of individual technologies. Both midpoint and endpoint LCIA indicators are provided, 

which guarantees transparency without aggregation of different impact categories (midpoint level), 

but also potentially less complex interpretation of LCIA results (endpoint level). The use of several 

LCIA methods ς ReCIPe, Impact 2002+, Ecological scarcity ς reduces the likelihood of 

misinterpretation based on specific features of one single method. 

2.4.1.4. Interpretation  

The LCA results provided by this WP1 (see chapter 2.5) and other work packages (WP2 and WP5) 

based on the LCI data established in WP1 allow for a comparative technology-specific assessment of 

the environmental burdens and potential impacts of the broad range of vehicle technologies for 

different time frames as outlined in chapter 2.3Φ ¢ƘŜȅ ŀƭǎƻ ƘƛƎƘƭƛƎƘǘ ǘƘŜ άŜƴǾƛǊƻƴƳŜƴǘŀƭ Ƙƻǘ-ǎǇƻǘǎέ ƛƴ 

the life cycle of vehicles, i.e. those processes in production, use, and end-of-life, which generate the 

highest environmental burdens. The validity of the results beyond the assessment on the technology 

level is limited, since interdependencies in the future development of economic and technological 

sectors have not been taken into account. 

¢ƘŜ ŀǎǎƻŎƛŀǘŜŘ ǳƴŎŜǊǘŀƛƴǘƛŜǎ ŀǊŜ ƘƛƎƘŜǎǘ ŦƻǊ άŦŀǊ-ŦǳǘǳǊŜέ ǘŜŎƘƴƻƭƻƎƛŜǎ όнлол ŀƴŘ ōŜȅƻƴŘύΣ ǎƛƴŎŜ ǘƘŜ 

ways in which vehicle technologies as well as fuel chains are expected to develop depend on many 

uncertain factors. Whether individual passenger vehicles as we know them today will still be used in 

highly developed countries in 2030 and beyond may be expected but is not granted. The 



18 
 

uncertainties in the LCIA indicators also vary: These are highest in aggregated endpoint indicators, 

which include normalization and subjective weighting steps, followed by non-aggregated endpoint 

indicators with substantial uncertainties in the quantification of the potential impacts on human 

health and ecosystem quality caused by different stressors. Less uncertain are in general midpoint 

indicators; however, there are also large variations within these. 

The LCIA results generated in WP1 are generic in the sense that location-specific effects in the impact 

assessment are not considered. This currently represents common practice in LCIA, since location 

specific impact factors are hardly available. Location-specific impact assessment is carried out in 

WP5. 

2.4.2. Life Cycle Inventory (LCI) data  

Table 2-1 to Table 2-30 provide an overview of the complete foreground LCI data established and 

used within WP1. If not explicitly mentioned in the name of the datasets, they are assumed to be 

valid for current, near future as well as far-future options, respectively. These datasets are used in 

the LCA tool of WP1 and their cumulative LCI and LCIA results are combined based on the vehicle 

specification provided by the user resulting in vehicle specific LCIA results per km driven (see chapter 

2.5). 

Exhaust emission data of vehicles during operation are split into species proportional to the fuel 

demand (e.g. CO2, heavy metals, etc.) and those regulated by the EURO emission classes, which have 

to be below certain limits and are therefore not directly proportional to fuel demand (e.g. NOx, 

particulate matter, etc.). In addition, there are non-exhaust emissions from road, break and tire wear 

as well as fuel evaporation. 

Table 2-1 LCI datasets for production and maintenance of roads and 2-wheelers. 

 

Table 2-2 LCI datasets for passenger vehicle infrastructure. 

 

Table 2-3 LCI datasets for battery and fuel cell systems and fuel tanks. 

 

Table 2-4 LCI datasets for exhaust emissions of scooters. 

 

Name of the 

dataset

Road 

provision

Operation and 

maintenance, 

road

Bicycle 

production 

Bicycle, 

maintenance

Electric 

bicycle, 

glider 

production 

Electric 

bicycle, 

electric 

drivetrain 

production

Electric 

bicycle, 

maintenance

Scooter, ICE, 

maintenance

Scooter, ICE 

drivetrain 

production

Scooter, 

glider 

production

Scooter, 

electric 

drivetrain 

production

Scooter, 

electric, 

maintenance

unit my my kg unit kg kg unit unit kg kg kg unit

Name of the 

dataset

Passenger 

car, ICE, 

maintenance

Passenger car, 

ICE drivetrain 

(1.4L 55kW) 

production

Passenger car, 

standard glider 

production

Passenger car, 

lightweight Al 

glider 

production

Passenger car, 

lightweight 

plastic glider 

production

Passenger car, 

electric drivetrain 

(100kW motor) 

production

Passenger car, 

electric (w/o 

battery), 

maintenance

unit unit kg kg kg kg kg unit

Name of the 

dataset

Battery, 

Lithium-ion

Battery, 

NaCl+Ni 

(ZEBRA)

Battery, NiMH, 

HEV, prismatic

battery, 

lead acid

PEM fuel 

cell system

Fuel tank, compressed 

hydrogen gas, 700bar

Fuel tank, compressed 

natural gas

unit kg kg kg kg kg kg kg

Name of the 

dataset

Exhaust emission 

scooter, petrol, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emission 

scooter, petrol, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emission 

scooter, petrol, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emission 

scooter, petrol, 

fuel independent 

part per average 

km, Euro 3

Exhaust emission 

scooter, E85, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emission 

scooter, E85, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emission 

scooter, E85, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emission 

scooter, E85, fuel 

independent part 

per average km, 

Euro 3

unit kg kg kg km kg kg kg km
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Table 2-5 LCI datasets for exhaust emissions of petrol cars. 

 

Table 2-6 LCI datasets for exhaust emissions of E85 cars. 

 

Table 2-7 LCI datasets for exhaust emissions of diesel cars. 

 

Table 2-8 LCI datasets for exhaust emissions of biodiesel cars. 

 

Table 2-9 LCI datasets for exhaust emissions of natural gas cars. 

 

Table 2-10 LCI datasets for exhaust emissions of biogas cars. 

 

Table 2-11 LCI datasets for exhaust emissions of petrol vans. 

 

Table 2-12 LCI datasets for exhaust emissions of E85 vans. 

 

Name of the 

dataset

Exhaust emissions, 

car, petrol, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

car, petrol, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

car, petrol, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

car, petrol, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

car, petrol, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

car, petrol, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

car, petrol, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

car, E85, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

car, E85, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

car, E85, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

car, E85, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

car, E85, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

car, E85, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

car, E85, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

car, diesel, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

car, diesel, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

car, diesel, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

car, diesel, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

car, diesel, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

car, diesel, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

car, diesel, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

car, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

car, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

car, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

car, biodiesel, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

car, biodiesel, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

car, biodiesel, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

car, biodiesel, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

car, natural gas, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

car, natural gas, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

car, natural gas, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

car, natural gas, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

car, natural gas, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

car, natural gas, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

car, natural gas, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

car, biogas, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

car, biogas, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

car, biogas, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

car, biogas, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

car, biogas, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

car, biogas, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

car, biogas, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

van, petrol, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

van, petrol, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

van, petrol, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

van, petrol, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

van, petrol, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

van, petrol, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

van, petrol, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

van, E85, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

van, E85, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

van, E85, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

van, E85, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

van, E85, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

van, E85, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

van, E85, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km
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Table 2-13 LCI datasets for exhaust emissions of diesel vans. 

 

Table 2-14 LCI datasets for exhaust emissions of biodiesel vans. 

 

Table 2-15 LCI datasets for exhaust emissions of natural gas vans. 

 

Table 2-16 LCI datasets for exhaust emissions of biogas vans. 

 

Table 2-17 LCI datasets for exhaust emissions of diesel heavy duty vehicles. 

 

Table 2-18 LCI datasets for exhaust emissions of biodiesel heavy duty vehicles. 

 

Table 2-19 LCI datasets for non-exhaust emissions. 

 

Table 2-20 LCI datasets for current power supply (I). 

 

Name of the 

dataset

Exhaust emissions, 

van, diesel, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

van, diesel, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

van, diesel, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

van, diesel, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

van, diesel, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

van, diesel, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

van, diesel, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

van, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

van, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

van, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

van, biodiesel, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

van, biodiesel, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

van, biodiesel, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

van, biodiesel, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

van, natural gas, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

van, natural gas, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

van, natural gas, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

van, natural gas, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

van, natural gas, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

van, natural gas, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

van, natural gas, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

van, biogas, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

van, biogas, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

van, biogas, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

van, biogas, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

van, biogas, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

van, biogas, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

van, biogas, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

HDV, diesel, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

HDV, diesel, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

HDV, diesel, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

HDV, diesel, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

HDV, diesel, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

HDV, diesel, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

HDV, diesel, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Exhaust emissions, 

HDV, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

present (2012)

Exhaust emissions, 

HDV, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

near future (2020)

Exhaust emissions, 

HDV, biodiesel, fuel 

dependent part per 

kg fuel consumed, 

far future (>2030)

Exhaust emissions, 

HDV, biodiesel, fuel 

independent part per 

average km, Euro 3

Exhaust emissions, 

HDV, biodiesel, fuel 

independent part per 

average km, Euro 4

Exhaust emissions, 

HDV, biodiesel, fuel 

independent part per 

average km, Euro 5

Exhaust emissions, 

HDV, biodiesel, fuel 

independent part per 

average km, Euro 6

unit kg kg kg km km km km

Name of the 

dataset

Fuel evaporation emissions, 

petrol, per average km

Fuel evaporation emissions, 

E85, per average km

Non-Exhaust emissions, tyre 

wear, per kg emitted

Non-Exhaust emissions, break 

wear, per kg emitted

Non-Exhaust emissions, road 

wear, per kg emitted

unit km km kg kg kg

Name of the 

dataset

Electricity low voltage, 

Swiss consumption mix, 

at grid, present (2012)

Electricity low voltage, 

Swiss certified electricity, 

at grid, present (2012)

Electricity low voltage, 

average European 

consumption, at grid, 

present (2012)

Electricity low voltage, 

user-defined mix, at grid, 

present (2012)

Electricity low voltage, 

Swiss wind power 

production, at grid, 

present (2012)

Electricity low voltage, 

Swiss PV production, at 

grid, present (2012)

unit kWh kWh kWh kWh kWh kWh
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Table 2-21 LCI datasets for current power supply (II). 

 

Table 2-22 LCI datasets for near future power supply (I). 

 

Table 2-23 LCI datasets for near future power supply (II). 

 

Table 2-24 LCI datasets for far future power supply (I). 

 

Table 2-25 LCI datasets for far future power supply (II). 

 

Table 2-26 LCI datasets for fossil fuels and biofuels. 

 

Table 2-27 LCI datasets for hydrogen production, near future (I). 

 

Table 2-28 LCI datasets for hydrogen production, near future (II). 

 

Name of the 

dataset

Electricity low voltage, 

Swiss hydro production, 

at grid, present (2012)

Electricity low voltage, 

Swiss wood cogeneration, 

allocation exergy, at grid, 

present (2012)

Electricity low voltage, 

modern Swiss combined 

gas power production, at 

grid, present (2012)

Electricity low voltage, 

average European coal 

power production, at grid, 

present (2012)

Electricity low voltage, 

average Swiss nuclear 

power production, at grid, 

present (2012)

unit kWh kWh kWh kWh kWh

Name of the 

dataset

Electricity low voltage, 

Swiss consumption mix, 

at grid, near future (2020)

Electricity low voltage, 

Swiss certified electricity, 

at grid, near future (2020)

Electricity low voltage, 

average European 

consumption, at grid, near 

future (2020)

Electricity low voltage, 

user-defined mix, at grid, 

near future (2020)

Electricity low voltage, 

Swiss wind power 

production, at grid, near 

future (2020)

Electricity low voltage, 

Swiss PV production, at 

grid, near future (2020)

unit kWh kWh kWh kWh kWh kWh

Name of the 

dataset

Electricity low voltage, 

Swiss hydro production, 

at grid, near future (2020)

Electricity low voltage, 

Swiss wood cogeneration, 

allocation exergy, at grid, 

near future (2020)

Electricity low voltage, 

modern Swiss combined 

gas power production, at 

grid, near future (2020)

Electricity low voltage, 

average European coal 

power production, at grid, 

near future (2020)

Electricity low voltage, 

average Swiss nuclear 

power production, at grid, 

near future (2020)

unit kWh kWh kWh kWh kWh

Name of the 

dataset

Electricity low voltage, 

Swiss consumption mix, 

at grid, far future (>2030)

Electricity low voltage, 

Swiss certified electricity, 

at grid, far future (>2030)

Electricity low voltage, 

average European 

consumption, at grid, far 

future (>2030)

Electricity low voltage, 

user-defined mix, at grid, 

far future (>2030)

Electricity low voltage, 

Swiss wind power 

production, at grid, far 

future (>2030)

Electricity low voltage, 

Swiss PV production, at 

grid, far future (>2030)

unit kWh kWh kWh kWh kWh kWh

Name of the 

dataset

Electricity low voltage, 

Swiss hydro production, 

at grid, far future (>2030)

Electricity low voltage, 

Swiss wood cogeneration, 

allocation exergy, at grid, 

far future (>2030)

Electricity low voltage, 

Swiss geothermal 

production, at grid, far 

future (>2030)

Electricity low voltage, 

modern Swiss combined 

gas power production, at 

grid, far future (>2030)

Electricity low voltage, 

average European coal 

power production, at grid, 

far future (>2030)

Electricity low voltage, 

average Swiss nuclear 

power production, at grid, 

far future (>2030)

unit kWh kWh kWh kWh kWh kWh

Name of the 

dataset

petrol, low-sulphur, 

at Swiss service 

station

E85, low-sulphur, 

at Swiss service 

station

diesel, low-

sulphur, at Swiss 

service station

biodiesel, low-

sulphur, at Swiss 

service station

natural gas, from high 

pressure network (1-5 bar), 

at Swiss service station

biogas, from high pressure 

network (1-5 bar), at Swiss 

service station

unit kg kg kg kg kg kg

Name of the 

dataset

H2 from natural gas 

(SMR), 700 bar, at 

Swiss service 

station, near future 

(2020)

H2 from hard coal 

gasification and 

reforming, 700 bar, at 

Swiss service 

station, near future 

(2020)

H2 from biomass 

gasification and 

SMR, 700 bar, at 

Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(Swiss consumption 

mix), 700 bar, at 

Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(Swiss certified 

electricity), 700 bar, 

at Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(European 

consumption mix), 

700 bar, at Swiss 

service station, near 

future (2020)

H2 from electrolysis 

(Swiss wind power), 

700 bar, at Swiss 

service station, near 

future (2020)

unit kg kg kg kg kg kg kg

Name of the 

dataset

H2 from electrolysis 

(Swiss PV 

production), 700 bar, 

at Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(Swiss hydro 

production), 700 bar, 

at Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(Swiss wood 

cogeneration), 700 

bar, at Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(modern Swiss 

combined gas power 

production), 700 bar, 

at Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(average European 

coal power 

production), 700 bar, 

at Swiss service 

station, near future 

(2020)

H2 from electrolysis 

(average Swiss 

nuclear power 

production), 700 bar, 

at Swiss service 

station, near future 

(2020)

unit kg kg kg kg kg kg
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Table 2-29 LCI datasets for hydrogen production, far future (I). 

 

Table 2-30 LCI datasets for hydrogen production, far future (II). 

 

 

2.5. Results 

2.5.1. LCA tool 

Work package 1 does not only provide LCA results (see chapter 2.5.2), one of its outcomes is a user-

friendly tool ς ŀƴ ŜȄŎŜƭ ŦƛƭŜ ǿƛǘƘ ŀ ƪƛƴŘ ƻŦ άǳǎŜǊ-ƛƴǘŜǊŦŀŎŜέ ς which allows for configuration of specific 

vehicles according to parameters listed in chapter 2.3. Based on these specifications, the tool 

generates LCIA results, which can be used as environmental indicators for comparison of the 

environmental performance. 

The results show the origin of burdens and potential impacts in the life cycle of vehicles, i.e. the 

overall result is split into contributions from road, drivetrain, propulsion battery, fuel cell system, rest 

of the vehicle (glider, engine), exhaust emissions, non-exhaust emissions, and fuel supply. 

The following graphs show the way the user is supposed to enter the vehicle specification (Figure 

2.2) and the type of LCIA results which can be generated. The vehicle specification in these graphs is 

not meant to be input to a consistent environmental comparison of technologies fulfilling a similar 

purpose, but rather serves as illustrative example for the broad range of vehicles which can be 

specified and LCIA results which can be generated. 

 

Figure 2.2 ά¦ǎŜǊ-ƛƴǘŜǊŦŀŎŜέ ŦƻǊ ǎǇŜŎƛŦƛŎŀǘƛƻn of vehicles in the LCA tool. TƘŜ ŦƛǊǎǘ ŎƻƭǳƳƴ Ŏƻƴǘŀƛƴǎ ŦǊŜŜ ǘŜȄǘΣ ƛΦŜΦ άƴŀƳŜǎ ƻŦ 
ǘƘŜ ǾŜƘƛŎƭŜǎέ ƴŜŜŘ ǘƻ ōŜ ǎǇŜŎƛŦƛŜŘ ōȅ ǘƘŜ ǳser; in the other columns, the user can select among the available options. 

Figure 2.3 shows ς as an example for the LCIA indicators which can be selected and displayed and as 

illustration of the broad range of vehicles which can be evaluated ς cumulative Greenhouse Gas 

(GHG) emissions in terms of [kg CO2eq/km] with the split into contributions from different parts of 

the vehicle and life cycle for the vehicles specified in Figure 2.2. 

Name of the 

dataset

H2 from natural gas 

(SMR), 700 bar, at 

Swiss service 

station, far future 

(>2030)

H2 from hard coal 

gasification and 

reforming, 700 bar, at 

Swiss service 

station, far future 

(>2030)

H2 from biomass 

gasification and 

SMR, 700 bar, at 

Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(Swiss consumption 

mix), 700 bar, at 

Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(Swiss certified 

electricity), 700 bar, 

at Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(European 

consumption mix), 

700 bar, at Swiss 

service station, far 

future (>2030)

H2 from electrolysis 

(Swiss wind power), 

700 bar, at Swiss 

service station, far 

future (>2030)

unit kg kg kg kg kg kg kg

Name of the 

dataset

H2 from electrolysis 

(Swiss PV 

production), 700 bar, 

at Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(Swiss hydro 

production), 700 bar, 

at Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(modern Swiss 

combined gas power 

production), 700 bar, 

at Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(average European 

coal power 

production), 700 bar, 

at Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(average Swiss 

nuclear power 

production), 700 bar, 

at Swiss service 

station, far future 

(>2030)

H2 from electrolysis 

(Swiss geothermal 

power production), 

700 bar, at Swiss 

service station, far 

future (>2030)

H2 from electrolysis 

(Swiss wood 

cogeneration), 700 

bar, at Swiss service 

station, far future 

(>2030)

unit kg kg kg kg kg kg kg

Reference name (user defined) Vehicle type

Weight / 

materialization 

type Power train type Emission class Battery type Temporal senario

Energy source for vehicle 

operation (fuel)

Electricity source for 

plug-in-hybrids

midsize ICE gasoline (present) medium-sized car standard ICE Euro 4 n.a. present (2012) Gasoline n.a.

midsize ICE diesel hybrid (2020) medium-sized car standard Hybrid Euro 5 NiMeH near future (2020) Diesel Swiss consumption mix

midzize BEV (2020) medium-sized car light Alu battery electric n.a. Li-ion near future (2020) European consumption mix n.a.

midsize FCV (2030) medium-sized car light plastics fuel cell n.a. Li-ion far future (>2030) H2 from biomass gasification and SMRn.a.

small ICE biogas (present) city car standard ICE Euro 5 n.a. present (2012) Biogas n.a.

large ICE gasoline hybrid (2030) large car light plastics Hybrid Euro 6 Li-ion far future (>2030) Gasoline Swiss consumption mix

van ICE natural gas (present) van standard ICE Euro 5 n.a. present (2012) natural gas n.a.

small lorry ICE (present) small lorry standard ICE Euro 5 n.a. present (2012) Diesel n.a.

small BEV (2020) city car light Alu battery electric n.a. Zebra present (2012) Swiss consumption mix n.a.

scooter electric (2020) scooter standard battery electric n.a. Zebra near future (2020) Swiss consumption mix n.a.

bicycle (present) bicycle standard human power n.a. n.a. present (2012) n.a. n.a.

bicycle electric (2020) bicycle standard battery electric n.a. NiMeH near future (2020) Solar power n.a.

Define Vehicles here and 
choose indicators for 
environmental impacts in 
sheet "Results_details"

Reset 
selection
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Figure 2.3 LCIA results for the vehicles specified in Figure 2.2 showing cumulative GHG emissions according to IPCC 2007 
GWP 100a per vehicle-km. This selection and comparison is not meant to be representative for a set of vehicles fulfilling 
the same purpose. 

The tool can generate life cycle results for a broad range of LCIA indicators and these can be 

displayed in a spider diagram for the user-specified set of vehicles as illustrated in Figure 2.4. 
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Figure 2.4 Illustration of a comparison of a large range of environmental indicators for the set of vehicles as specified in 
Figure 2.2. This selection and comparison is not meant to be representative for a set of vehicles fulfilling the same 
purpose. 

 

2.5.2. LCA results 

The following environmental indicators are chosen for the detailed comparative environmental 

evaluation of passenger vehicles in this chapter: 

¶ Cumulative GHG emissions (Solomon et al., 2007); as indicator for potential negative impacts 

of global climate change. It is quantified aggregating all airborne emissions weighted with 

their individual Global Warming Potentials (GWP). 

¶ Particulate matter formation (Goedkoop et al., 2012); as indicator for potential negative 

impacts on human health. It accounts for primary and secondary particulates. Main 

contributors are particle emissions as well as NOx, SO2 and ammonia emissions. High 

particulate matter concentrations are often interpreted as a result of high traffic volumes. 

¶ Photochemical oxidant formation (Goedkoop et al., 2012); as indicator for potential negative 

impacts on human health. This indicator corresponds to the so-ŎŀƭƭŜŘ άǎǳƳƳŜǊ ǎƳƻƎέΣ ǿƘich 

is mainly an effect of NMVOC and NOx emissions and often poses an environmental concern 

in urban areas with a large number of vehicles used. 

¶ Terrestrial acidification (Goedkoop et al., 2012); as indicator for potential negative impacts 

on ecosystem quality ς an effect of SO2, NOx and ammonia emissions. 

¶ Abiotic resource depletion (Oers et al., 2002); as indicator for potential negative impacts on 

the availability of mineral resources. It aggregates the demand of metal and mineral 
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resources according to their currently estimated global reserves and rate of de-accumulation, 

relative to the reference substance antimony (Sb). 

This selection of environmental indicators is supposed to represent the most relevant20 burdens and 

potential impacts generated by passenger vehicles on human health, ecosystem quality, availability 

of resources, and climate change. The indicators were selected based on expert judgement of the 

authors and are supposed to represent those potential damages to human health and ecosystems, 

for which passenger vehicles are known to substantially contribute due to pollutant emissions. These 

are all indicators on the so-ŎŀƭƭŜŘ άƳƛŘǇƻƛƴǘ ƭŜǾŜƭέ ǉǳŀƴǘƛŦȅƛƴƎ ōǳǊŘŜƴǎ ŀƴŘ ƴƻǘ ǇƻǘŜƴǘƛŀƭ ƛƳǇŀŎǘǎΦ 

Providing these and avoiding endpoint as well as aggregated indicators including weighting of 

different impact categories guarantees transparency and helps in avoiding oversimplification and 

misinterpretation. This procedure is in line with ISO recommendations (ISO, 2006a, ISO, 2006b). A 

more complete set of indicators (including aggregated ones) will be shown without contribution 

analysis, i.e. total indicator results like in Figure 2.4. 

2.5.2.1. Vehicle specification 

Vehicle characteristics and parameters need to be specified in a consistent way for generating a 

meaningful comparative evaluation for sets of vehicles providing the same (or, at least, similar) 

functionality.21 If characteristics and parameters are selected in a biased way, the results of the 

comparative evaluation of the environmental performance of the vehicles can be misleading and 

must not be used for decision support (Althaus and Bauer, 2011). 

Work package 1 does not employ sophisticated vehicle modeling which would generate vehicle 

characteristics and parameters based on simulation tools (please see WP2 and WP5). Nevertheless, 

useful LCA results can be provided based on the characteristics of vehicles available on the Swiss 

market today, as provided e.g. by (VCS, 2014). 

Fuel consumption is the parameter with the most important impact on the LCA results (Althaus and 

Bauer, 2011). The evaluation can be based on consumption data based on driving cycles, as provided 

ōȅ ǘƘŜ ŎŀǊ ƳŀƴǳŦŀŎǘǳǊŜǊǎΣ ƻǊ ƻƴ άǊŜŀƭ-ǿƻǊƭŘ ŘŀǘŀέΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ [/! ǊŜǎǳƭǘǎ ŀǊŜ ǎǳǇǇƻǎŜŘ ǘƻ 

represent operation of vehicles in daily practice. Fuel consumption of daily driving is in practice 

higher than based on driving cycles like the NEDC22 with relative differences between ICEV, BEV and 

FCEV. According to Mock et al. (2013)Σ άǊŜŀƭ-ǿƻǊƭŘέ ŦǳŜƭ ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ L/9± ǇŀǎǎŜƴƎŜǊ ŎŀǊǎ ƛǎ ǘƻŘŀȅ 

on average 25% higher than official figures based on the NEDC. The discrepancy can even be much 

higher for BEV, depending on topography, ambient temperatures, and speed. VCS (2014) uses an 

ŀǾŜǊŀƎŜ ŦŀŎǘƻǊ ƻŦ мΦтΣ ƛΦŜΦ ŜǎǘƛƳŀǘŜǎ ǘƘŜ άǊŜŀƭ-ǿƻǊƭŘέ ŎƻƴǎǳƳǇǘƛƻƴ ŀǎ ōŜƛƴƎ тл҈ ƘƛƎƘŜǊ ǘƘŀƴ b95/ 

data. Since FCEV are not included there, and FCEV are also not available on the market yet, there are 

neither N95/ ŦƛƎǳǊŜǎ ŦƻǊ ŦǳŜƭ ŎƻƴǎǳƳǇǘƛƻƴΣ ƴƻǊ ŜƳǇƛǊƛŎŀƭ άǊŜŀƭ-ǿƻǊƭŘέ ŦŀŎǘƻǊǎ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ǊŜŀƭƛǎǘƛŎ 

fuel consumption based on a sufficiently large sample of vehicles. Therefore, literature data (Hwang, 

                                                           
20

 wŜƭŜǾŀƴǘ ƛƴ ǘƘŜ ǎŜƴǎŜ ƻŦΥ άWhich are the environmental concerns with relatively large contributions of 
ǇŀǎǎŜƴƎŜǊ ǾŜƘƛŎƭŜǎΚέ 
21

 Already comparing current and near-future ICEV with BEV violates this condition to some extent, since 
vehicle ranges and the time needed for fueling/charging substantially differ. 
22

 NEDC: αbŜǿ 9ǳǊƻǇŜŀƴ 5ǊƛǾƛƴƎ /ȅŎƭŜέ όb9C½Υ αbŜǳŜǊ 9ǳǊƻǇŅƛǎŎƘŜǊ CŀƘǊȊȅƪƭǳǎά). Used within the EU for 
officially measuring fuel consumption of passenger vehicles. These figures need to be provided by the car 
manufacturers. 
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2013, Hwang et al., 2013, Messagie et al., 2014, Miotti et al., 2015) are used for estimating FCEV 

hydrogen consumption in the following comparisons. 

Further parameters which need to be specified for each vehicle are masses of glider, drivetrain, fuel 

cell system, and propulsion battery as well as lifetimes of the vehicles as such and fuel cell system 

and propulsion battery. 

In general, LCA results shown in the following sections slightly differ from those published in papers 

developed in parallel to this report (Bauer et al., 2015, Miotti et al., 2015, Simons, 2016). LCI data 

used in all these publications are very similar; the main reason for differences in LCA results are 

differing vehicle specifications in terms of vehicle weight as well as fuel and electricity consumption 

for vehicle operation. These deviations show the dependency of LCA results of passenger vehicles on 

vehicle specification and other assumptions. However, the overall conclusions drawn based on the 

LCA results of all these publications are similar. 

2.5.2.2. Base case: medium-ÓÉÚÅÄ ÃÁÒÓȟ ȰÎÅÁÒ-ÆÕÔÕÒÅȱ 

¢ƘŜ ǘƛƳŜ ƘƻǊƛȊƻƴ άƴŜŀǊ-ŦǳǘǳǊŜέ ƛǎ ǘƘŜ Ƴƻǎǘ ŀǇǇǊƻǇǊƛŀǘŜ ŦƻǊ ŀ ŎƻƳǇŀǊŀǘƛǾŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ŀƭƭ 

powertrain technologies. Currently, FCEV are commercially not widely available and therefore, 

άŎǳǊǊŜƴǘέ όҐнлмнύ ǿƻǳƭŘ ŜȄŎƭǳŘŜ C/9± ŦǊƻƳ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǳƴŎŜǊǘŀƛƴǘƛŜǎ ŀǊŜ 

ƳǳŎƘ ƘƛƎƘŜǊ ŦƻǊ άŦŀǊ-ŦǳǘǳǊŜέΦ aŜŘƛǳƳ-ǎƛȊŜŘ ǾŜƘƛŎƭŜǎ όά±² DƻƭŦ Ŏƭŀǎǎέύ ŎƻƴŦƛƎǳǊŜŘ ŀǎ L/9± ǿƛǘƘ 

gasoline, diesel and natural gas, as gasoline and diesel hybrids, as BEV and as FCEV (each with two 

different sources of electricity for battery charging and of hydrogen, respectively) are chosen as 

ǊŜŦŜǊŜƴŎŜ ǘŜŎƘƴƻƭƻƎƛŜǎ ŦƻǊ ǘƘƛǎ άōŀǎŜ ŎŀǎŜέ ŜǾŀƭǳŀǘƛƻƴΦ tƭǳƎ-in hybrids are not included, since their 

fuel consumption almost entirely depends on the driving pattern (i.e. whether the vehicles are used 

for short distances allowing for electric operation of for long ones using the IC engine) and specifying 

fuel demand would be much more arbitrary than for the other powertrain technologies. Table 2-31 

shows the specifications of these vehicles and Table 2-32 the parameter setting. 

Table 2-31 ±ŜƘƛŎƭŜ ǎǇŜŎƛŦƛŎŀǘƛƻƴΣ άaŜŘƛǳƳ-sized cars, near-ŦǳǘǳǊŜέΦ 

 

Table 2-32 ±ŜƘƛŎƭŜ ǇŀǊŀƳŜǘŜǊǎΣ άmedium-sized cars, near-ŦǳǘǳǊŜέΦ 

 

near future "base case" Total vehicle massFuel cell system mass 

(incl H2 tank)

Battery mass Electricity 

consumption driving 

Chemical fuel 

consumption driving

Total life time 

distance

Life time 

battery

Life time 

fuel cell

[kg] [kg] [kg] [kWh/100km]

liquid: [l/100km]

gaseous: [kg/100km][km] [km] [km]

ICE gasoline 1400 6 150'000               150'000   150'000   

ICE diesel 1450 5.3 150'000               150'000   150'000   

ICE natural gas 1450 4.4 150'000               150'000   150'000   

Hybrid gasoline 1550 50 5 150'000               150'000   150'000   

Hybrid diesel 1600 50 4.4 150'000               150'000   150'000   

BEV Swiss mix 1550 200 19.1 150'000               150'000   150'000   

BEV European mix 1550 200 19.1 150'000               150'000   150'000   

FCV natural gas SMR 1565 190 25 1 150'000               150'000   150'000   

FCV electrolysis Swiss mix 1565 190 25 1 150'000               150'000   150'000   
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All vehicles are assumed to be based on the same glider with a mass of 1200 kg. Various components 

are added, resulting in the total vehicle masses listed in Table 2-32. Masses of the fuel cell system 

(140 kg) and the H2 tank (50 kg) are specified according to Miotti et al. (2015), interpolating between 

current and year-2030 technology. The mass of the battery of the BEV is calculated with an energy 

density of 0.114 kWh/kg according to Notter et al. (2010) and a range of 150 km (based on the NEFZ 

consumption of 12.4 kWh/100km) with an assumed charging cycle efficiency of 90% and a depth of 

discharge of the battery of 90%. The estimated H2 consumption of the FCEV is within the range of 

values used in (Hwang, 2013, Hwang et al., 2013, Messagie et al., 2014, Miotti et al., 2015). Electricity 

consumption of the BEV as well as gasoline consumption of the ICEV is quantified according to the 

άнлнл ǎŎŜƴŀǊƛƻέ ƛƴ De Haan and Zah (2013). Fuel consumption of diesel, natural gas and hybrid 

vehicles is estimated based on VCS (2014) using consumption data of vehicle models similar to the 

άDƻƭŦ ±LL мΦп ¢{L !/¢ 5{Dέ όǿƘƛŎƘ Ƙŀǎ ŀƴ b9C/ ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ пΦт l/100km) as well as relative 

differences between models available with gasoline, diesel and natural gas engines. 

Figure 2.5 through Figure 2.9 show LCIA results per km driven with the different vehicles. 

 

Figure 2.5 Life-cycle GHG emissions per km caused by selected midsize άƴŜŀǊ ŦǳǘǳǊŜέ ǇŀǎǎŜƴƎŜǊ ǾŜƘƛŎƭŜǎ  as specified in 
Table 2-31 and Table 2-32. 

Among conventional cars the gasoline car shows the highest life cycle GHG emissions among the ICE 

vehicles, followed by the diesel, gasoline and diesel hybrid and natural gas vehicles. The small battery 

and the slightly more complex drivetrain of the hybrids does not cause substantial amounts of GHG 

emissions and therefore, the life-cycle GHG emissions of these vehicles are reduced almost 

proportionally to the fuel consumption compared to the conventional gasoline and diesel cars. About 

40-50% of the GHG emissions of the ICE vehicles are due to other contributions than direct tailpipe 

CO2 emissions, mainly from glider and drivetrain production as well as the fuel chain. 

The GHG emissions of the BEV and FCEV largely depend on the fuel supply pathway; however, using 

the Swiss electricity supply mix for either directly charging the battery of the BEV or producing 
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hydrogen for FCEV results in about 40% lower emissions for the BEV representing the cleanest 

technology among this selection. Its overall emissions are about one third of those of the ICE gasoline 

vehicle. The FCEV with hydrogen from steam methane reforming (SMR) of natural gas generates a 

similar amount of GHG emissions like ICE vehicles. 

 

Figure 2.6 Life-cycle particulate matter formation per km caused by selected midsize άƴŜŀǊ ŦǳǘǳǊŜέ ǇŀǎǎŜƴƎŜǊ ǾŜƘƛŎƭŜǎ  as 
specified in Table 2-31 and Table 2-32. 

Direct exhaust emissions of ICE vehicles with EURO5 emission standard contribute remarkably small 

amounts of particle and NOx emissions to the overall life-cycle PM formation. Even for diesel ICE cars, 

these direct exhaust emissions contribute only about 10% to the total. Other parts of the life cycle 

generate much higher primary and secondary particles: mainly road and vehicle glider production, 

the fuel cell system and the fuel production chains. Most of the PM formation is due to mining and 

processing of metals, which are required for production of vehicles and their components, as well as 

construction work in case of roads. Fuel cell production seems to generate substantial PM formation, 

which is mostly due to use of platinum as catalyst. Overall, BEV and the natural gas ICEV cause the 

lowest PM formation. 

Also in case of photochemical oxidant formation, direct exhaust emissions of ICEV (mainly NOx and 

NMVOC) contribute only to a small extent to the overall life-cycle emissions, about 20% at most in 

case of the diesel car. Again, more substantial amounts of emissions are caused by roads, vehicle 

production as well as fuel supply chains. BEV perform best for this indicator, followed by FCEV and 

the natural gas ICEV. 

Metal mining and processing is a key contributor to emissions causing terrestrial acidification (mainly 

due to SO2 and NOx emissions) ς most evident for nickel, platinum and copper, which are used in the 

hybrid NiMeH battery, the fuel cell system, the electrolyzer and the electricity grid infrastructure. 

Again, BEV show the lowest burdens, closely followed by the natural gas ICEV. 
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The most substantial contributors to metal depletion are ς according to the method used ς 

construction of vehicles and drivetrains, the fuel cell as well as the electricity grid. Overall, BEV cause 

slightly less metal resource depletion than ICEV, FCEV slightly more. 

 

Figure 2.7 Life-cycle photochemical oxidant formation per km caused by selected midsize άƴŜŀǊ ŦǳǘǳǊŜέ ǇŀǎǎŜƴƎŜǊ 
vehicles  as specified in Table 2-31 and Table 2-32. 

 

Figure 2.8 Life-cycle terrestrial acidification per km caused by selected midsize άƴŜŀǊ ŦǳǘǳǊŜέ ǇŀǎǎŜƴƎŜǊ ǾŜƘƛŎƭŜǎ  as 
specified in Table 2-31 and Table 2-32. 
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Figure 2.9 Life-cycle abiotic resource depletion per km caused by selected midsize άƴŜŀǊ ŦǳǘǳǊŜέ ǇŀǎǎŜƴƎŜǊ ǾŜƘƛŎƭŜǎ  as 
specified in Table 2-31 and Table 2-32. 

Comparing the environmental performance of the set of near-future medium-sized vehicles as 

specified in Table 2-31 and Table 2-32 (with the ICE gasoline vehicle as the reference car with 100% 

impact for each of the indicators) shows that BEV cause less burdens/impacts than ICEV for the 

majority of indicators (Figure 2.10). The natural gas ICEV performs better than gasoline and diesel 

cars for almost all indicators; however, environmental advantages seem to be less pronounced than 

for BEV. The FCEV with the two most conventional hydrogen production pathways chosen for the 

base case evaluation show an ambiguous performance with better results than the gasoline ICEV for 

some indicators, but also with substantially worse results for other indicators. 
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Figure 2.10 [ŀǊƎŜ ǎŜǘ ƻŦ [/! ǊŜǎǳƭǘǎ ŦƻǊ ǘƘŜ άōŀǎŜ ŎŀǎŜέ ŜǾŀƭǳŀǘƛƻƴΥ aŜŘƛǳƳ-ǎƛȊŜŘ ŎŀǊǎΣ άƴŜŀǊ-ŦǳǘǳǊŜέ, as specified in 
Table 2-31 and Table 2-32.The ICE gasoline vehicle is chosen as the reference car with 100% impact for each of the 
indicators. 

2.5.2.3. Medium-ÓÉÚÅÄ "%6ȟ ȰÎÅÁÒ-ÆÕÔÕÒÅȱȡ ÉÍÐÁÃÔ ÏÆ ÅÌÅÃÔÒÉÃÉÔÙ ÕÓÅÄ ÆÏÒ ÃÈÁÒÇÉÎÇ 

Depending on the environmental indicator analyzed, the life cycle burdens and potential impacts of 

BEV can substantially vary depending on the source of electricity used for charging the batteries. 

Figure 2.11 through Figure 2.15 show the LCA results for medium-ǎƛȊŜŘΣ άƴŜŀǊ-ŦǳǘǳǊŜέ .9±Σ ŎƘŀǊƎŜŘ 

with electricity from different power generation technologies and electricity mixes. Apart from the 

power source, the BEV are all identically specified with the same parameter settings as the BEV in 

Table 2-31 and Table 2-32. 

Electricity used for charging the batteries of the BEV shows the highest impact on life cycle GHG 

emissions per km (Figure 2.11). Using coal power results in the highest emissions, almost as high as 

those of the gasoline vehicle (see Figure 2.5). On the other end of the spectrum, using renewable 

electricity or nuclear power ς both with very low CO2 intensity ς reduces the overall GHG emissions 

by about 70% compared to the gasoline car. Using electricity from a natural gas combined cycle (CC) 

plant for charging the BEV batteries reduces life cycle GHG emissions compared to the gasoline 

ǾŜƘƛŎƭŜ ōȅ ŀōƻǳǘ пл҈Φ IƻǿŜǾŜǊΣ ǘƘƛǎ ŀŘǾŀƴǘŀƎŜ ōŜŎƻƳŜǎ ǎƳŀƭƭŜǊ ǿƘŜƴ ŎƻƳǇŀǊƛƴƎ ǿƛǘƘ άŎƭŜŀƴŜǊέ 

fossil-fueled vehicles, including hybrids (see Figure 2.5). 

The impact of the source of electricity for the BEV is much smaller for the other indicators. These are 

mostly dominated by contributions from other parts of the life cycle than fuel supply, i.e. 

production/construction and maintenance of vehicle components and other infrastructure such as 

roads. In general, the overall picture is similar to GHG results: using electricity from renewables or 

nuclear power generates lower burdens than using electricity from coal and gas power plants. Abiotic 
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resource depletion represents an exception: metal demand (mainly silver, gold, and copper) for PV 

modules results in by far the highest resource depletion (Figure 2.15). 

 

Figure 2.11 Life-cycle GHG emissions per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ .9±Φ 

 

Figure 2.12 Life-cycle particulate matter formation per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ .9±Φ 
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Figure 2.13 Life-cycle photochemical oxidant formation per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ .9±Φ 

 

Figure 2.14 Life-cycle terrestrial acidification per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ .9±Φ 
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Figure 2.15 Life-cycle abiotic resource depletion per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ .9±Φ 

The evaluation based on the large set of LCIA indicators (Figure 2.16) shows that using wind and 

hydro power for charging generates in general the lowest burdens. Hydro power is the main 

contributor to the Swiss certified electricity mix, therefore these results are very similar. Electricity 

from PV and nuclear causes comparatively higher burdens for some of the impact categories. For 

most of them, coal power is the worst alternative. BEV using electricity from natural gas CC plants in 

general cause higher life cycle burdens than those using the Swiss consumer electricity mix. 
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Figure 2.16 Large set of LCA results for the evaluation of BEV: Medium-ǎƛȊŜŘ ŎŀǊǎΣ άƴŜŀǊ-ŦǳǘǳǊŜέ, as specified in Table 2-31 
and Table 2-32, using different power sources for charging of batteries. The BEV using the Swiss consumption mix is used 
as reference vehicle (=100% for each indicator). 

2.5.2.4. Medium-ÓÉÚÅÄ &#%6ȟ ȰÎÅÁÒ-ÆÕÔÕÒÅȱȡ ÉÍÐÁÃÔ ÏÆ ÈÙÄÒÏÇÅÎ ÐÒÏÄÕÃÔÉÏn pathway  

Depending on the environmental indicator analyzed, the life cycle burdens and potential impacts of 

FCEV can substantially vary depending on the production pathway for hydrogen used in the FC. 

Figure 2.17 through Figure 2.21 show the LCA results for medium-ǎƛȊŜŘΣ άƴŜŀǊ-ŦǳǘǳǊŜέ C/9±Σ ǳǎƛƴƎ I2 

from different production technologies. Apart from hydrogen source, the FCEV are all identically 

specified with the same parameter settings as the FCEV in Table 2-31 and Table 2-32. 

As shown in Figure 2.5, the FCEV with H2 from natural gas steam methane reforming (SMR) 

generates life cycle GHG emissions almost as high as those of the gasoline vehicle. A few H2 

production pathways generate even higher GHG emissions, namely coal gasification as well as 

electrolysis using the EU mix, natural gas or coal power (Figure 2.17). On the other end of the 

spectrum, using renewable electricity or nuclear power ς both with very low CO2 intensity ς reduces 

the overall GHG emissions by about 60% compared to the gasoline vehicle. 

The impact of the hydrogen source for the FCEV is smaller for the other indicators. These are to a 

larger extent dominated by contributions from other parts of the life cycle than fuel supply, i.e. 

production/construction and maintenance of vehicle components and other infrastructure such as 

roads. In general, the overall picture is similar to GHG results: using hydrogen generated using 

renewables or nuclear power generates lower burdens than using coal and natural gas, both directly 

and indirectly via electrolysis. Abiotic resource depletion represents an exception: metal demand 

(mainly silver, gold, and copper) for PV modules results in by far the highest resource depletion 

(Figure 2.21). 
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Figure 2.17 Life-cycle GHG emissions per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ C/9±Φ 

 

Figure 2.18 Life-cycle particulate matter formation per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ C/9±Φ 
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Figure 2.19 Life-cycle photochemical oxidant formation per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ C/9±Φ 

 

Figure 2.20 Life-cycle terrestrial acidification per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ C/9±Φ 
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Figure 2.21 Life-cycle abiotic resource depletion per km caused by midsize άƴŜŀǊ ŦǳǘǳǊŜέ C/9±Φ 

 

Figure 2.22 Large set of LCA results for the evaluation of FCEV: Medium-ǎƛȊŜŘ ŎŀǊǎΣ άƴŜŀǊ-ŦǳǘǳǊŜέ, as specified in Table 
2-31 and Table 2-32, using different H2 sources for fuel cell operation. The FCEV using hydrogen from electrolysis with the 
Swiss consumption mix is used as reference vehicle (=100% for each indicator). 

The evaluation based on the large set of LCIA indicators (Figure 2.22) shows that using hydrogen 

generated via electrolysis based on power inputs from fossil fuels generates by far the highest 
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impacts for a large number of indicators. Generating hydrogen via electrolysis with wind or hydro 

power are the best options from the environmental perspective. Electricity from PV and nuclear used 

for electrolysis causes comparatively higher burdens for some of the impact categories. 

2.5.2.5. Medium-ÓÉÚÅÄ ÃÁÒÓȟ ȰÎÅÁÒ-ÆÕÔÕÒÅȱ ÖÓȢ ȰÆÁÒ ÆÕÔÕÒÅȱ 

Technological progress is supposed to reduce the environmental footprint of passenger vehicles in 

the future, especially for currently comparatively immature technologies like BEV and FCEV. Also 

ICEV have shown a substantial reduction of environmental burdens in the past in Europe due to 

reduction of fuel consumption as well as reduction of tailpipe pollutant emissions ς both triggered by 

tightened legislative regulations. This trend is expected to continue. 

These potential improvements and the associated reduction in environmental burdens are evaluated 

by cƻƳǇŀǊƛƴƎ [/! ǊŜǎǳƭǘǎ ŦƻǊ ƴŜŀǊ ŀƴŘ ŦŀǊ ŦǳǘǳǊŜΣ ƛΦŜΦ нлнл ŀƴŘ άнлол ŀƴŘ ōŜȅƻƴŘέΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ 

vehicles and the parameters for the quantification of results are shown in Table 2-33 and Table 2-34. 

Table 2-33 Vehicle specification, Medium-ǎƛȊŜŘ ŎŀǊǎΣ άƴŜŀǊ-ŦǳǘǳǊŜέ ŀƴŘ άŦŀǊ ŦǳǘǳǊŜέΦ 

 

Table 2-34 Vehicle parameters, Medium-ǎƛȊŜŘ ŎŀǊǎΣ άƴŜŀǊ-ŦǳǘǳǊŜέ ŀƴŘ άŦŀǊ ŦǳǘǳǊŜέΦ 

 

Reduction in vehicle mass is achieved by using light-weight aluminum construction for the gliders in 

2030. Also the weight of the fuel cell system is assumed to be reduced using the average of the two 

scenarios for 2030 according to Miotti et al. (2015). Battery mass of BEV is not assumed to be 

reduced, since increasing battery performance, i.e. mass-specific energy density, will be used to 

increase the vehicle range. With an estimated energy density of 300 Wh/kg in year 2030, the BEV 

specified for 2030 would have a range of about 370 km. All types of vehicles are expected to increase 

in their efficiency, i.e. fuel consumption will be lower in 2030 than in 2020. Fuel and electricity 

demand of ICEV and BEV is reduced according to the expert judgement of the authors. The average 

hydrogen demand in the two scenarios for 2030 according to Miotti et al. (2015) is used for FCEV. ICE 

vehicles will comply with EURO6 emission standard in 2030. Results are shown in Figure 2.23 through 

Figure 2.27. 

Reference name (user defined) Vehicle type

Weight / 

materialization 

type Power train type Emission class Battery type Temporal senario

Energy source for vehicle 

operation (fuel)

ICE gasoline, 2020 medium-sized car standard ICE Euro 5 n.a. near future (2020) Gasoline

ICE gasoline, >2030 medium-sized car light Alu ICE Euro 6 n.a. far future (>2030) Gasoline

ICE diesel, 2020 medium-sized car standard ICE Euro 5 n.a. near future (2020) Diesel

ICE diesel, >2030 medium-sized car light Alu ICE Euro 6 n.a. far future (>2030) Diesel

ICE natural gas, 2020 medium-sized car standard ICE Euro 5 n.a. near future (2020) natural gas

ICE natural gas, >2030 medium-sized car light Alu ICE Euro 6 n.a. far future (>2030) natural gas

BEV Swiss mix, 2020 medium-sized car standard battery electric n.a. Li-ion near future (2020) Swiss consumption mix

BEV Swiss mix, >2030 medium-sized car light Alu battery electric n.a. Li-ion far future (>2030) Swiss consumption mix

FCV electrolysis Swiss mix, 2020 medium-sized car standard fuel cell n.a. Li-ion near future (2020) H2 from electrolysis (Swiss consumption mix)

FCV electrolysis Swiss mix, >2030 medium-sized car light Alu fuel cell n.a. Li-ion far future (>2030) H2 from electrolysis (Swiss consumption mix)

Define Vehicles here and 
choose indicators for 
environmental impacts in 
sheet "Results_details"

Reset 
selection

Total vehicle massFuel cell system mass 

(incl H2 tank)

Battery mass Electricity 

consumption driving 

Chemical fuel 

consumption driving

Total life time 

distance

Life time 

battery

Life time 

fuel cell

[kg] [kg] [kg] [kWh/100km]

liquid: [l/100km]

gaseous: [kg/100km][km] [km] [km]

ICE gasoline, 2020 1400 6 150'000               150'000   150'000   

ICE gasoline, >2030 1100 4.8 150'000               150'000   150'000   

ICE diesel, 2020 1450 5.3 150'000               150'000   150'000   

ICE diesel, >2030 1150 4.2 150'000               150'000   150'000   

ICE natural gas, 2020 1450 4.4 150'000               150'000   150'000   

ICE natural gas, >2030 1150 3.5 150'000               150'000   150'000   

BEV Swiss mix, 2020 1550 200 19.1 150'000               150'000   150'000   

BEV Swiss mix, >2030 1250 200 16.2 150'000               150'000   150'000   

FCV electrolysis Swiss mix, 2020 1565 190 20 1 150'000               150'000   150'000   

FCV electrolysis Swiss mix, >2030 1195 125 20 0.66 150'000               150'000   150'000   
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All vehicles except of the BEV show a reduction in life cycle GHG emissions between 2020 and 2030, 

mostly due to the reduction in fuel demand. Changes in other parts of the life cycle ς vehicle 

(component) production and road ς are not substantial. The reason for the increase in overall GHG 

emissions of the BEV is the increasing CO2 intensity of the Swiss electricity mix in 2030 due to 

assumed hypothetical operation of natural gas CC power plants23, which cannot be compensated by 

reduced electricity demand for battery charging. 

 

Figure 2.23 Life-cycle GHG emissions per km caused by future midsize vehicles as specified in Table 2-33 Table 2-31and 
Table 2-34. 

FCEV show in general the highest potential for reduction of environmental burdens due to both 

increasing fuel efficiency (i.e. reduced hydrogen demand) and weight reduction of the fuel cell. Most 

substantial reductions are achieved for particulate matter formation. Changes for BEV are small and 

ambiguous with the Swiss electricity mixes used for 2020 and 2030: while the life cycle burdens are 

slightly reduced for particulate matter formation and photochemical oxidant formation, they are 

increasing for GHG emissions, acidification and resource depletion due to changes in the electricity 

mix as well as use of the aluminum based light-weight car body. 

The higher the contributions of direct exhaust emissions as well as fuel chain related burdens, the 

more substantial are the reductions in overall life cycle burdens for the different indicators due to 

the reductions in fuel demand between 2020 and 2030. The difference between EURO5 and EURO6 

emission standards in terms of impact on the overall life cycle results is small, since the contributions 

of exhaust emissions to overall life cycle results are in general minor. 

                                                           
23

 Natural gas power plants are only one of the possible technologies for generating the electricity currently provided by 
nuclear power plants after potential nuclear phase-out. Other options are renewables and/or electricity imports. These 
scenarios are investigated and evaluated in WP5. 
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Figure 2.24 Life-cycle particulate matter formation per km caused by future midsize vehicles as specified in Table 2-33 
Table 2-31 and Table 2-34. 

 

Figure 2.25 Life-cycle photochemical oxidant formation per km caused by future midsize vehicles as specified in Table 
2-33 Table 2-31 and Table 2-34. 
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Figure 2.26 Life-cycle terrestrial acidification per km caused by future midsize vehicles as specified in Table 2-33 Table 
2-31 and Table 2-34. 

 

Figure 2.27 Life-cycle abiotic resource depletion per km caused by future midsize vehicles as specified in Table 2-33 Table 
2-31 and Table 2-34. 

The fact that FCEV show the largest potential for reduction of environmental burdens is obvious in 

the analysis of the large set of environmental indicators (Figure 2.28). However, the general picture ς 

FCEV with hydrogen produced via electrolysis using the Swiss electricity mix will perform worse for a 
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number of LCIA indicators than vehicles operated with fossil fuels ς will not change. The overall 

performance of the BEV using the Swiss electricity mix for charging of batteries relative to the ICEV 

will hardly change between 2020 and 2030. 

 

Figure 2.28 Large set of LCA results for the evaluation of midsize cars, as specified in Table 2-33 Table 2-31and Table 2-34. 
The near future (2020) ICE gasoline vehicle is chosen as the reference car with 100% impact for each of the indicators. 

2.6. Conclusions 

Based on the LCA results of WP1, the following main conclusions concerning the environmental 

performance of passenger vehicles can be drawn: 

¶ Battery electric vehicles (BEV) show a better environmental performance than fossil fuel 

internal combustion engine vehicles (ICEV) for the majority of environmental indicators, as 

ƭƻƴƎ ŀǎ ǘƘŜȅ ŀǊŜ ŎƘŀǊƎŜŘ ǿƛǘƘ άŎƭŜŀƴέ ŜƭŜŎǘǊƛŎƛǘȅΣ ƛΦŜΦ ƴƻǘ ŦǊƻƳ Ŧƻǎǎƛƭ ǇƻǿŜǊ ǇƭŀƴǘǎΦ ¢ƘŜ Ƴƻǎǘ 

substantial benefits ς up to minus 80% ς can be observed regarding reduction of potential 

impacts on climate change, if electricity from renewables or nuclear power is used. At the 

same time, life cycle GHG emissions are most sensitive concerning the type of electricity used 

for charging. These observations hold true for the complete time frame of this evaluation, i.e. 

from today up to 2030.  

¶ Fuel cell vehicles (FCEV) show a mixed environmental performance. As long as the hydrogen 

ŦƻǊ ǾŜƘƛŎƭŜ ƻǇŜǊŀǘƛƻƴ ƛǎ ǇǊƻŘǳŎŜŘ ōŀǎŜŘ ƻƴ άŎƭŜŀƴέ ŜƴŜǊƎȅ ǊŜǎƻǳǊŎŜǎΣ ƛΦŜΦ via electrolysis 

using electricity from non-fossil power plants, they offer advantages for some environmental 

indicators. Concerning life cycle GHG emissions, substantial reduction of up to minus 60% 

compared to the gasoline reference ICEV can be achieved in 2020. However, almost 

independent of the hydrogen production pathway, the LCA results of FCEV are worse than 

those of fossil fueled ICEV for some environmental indicators. Obviously, FCEV with hydrogen 

from fossil sources will not provide an environmental benefit. Currently, FCEV are the most 
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immature among the evaluated technologies and hardly commercially available. Therefore, 

we expect that the potential for reduction of environmental burdens due to improved 

technology performance is still high. 

¶ Among the ICEV evaluated, natural gas vehicles clearly generate the lowest life cycle 

environmental burdens. Conventional natural gas vehicles even cause lower burdens than 

gasoline and diesel hybrid vehicles24 for most of the LCIA indicators. 

¶ Progress in vehicle technology development will in general result in reduced environmental 

burdens, mostly due to increasing vehicle efficiency and reductions in fuel demand. Changes 

in fuel supply ς e.g. electricity mixes with higher shares of fossil power generation or 

increasing market shares of unconventional fossil fuels ς might (over)compensate these 

environmental benefits and lead to higher life cycle burdens. 

However, when interpreting these results, the following limitations of the work need to be kept in 

mind: 

¶ The LCIA methods applied do not take into account the location of pollutant emissions, i.e. 

their potential impacts will be assumed to be independent of whether emitted in densely 

populated areas like city centers or remote locations of e.g. mining of metal ores. Therefore, 

the benefits of BEV and FCEV in mitigating air pollution in urban areas due to their non-

existing tailpipe emissions might be underestimated. However, since the contributions of 

direct tailpipe emissions of ICEV to overall life cycle results are in general minor, the provided 

results will still be meaningful. 

¶ LCA results for 2030 and beyond are in general associated with high uncertainties, since a) 

the future development of passenger vehicles cannot be accurately predicted; and b) a non-

negligible fraction of LCI data used for LCA calculations supposed to represent 2030 and 

beyond actually represent current (or past) technological status. In the context of LCA of 

passenger vehicles, this limitation seems to be most important for LCI data of fossil fuel 

chains as well as metal mining and processing. 

¶ This LCA represents an attributional assessment on the level of single vehicle technologies. It 

does not take into account consequential effects within the economic system and it also 

does not take into account economic and environmental feedback effects due to potential 

large-scale introduction of innovative vehicle technologies such as BEV and FCEV. 

2.7. Recommendations for future work  

LCA related issues, which are associated with high uncertainties, or which could not be sufficiently 

analyzed within WP1 (and only partially in the THELMA project as such) and deserve further attention 

in the future, are the following: 

¶ Primary industry data from manufacturers of batteries and fuel cells would substantially 

reduce uncertainties in these LCI data. 

¶ Establishment of LCI data for specific future battery technologies not considered in this work, 

such as Li-air or Li-sulfur. 

¶ Establishment of LCI data for future fuel cells explicitly taking into account new materials and 

manufacturing methods technologies. 

                                                           
24

 In this case, άhybrid vehiclesέ ŘƻŜǎ ƴƻǘ ƛƴŎƭǳŘŜ ǇƭǳƎ-in hybrids. 



45 
 

¶ Establishment of LCI data for unconventional and future fossil fuel production, such as oil 

sands, shale oil and gas, and deep sea reservoirs, which are supposed to increase their 

market shares in the future. 

¶ Consideration of biofuels. 

¶ Consideration of systemic aspects in addition to the current technology centered perspective 

and integration of economic interactions. 

Acronyms  

BE Battery Electric 

BEV Battery Electric Vehicle 

CC Combined Cycle 

E85 Mix of 85% bioethanol, 15% gasoline 

EC European Commission 

EoL End-of-life 

FC Fuel Cell 

FCEV (Sometimes FCV) Fuel Cell Electric Vehicle 

GHG Greenhouse Gas 

ICE Internal Combustion Engine 

ICEV Internal Combustion Engine Vehicle 

LCA Life Cycle Assessment 

LCI Life Cycle Inventory 

LCIA Life Cycle Impact Assessment 

NEDC New European Driving Cycle 

NiMeH Nickel-Metal-Hydride 

PM Particulate Matter 

PV Photovoltaic 

SMR Steam Methane Reforming 

Swiss mix Swiss electricity supply mix (incl. electricity imports) 

vkm Vehicle-kilometer 

WP Work Package 

ZEBRA Zeolite Battery Research Africa 
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3. Work PÁÃËÁÇÅ ς Ȱ6ÅÈÉÃÌÅ ÓÉÍÕÌÁÔÉÏÎ ÁÎÄ ÐÏ×ÅÒÔÒÁÉÎ ÁÓÓÅÓÓÍÅÎÔȱ 

 

!ǳǘƘƻǊǎΥ Dƛƭ DŜƻǊƎŜǎ ό9¢I½ύ25Σ WƻƘŀƴƴŜǎ IƻŦŜǊ όt{Lύ26 

3.1. Introduction  

Lƴ ǘƻŘŀȅΩǎ ǇŀǎǎŜƴƎŜǊ ŎŀǊ ŦƭŜŜǘΣ ŜƭŜŎǘǊƛŎŀƭƭȅ ǇǊƻǇŜƭƭŜŘ ǇŀǎǎŜƴƎŜǊ ŎŀǊǎ ς including hybrids ς are still fairly 

in the minority. Any assessment of the benefits of electrification will thus have to look into a possibly 

quite distant future, when alternative propulsion systems presumably will have gained significant 

market shares. Furthermore, contrary to conventional powertrains, there are no de-facto design 

standards for electrified powertrains as of yet, especially when it comes to more complex 

configurations such as hybrid electric architectures.  

Yet assessing the benefits of electric mobility obviously requires information on the distance-specific 

energy demand (in terms of unit energy per unit distance). Obviously that information cannot be 

obtained empirically ς at least not in the breadth required by THELMA, namely for every vehicle in 

the fleet, from ƴƻǿ ǳƴǘƛƭ ǘƘŜ ǎǘǳŘȅΩǎ ǘƛƳŜ ƘƻǊƛȊƻƴ ƻŦ нлрлΦ 

¢I9[a!Ωǎ Work Package 2 (WP2) addresses this issue through vehicle and powertrain simulation, as 

detailed in the following sections.  

3.2. Objectives  

The main objectives of WP2 include the characterization of current and future powertrain 

technologies and the calculation of energy consumption and other related indicators for different 

vehicle classes and energy carriers. In particular conventional, hybrid electric (including plug-in 

hybrids), battery electric and fuel cell vehicles are simulated for assorted driving cycles, 

representative of real-world driving conditions. In addition, WP2 assessed vehicle costs and coupled 

vehicle simulation results to life cycle analysis results from WP1 for the assessment of environmental 

indicators.   

After configuring and assessing a large, representative design of current and future vehicles, the 

technical trade-offs of powertrain electrification are presented in an unbiased manner to allow 

stakeholders to evaluate the merits of new vehicle propulsion technologies with respect to: 

¶ Energy use 

¶ Performance (acceleration, top speed)  

¶ Utility (range, size)  

¶ Cost (purchase, operating, total)  

¶ Environmental factors (all relevant Life Cycle Assessment (LCA) indicators) 27 

                                                           
25

 ETH Zurich, Aerothermochemistry and Combustion Systems Laboratory, georges@lav.mavt.ethz.ch 
26

 Current affiliation: ETH Zurich, Architecture and Building Systems, hofer@arch.ethz.ch  
27 Note that proper derivation of LCA indicators falls under the purview of WP1. WP2 provides vehicle 
configuration and energy demand data, which ultimately translates into the production, operation and 
decommissioning environmental impaŎǘΦ ¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ ōƻǘƘ ²tΩǎ Ŏŀƴ ƘƻǿŜǾŜǊ ōŜ ŎƻƳōƛƴŜŘΣ ŀǎ ŦƻǊ ŜȄŀƳǇƭŜ 
used in Bauer, C., J. Hofer, H.-J. Althaus, A. Del Duce and A. Simons (2015). 
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Besides the direct analysis of the technology criteria, the technology descriptions also serve as inputs 

to other work packages, in particular WP3 and WP5.  

The work package was split between ETHZ-LAV and PSI-LEA. ETHZ-LAV focused on combustion engine 

vehicles, while PSI-LEA focused on battery electric and fuel cell vehicles. Battery and electric motor 

models are selected and applied in close cooperation.  

3.3. Scope 

The mission of WP2 is to derive the technical configuration and energy demand data through 

simulation for every vehicle in the fleet, from now to 2050. As core methodological element, 

THELMA-WP2 therefore considers a vehicle as the combination of (1) a powertrain, providing the 

necessary propulsion power and (2) a glider, which aggregates everything but the powertrain. One 

particular glider can thus be fitted with various powertrain systems and technologies to explore their 

respective potential for electrification. For any given glider/powertrain combination, the energy 

demand further depends on (3) operational boundary conditions, in particular the speed (or more 

precisely the driving cycle) at which the system is operated, or the ambient temperature during the 

journey. 

In the following, the three building blocks, as illustrated in Figure 3.1 are discussed separately. 

 

Figure 3.1: THELMA-WP2 vehicle simulation framework. This considers vehicles as combination of (1) a powertrain 
providing the propulsion power and (2) the glider, as the sum of components that do not belong to the powertrain. The 
operation of any given vehicle assembly is further defined by (3) the operational boundary conditions, before all the 
driving cycle.  

3.3.1. Vehicle design  

3.3.1.1. Characterization of the glider  

[ƻƻƪƛƴƎ ǘƻ {ǿƛǘȊŜǊƭŀƴŘΩǎ ǎǘǊŜŜǘǎΣ ǘƘŜ ŎƻƴǘŜƳǇƻǊŀǊȅ ǇŀǎǎŜƴƎŜǊ ŎŀǊ ŦƭŜŜǘ ƛǎ ŀ ƘŜǘŜǊƻƎŜƴŜƻǳǎ ƳƛȄǘǳǊŜ ƻŦ 

various sizes and shapes ς which is likely to still be the case 40 years from now. The variety is so large 

that actually modeling each existing vehicle individually is out of the question ς even though 

ŜƴŜǊƎŜǘƛŎ ǇƻǿŜǊǘǊŀƛƴ ƳƻŘŜƭǎ ǎǘƛƭƭ ƻƴƭȅ ǊŜǎƻƭǾŜ ŀ ŦŀƛǊƭȅ ǎƳŀƭƭ ǇŀǊǘ ƻŦ ŀ ƳƻŘŜǊƴ ǾŜƘƛŎƭŜΩǎ ǇƘȅǎƛŎǎΦ 

Therefore the fleet is broken down into a manageable number of individual classes, presuming that 
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class members are so similar to one another that their relevant indicators (those listed in section 3.2) 

do not differ significantly. 

The categorization chosen by THELMA-WP2 is that of car market segments as used by the European 

New Car Assessment Programme (EuroNCAP) ς and often found in car magazines (Mini, Midsize, 

Compact, and so on). Indeed following Hucho (2007), the industrial design process of a car always 

ǘŀǊƎŜǘǎ ŀ ǎǇŜŎƛŦƛŎ ƳŀǊƪŜǘ ǎŜƎƳŜƴǘ όƛΦŜΦ ƳŜƳōŜǊǎƘƛǇ ƻŦ ŀ άǾŜƘƛŎƭŜ Ŏƭŀǎǎέ ƛǎ ǇŀǊǘ ƻŦ ŀ ǾŜƘƛŎƭŜ 

specification). The car market being as it is, the visual appearance of the product plays a very central 

role. Therefore, very early in the concept phase, designers will consider the perceived directly 

competing products. Consequently many pivotal design decisions, in particular the outer dimensions 

and general aspect of a vehicle, are heavily influenced by already existing designs. It is therefore very 

likely that individual vehicles marketed as members of a given market are optically not that 

dissimilar. In fact, as marƪŜǘ Ŏƭŀǎǎ ƛǎ ƻŦǘŜƴ ǎȅƴƻƴȅƳƻǳǎ ǿƛǘƘ άǇǊƛŎŜ ŎƭŀǎǎέΣ ƛǘ ƛǎ ŀƭǎƻ ǇǊƻōŀōƭŜ ǘƘŀǘ 

other customer expectations such as performance attributes (size, acceleration, etc.) are correlated.  

Following that rationale, Table 3-1 summarizes the derived vehicle class specification used in WP2. 

The segments more or less correspond to the widely used EuroNCAP classes, but were actually 

defined in accordance with the underlying vehicle sales records. Note that the parameter values 

between certain classes are quite similar. Also, some classes are more relevant than others with 

respect to sales. Indeed, as visible in Figure 3.2, the mini to midsize segments amounted for roughly 

2/3 of all passenger car sales in Switzerland in 2011.  

Nevertheless, the definition of individual vehicle classes is somewhat fuzzy. On one hand, class 

membership may not always be that obvious, especially considering that designers may consciously 

chose to break with de-facto standards to differentiate their product. Furthermore, the above 

ǊŀǘƛƻƴŀƭŜ ƴŜƛǘƘŜǊ ǇǊŜŎƭǳŘŜǎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ Ŏƭŀǎǎ ŘŜŦƛƴƛǘƛƻƴǎ άŎǊŜŜǇƛƴƎέ ƻǾŜǊ ǘƛƳŜΣ ƴƻǊ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ 

of the introduction of new classes. But as modeling thousands of individual vehicles is not an option, 

the above approach, mimicking the actual industrial design process, is a good compromise. 

Table 3-1 Analyzed vehicle classes and important simulation parameters. 

 

Glider mass 
(kg) 

Power-to-mass 
ratio (W/kg) 

Frontal area 
(m2) 

Aerodynamic 
drag coeff. (cd) 

Mini 612 56 1.9 0.34 

Small 762 59 2 0.31 

Low-Midsize 944 66 2.1 0.31 

Midsize 1091 76 2.2 0.31 

Up-Midsize 1186 92 2.3 0.3 

Luxury 1328 117 2.4 0.3 

Compact-MPV 1032 61 2.6 0.32 

MPV 1266 65 2.8 0.34 

Compact-SUV 1085 70 2.6 0.33 

SUV 1442 84 2.9 0.35 

Compact-Sport 858 86 2.1 0.33 

Sport 917 141 2 0.35 

Transporter 1046 51 3.1 0.34 
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Figure 3.2 Passenger car sales in Switzerland by market segments. Source: IHS Automotive (2013). 

3.3.1.2. Characterization of the powertrain  

The main objective of WP2 is obviously to investigate powertrain electrification. Note that this is 

understood in the strictest sense of the word, referring to any architecture whose propulsion effort is 

sustained by meaningful amounts of electrical power. Beyond the obvious, pure battery electric 

vehicle, the definition thus encompasses fuel-cell electric systems and internal combustion engine 

based hybrid electric solutions. That leads to the following technical base options; for a deeper 

technical discussion of the different powertrains and their operation, see section 3.3: 

¶ Conventional, internal combustion engine based powertrain (ICEV) 

¶ Hybrid electric powertrain (HEV) 

¶ Externally chargeable hybrid electric powertrain Ą range-extender / plug-in (PHEV) 

¶ Pure battery electric vehicle (BEV) 

¶ Fuel-cell electric vehicle (FCEV) 

Within each of those powertrain architectures there are further technology choices. For instance for 

all solutions featuring an internal combustion engine (ICE) there are different fuels (and by extension 

thermodynamic combustion processes) available. As a matter of principle there is no exclusive 

relationship between ICE fuels and vehicle classes (at least this will become unlikely in a 10-30 year 

future), thus ICE fuels are considered an additional exogenous variable to the powertrain 

specification (where applicable). 

Just as there are different implementations of ICE technology, so are there different electric 

machines, batteries and power electronics; compared to changing the combustion process in an ICE 

these constitute however rather smaller interventions, and are therefore not resolved in WP2. 

Thus far only the powertrain architecture was specified, i.e. technology choices for individual 

ŎƻƳǇƻƴŜƴǘǎ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŎƻƴƴŜŎǘƛƻƴǎ ǿŜǊŜ ƳŀŘŜΦ ²Ƙŀǘ ƛǎ ƭŜŦǘ ƛǎ ǘƻ άǎƛȊŜέ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΣ ōȅ 
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which ς as all of them are energy conversion, transmission or storage devices ς determining their 

nominal power output / throughput resp. energy storage capacity is understood. 

The envelope of the prime mover, i.e. the primary device used to apply torque to the wheels (there 

can be more than one) directly defines the drivability of a vehicle. Presuming that at high velocities 

ǘƘŜ ŀŜǊƻŘȅƴŀƳƛŎ ŘǊŀƎ ƛǎ ōȅ ŦŀǊ ǘƘŜ ŘƻƳƛƴŀƴǘ ŘƛǎǎƛǇŀǘƛǾŜ ƛƴŦƭǳŜƴŎŜ ŀ ǾŜƘƛŎƭŜΩǎ ǘƻǇ ǎǇŜŜŘ ὺ  relates 

to the prime mover power ὖ  via : 

 
ὺ ὖ ẗ

ρ

ς
ẗ”ẗὧẗὃ  (1) 

Similarly, disregarding the influence of the tire rolling resistance or aerodynamic drag, the 

acceleration time ὸ from π to ὺ is approximately given by (with ά  being the total vehicle mass): 

 
ὸ

ά ẗὺ

ςẗὖ
 (2) 

As discussed in section 3.3.1.1, the performance attributes of a car are related to its membership to a 

specific class. Via the above equation the average/representative acceleration timing within a given 

Ŏƭŀǎǎ Ŏŀƴ ōŜ ŘƛǊŜŎǘƭȅ ǘǊŀƴǎƭŀǘŜŘ ǘƻ ǘƘŜ ǇǊƛƳŜ ƳƻǾŜǊΩǎ ǇƻǿŜǊ ǊŀǘƛƴƎΦ ¢ƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ǘƻǘŀƭ Ƴŀǎǎ ά  

figures in the above equation points to a central trade-off in vehicle design: increasing the electric 

ƳŀŎƘƛƴŜΩǎ power output ὖ  also increases its weight; sustaining a certain acceleration target with 

a larger electric machine is thus only possible with compromising battery size. Figure 3.3 illustrates 

ǘƘƛǎ ŀǎ ǘƘŜ ōƭǳŜ ƭƛƴŜ ƛƴ ǘƘŜ άŘŜǎƛƎƴ ǎǇŀŎŜέΣ ǎǇŀƴƴŜŘ ōȅ ǘƘŜ άǘǊŀŎǘƛƻƴ ƳƻǘƻǊ ǎƛȊŜέ ŀƴŘ άōŀǘǘŜǊȅ ǎƛȊŜέ 

ŀȄŜǎΦ  ¦ǎƛƴƎ ǘƻŘŀȅΩǎ ŜƭŜŎǘǊƛŎ ǾŜƘƛŎƭŜǎ ŀǎ ŀ ǊŜŦŜǊŜƴŎŜΣ ǘƘŜ ōŀǘǘŜǊȅ Ŏŀƴ ǘƘŜƴ ōŜ configured; the battery 

mass in future vehicle generations is presumed approximately constant in time, so that the 

autonomy range may grow under the direct action of battery energy density improvements, vehicle 

light-weighting, or other efficiency improvements. 

 

Figure 3.3 Configuration options for a mid-class battery electric powertrain in terms of the installed traction motor and 
battery size (in kW nominal power output and in kWh effectively available maximum energy capacity respectively). To 
achieve the class-dependent performance characteristics (in terms of acceleration and nominal range), certain minimum 
motor (blue line) and battery sizes (green line) are required.  



54 
 

However, since the component choice affects the total mass of a vehicle, it also influences the net 

propulsion load and the average conversion efficiency (see section 3.3 for more details). Accounting 

for these feedbacks, the three lines above are just the loci of vehicle configurations with identical 

performance with respect to acceleration, costs, or range. As the dependencies are roughly linear, 

there is a clear tendency (see arrows) in which the performance indicators evolve. This is what 

ultimately allows constraining the design space to the triangular area shown above.  

For hybrid electric vehicles, the design process is more complex since the additional energy source 

augments the dimensionality of the design space. See Figure 3.4. The Degree of Electrification (DOE) 

measures the relative share of the battery-electric (i.e. non-range-extender) power to the total 

traction power: a DOE of 0 corresponds to an essentially ICE vehicle, while a DOE of 1 would be a 

pure-electric vehicle.  

There is a minimum DOE (the blue line) below which the vehicle can no longer be operated under 

city-driving conditions (ARTEMIS Urban cycle) without the ICE. This minimum degree of electrification 

is given by the battery still providing enough electrical power and energy to enable the vehicle to 

cover at least 100 km (to be consistent with Figure 3.3) in a city cycle (ARTEMIS urban); lower 

settings would cause the poweǊǘǊŀƛƴ ǘƻ ƻǇŜǊŀǘŜ ƛƴ άƘȅōǊƛŘ ƳƻŘŜέΣ ƘŜƴŎŜ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ŎŀǊ Ƴŀȅ ƴƻ 

ƭƻƴƎŜǊ ōŜ ǘǊǳƭȅ ŎƻƴǎƛŘŜǊŜŘ ŀ άǊŀƴƎŜ ŜȄǘŜƴŘŜǊέ όƳƻǊŜ ŀ ǇƭǳƎ-in hybrid with a seriously oversized 

battery). Note that if the 110 km/h (kph) constraint is coupled with the acceleration constraint of 

Figure 3.3. (i.e. the resulting range extender is supposed to accelerate all-electrically) much higher 

DOE values are required. 

 

Figure 3.4 Configuration space of a range extended EV powertrain for a mid-class car. 

A vehicle design, as described in 3.3.1 is a static description of a propulsion system and its individual 

energy conversion and storage devices. In the physical world, a driver is controlling the forward 

velocity of the vehicle by instructing the aforementioned devices to apply a certain torque to the 

wheels. For doing so, the powertrain generally has to draw on its on-board energy storage system 
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(within THELMA that can be a fuel/hydrogen tank or a battery). In other words, energy is used to 

adjust the forward velocity. 

Next to direct dynamic simulation, THELMA-WP2 relies on a method known as backward facing 

simulation, effectively inverting this causal relationship. As depicted by Figure 3.5, it deduces the 

energy demand that a vehicle must have had, knowing that it moved along previously known velocity 

profile. The latter is a time-resolved record of its speed versus time profile, as illustrated in Figure 

3.6.  

 

Figure 3.5 Schematic illustration of the backward facing simulation technique, to compute vehicle energy demand based 
on a certain speed trajectory. 

 

Figure 3.6 The Worldwide harmonized Light vehicles Test Procedure (WLTP) in terms of momentary velocity (blue) and 
acceleration (red) over the roughly 30 minutes of the test procedure. 
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3.3.1.3. The physics of longitudinal motion  

The forward motion is opposed by various drag forces, namely aerodynamic drag and rolling 

resistance, whose magnitude is determined both by certain technical attributes of the glider, the 

tires and the current magnitude of the forward velocity. Also any change in velocity is opposed by 

inertia. Hence, for speed signal ὺὸ known a priori (backward facing simulation), it is possible to 

calculate the necessary propulsion force Ὂ ὸ at any time ὸ: 

 
Ὂ ὺὸ ά ẗ

Ὠὺὸ

Ὠὸ
Ὂ ὺὸ Ὂ ὺὸ  (3) 

where: 

¶ ά  ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ǘƻǘŀƭ Ƴŀǎǎ 

¶ Ὂ ὺ is the longitudinal aerodynamic force opposing forward motion when traveling at ὺ 

¶ Ὂ ὺ is the total tire rolling resistance opposing forward motion when traveling at ὺ 

3.3.1.4. Characterization of the vehicle usage  

The total mechanical energy demand of a vehicle over a known driving cycle ὺὸ is: 

 

Ὁ Ҋ Ὂ ὺὸ ẗὺὸ Ὠὸ (4) 

Yet Ὂ  is not necessarily positive; indeed active braking, i.e. decelerating stronger than the natural 

retardation induced by the various resistive and drag forces is only possible if the powertrain applies 

a negative Ὂ . In conventional vehicles, this is achieved through friction brakes, dissipating the 

returning, negative power. Electrified vehicles on the other hand can instead recuperate the 

returning power by converting it back to electric power, and storing it in a battery (or other electric 

energy storage device). A more in-depth analysis of this process, known as brake energy 

recuperation, can be found in section 3.4.1.1.  

For now it is important to note that in the above definition of Ὁ Ҋ, negative Ὂ ὺὸ ẗὺὸ 

reduce the total energy demand Ὁ Ҋ; in fact, provided that ὺπ ὺὸ  it is straight forward to 

show that the inertial (differential) term of Ὂ ὺ does not contribute to Ὁ Ҋ. This is only 

ǇƻǎǎƛōƭŜ ƛŦ ŀƭƭ ǊŜŎǳǇŜǊŀǘŜŘ ƴŜƎŀǘƛǾŜ ǇƻǿŜǊ Ŏŀƴ ōŜ ƭƻǎǎƭŜǎǎƭȅ άōǊƻǳƎƘǘ ōŀŎƪέ ǘƻ ǘƘŜ ǿƘŜŜƭǎΤ ǿƘƛŎƘ ƛǎ ŀ 

technical impossibility. Nevertheless, if such an ideal powertrain could be built, its energy demand 

would solely be a matter of the average aerodynamic drag and rolling resistance forces (meaning 

ultimately the average velocity); the acceleration intensity and frequency within ὺὸ would play no 

role at all. 

In any real powertrain there are losses, and some (or all) of the braking occurs using dissipative 

braking systems, because certain higher-ranking constraints require so (the battery could e.g. be fully 

charged). Of course in the worst case of a vehicle incapable of brake energy recuperation (ICEVs), all 

negative power is lost, so that the mechanical energy demand grows to: 

 

Ὁ Ҋ Ὂ ὺὸ ẗὺὸẗὌ Ὂ ὺὸ  Ὠὸ Ὁ Ҋ (5) 
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where Ὄὼ is the Heaviside function, i.e. it is zero if ὼ π and ρ if ὼ π. Consequently, the end-

energy demand of a vehicle depends certainly on the average value of ὺὸ, and the more its braking 

is effectively dissipative (including losses in the recuperation path), the more the acceleration 

behavior starts to play a role. Next to the vehicle itself, its energy demand is thus strongly dependent 

on the ὺὸ it is evaluated against.  

Now as explained above, ὺὸ is the observed consequence of a driver applying a certain acceleration 

or retardation request to their vehicle. If one were to record the ὺὸ of all vehicles in a fleet as they 

go about their day, by the very nature of individual mobility, there would be as many ὺὸ as there 

are drivers.  Analogously to the categorization of passenger car gliders in section 3.3.1.1, a 

simplification is necessary. The solution is found in standardized driving cycles, which have been 

developed primarily by governing agencies (or on their request) as a support framework for 

emissions legislations.  

In THELMA, the Worldwide harmonized Light vehicles Test Procedure (WLTP), New European Driving 

Cycle (NEDC) and ARTEMIS driving cycles are considered. The WLTP is used as the reference driving 

cycle. It is based on statistical analysis of driving conditions from the EU, India, Japan, Korea, 

Switzerland, and USA and is expected to replace the NEDC for emission certification in Europe. In 

contrast to the NEDC, the WLTP and ARTEMIS are transient driving cycles which involve many 

continuous changes of velocity representing a more realistic driving ǇŀǘǘŜǊƴΣ ƛΦŜΦ ƛǘΩǎ ƳƻǊŜ 

ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŦƻǊ άǊŜŀƭ-ǿƻǊƭŘέ ŘǊƛǾƛƴƎ ǘƘŀƴ ǘƘŜ b95/Σ ǿƘƛŎƘ ƛǎ ǳƴŘŜǊŜǎǘƛƳŀǘƛƴƎ ŦǳŜƭ ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ 

modern passenger vehicles in daily driving. Nevertheless, at the time of writing the NEDC is the 

reference of emissions legislation and therefore still relevant. The ARTEMIS driving cycle was shown 

by independent studies to be very realistic of European traffic conditions (Bassett et al., 2010).  

All three driving cycles are part of a testing procedure that makes an assumption on how much of a 

ǾŜƘƛŎƭŜΩǎ ƻǇŜǊŀǘƛƻƴ ƻŎŎǳǊǎ ƻƴ ƳƻǘƻǊǿŀȅǎΣ ƳŀƧƻǊ ǊǳǊŀƭ ǊƻŀŘǎ ŀƴŘ ǘȅǇƛŎŀƭƭȅ ōǳǎƛŜǊ ǳǊōŀƴ ǎǘǊŜŜǘ 

networks. As with the MATSim simulation data from WP4 information is available on the actual split 

factor between those road-types, energy demand figures for each are computed individually. Thus in 

the end, THELMA-²tн ŎŀǘŜƎƻǊƛȊŜǎ ǘƘŜ άŘǊƛǾƛƴƎ ǎƛǘǳŀǘƛƻƴέ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ǘƘǊŜŜ ǊƻŀŘ-ǘȅǇŜǎΥ άǳǊōŀƴέΣ 

άǊǳǊŀƭέ ŀƴŘ άƳƻǘƻǊǿŀȅέΦ 

3.3.2. Drivetrain configuration and simulation  

As indicated in section 3.3.1.2, THELMA WP2 considers a wide range of powertrain architectures: 

¶ Conventional, purely internal combustion engine powered systems  

¶ Hybrid electric solutions (internal combustion engine powered): 

o Mild/full hybrids  

o Plug-in/range extending hybrids 

¶ Battery electric systems 

Fuel-cell electric systems Table 3-2 summarizes the drivetrain types considered in this study and the 

corresponding abbreviations. Figure 3.7 illustrates the powertrain configuration and the possible 

power flows between the main components for the different powertrains. 
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Table 3-2 Drivetrain types considered in this study. 

Drivetrain technology Abbreviation 

Internal combustion engine vehicle fueled 
by gasoline/diesel/compressed natural gas 

ICEV-
gasoline/diesel/cng 

Hybrid electric vehicle fueled by 
gasoline/diesel/compressed natural gas 

HEV-
gasoline/diesel/cng 

Battery electric vehicle BEV 

Plug-in hybrid electric vehicle fueled by 
gasoline/diesel/compressed natural gas 

PHEV-
gasoline/diesel/cng 

Fuel cell electric vehicle FCEV 

 

 

Figure 3.7 Overview of drivetrain configurations analyzed and power flows between the main components. 
Abbreviations: Electric motor (EM), electric generator (EG), fuel cell system (FCS), planetary gear set (PGS). 

Computing the energy demand of a given vehicle is essentially the same for all powertrain systems: 

starting with the known power demand signal at the wheels, the power flows are traced back 

through the powertrain up to the initial energy input at the plug or fuel station. All conversion and 

storage processes are modeled using the quasi-steady state models included in ADVISOR, an open-

source vehicle simulation software (Wipke et al., 1999). 

Hybrid electric vehicles constitute a special case, as the presence of two covalent (at least in the 

short term) energy sources requires an active control strategy, deciding upon which source to use at 

any given moment. For the large-scale simulation, heuristics provided by ADVISOR were used in the 

interest of reducing the computational load. Nevertheless, a limited data-set using full dynamic 

optimization was generated ς see section 3.4.1.3 for a more detailed discussion. 
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3.3.2.1. Mass and cost assessment 

The characterization outlined in 3.3.1.1 and 3.3.1.2 is sufficient to statically describe the entire 

system for LCA and later, dynamic simulation. With the size resp. nominal rating of all powertrain 

components, their mass and cost can be individually estimated. Table 3-3 lists the assumed reference 

values of the specific masses and costs for the power and energy storage devices (Hofer et al., 2014). 

It consists of a fixed and variable part in order to realistically evaluate the component mass and cost 

for different amounts of power and energy. Not yet fully developed technologies (such as batteries 

and fuel cells) are expected to improve in energy and power density and decrease in cost due to 

efficiency gains, experience effects, and increase of production volume. The sensitivity of the 

resulting vehicle criteria to changes of important parameters such as battery energy density is 

analyzed in detail. 

Table 3-3 Fixed and variable mass and cost of the main vehicle components. 

 Mass power devices Cost power devices 

  Unit 2012 2030 2050 Unit 2012 2030 2050 

Gasoline Engine kg 60.0 54.0 50.0 $ 1000.0 1300.0 1500.0 

  kg/kW 0.7 0.5 0.4 $/kW 7.4 9.2 11.0 

Diesel Engine kg 69.0 62.1 57.5 $ 1150.0 1495.0 1725.0 

  kg/kW 0.8 0.6 0.5 $/kW 8.5 10.6 12.7 

CNG Engine kg 63.0 56.7 52.5 $ 1050.0 1365.0 1575.0 

  kg/kW 0.7 0.5 0.4 $/kW 7.8 9.7 11.6 

Motor and kg 22.0 18.0 15.0 $ 500.0 420.0 370.0 

controller kg/kW 0.9 0.7 0.6 $/kW 28.0 20.0 17.0 

Li-ion battery kg 8.0 6.6 5.0 $ 1000.0 600.0 400.0 

(power) kg/kW 1.0 0.8 0.5 $/kW 50.0 32.0 24.0 

Fuel cell system kg 40.0 34.0 30.0 $ 10000.0 6000.0 1500.0 

  kg/kW 1.1 0.7 0.5 $/kW 400.0 90.0 40.0 

  
Specific power 
(kW/kg @80kW) 0.6 0.9 1.1 

Specific cost        
($/kW @80kW) 525.0 165.0 58.8 

ICEV 
transmission kg 55.0 50.0 50.0 $ 800.0 900.0 1000.0 

and differential kg/kW 0.6 0.5 0.5 $/kW 6.0 6.0 6.0 

EV transmission kg 35.0 30.0 30.0 $ 500.0 400.0 300.0 

and differential kg/kW 0.4 0.3 0.3 $/kW 3.0 3.0 3.0 

  Mass energy devices Cost energy devices 

Li-Ion battery kg 30.0 20.0 15.0 $ 8000.0 2500.0 1500.0 

(energy) kg/kWh 8.3 4.2 2.7 $/kWh 440.0 150.0 120.0 

  

Specific energy 
(Wh/kg 
@25kWh) 105.3 200.0 303.0 

Specific cost       
($/kWh 
@25kWh) 760.0 250.0 180.0 

Hydrogen tank kg 40.0 35.0 30.0 $ 1500.0 1200.0 1000.0 

  kg/kWh 0.3 0.3 0.3 $/kWh 9.2 8.2 7.3 

ICEV tank kg 10.0 10.0 10.0 $ 300.0 300.0 300.0 

  kg/kWh 0.1 0.1 0.1 $/kWh 0.6 0.6 0.6 

CNG tank kg 25.0 20.0 20.0 $ 800.0 700.0 600.0 

  kg/kWh 0.2 0.2 0.2 $/kWh 5.0 4.5 4.0 

 

3.3.3. Other scenario assumptions  

Besides the development of components specific mass and cost explained in the previous section, 
several other parameters influence the simulation of future vehicle indicators. Glider mass, 
aerodynamic drag, and tire rolling resistance are expected to be continuously reduced by 
manufacturers in order to reduce vehicle energy use and to fulfill new emission standards. In the 
baseline scenario, glider mass, aerodynamic drag, and tire rolling resistance are reduced by 0.5 % per 
year, which equates to a total reduction of ca. 17 % by 2050. This rate of reduction seems realistic 
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considering historic developments for these parameters and projections used in other studies. 
Similarly powertrain component efficiencies are assumed to increase over time to account for 
technical progress. 
 
Due to the high importance of range for purely battery powered electric vehicle performance and 
cost, the BEV is modeled as a short-range (SR) and long-range (LR) vehicle. The assumed reference 
BEV driving ranges which can be achieved for a specific driving cycle are indicated in Table 3-4. These 
values were used as the baseline scenario for BEV configuration. It is assumed that these driving 
ranges will be possible with the available battery technology at that point in time without excessive 
battery weight and cost impacts. Obviously also longer ranges are possible, but at increased battery 
cost, weight, and environmental impacts. For many applications, such as urban and commuter travel, 
commercial fleets or shared e-mobility a short range vehicle may be sufficient. 
 
Table 3-4 Reference battery electric vehicle ranges. 

  2012 2030 2050 

BEV-SR 100 km 150 km 200 km 

BEV-LR 200 km 350 km 500 km 

3.4. Results 

The results chapter has been split into three sections: before any large-scale simulation was possible, 

certain detail aspects of vehicular dynamics and powertrain technology had to be explored; section 

3.4.1 covers the most important findings. Section 3.4.2 then gives an overview over the fleet-wide 

energy and costs assessment, and section 3.4.3 provides a sensitivity analysis on those results. 

3.4.1.  Central aspects of vehicle dynamics an d powertrain technology  

3.4.1.1. Active braking and brake energy recuperation  

As displayed in Figure 3.8, Ὂ ὺὸ  can become negative at any speed if the deceleration is 

ǎǳŦŦƛŎƛŜƴǘƭȅ ǎǘǊƻƴƎΦ Lƴ ǘƘŀǘ ŎŀǎŜ ǘƘŜ ǇƻǿŜǊǘǊŀƛƴ Ƙŀǎ ǘƻ άǇǊƻǾƛŘŜέ ƴŜƎŀǘƛǾŜ ǇǊƻǇǳƭǎƛƻƴ ǇƻǿŜǊΣ ƛΦŜΦ ƛǘ Ƙŀǎ 

to actively brake. Depending on the driving cycle ὺὸ this can amount to large amounts of energy. 

Figure 3.9 compares the amount of returning, negative braking energy (integral of the power over 

ƻƴŜ ŘǊƛǾƛƴƎ ŎȅŎƭŜύ ǘƻ ǘƘŜ ǇƻǎƛǘƛǾŜ άŀŎŎŜƭŜǊŀǘƛƻƴ ŜƴŜǊƎȅέ ƻǾŜǊ ǾŀǊƛƻǳǎ ŘǊƛǾƛƴƎ ŎȅŎƭŜǎΦ !ǎ ǎǇŜŜŘ ƎƻŜǎ ǳǇΣ 

this ratio drops, as a result of drivers ever more decelerating through coasting, i.e. using the 

retarding effect of the natural drag forces over that of the braking system. 

 

Figure 3.8 Magnitude of the propulsion force as a function of forward velocity and acceleration. 
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Technically, conventional propulsion systems ς incapable of inverting their effective direction - 

realize negative traction through friction brakes; devices that dissipate the returning mechanical 

power as heat. Electric machinery used in electrified architectures on the other hand can be put into 

άƎŜƴŜǊŀǘƻǊ ƳƻŘŜέΣ ŎƻƴǾŜǊǘing mechanical power into electricity. The latter can be stored back in the 

battery for later usage ς a procedure known as brake energy recuperation, providing a much more 

efficient energy usage compared to conventional systems. 

 

Figure 3.9 Share of the recuperable energy (compared to the positive kinetic energy invested) for 3 different drive 
configurations and 16 driving patterns. 

Naturally there are losses all along the recuperation path, primarily due to mechanical friction as well 

as conversion losses within the electric machinery and the battery. Furthermore, most vehicles today 

(and in the foreseeable future) do not feature all wheel drives. For stability reasons, the non-

powered axle must still brake as well, so a share of up to 50% (or higher in the case of a rear wheel 

drive) is lost to friction braking. For different vehicles, the recuperation potential depends primarily 

on the weight (see Figure 3.10). 

  

Figure 3.10 Recuperation potential as a function of vehicle mass at constant aerodynamic drag and rolling resistance 
coefficient.  
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3.4.1.2. Non-propulsive loads  

In modern passenger cars, there is an array of active, i.e. power drawing components that do not or 

only indirectly contribute to forward motion. This ranges from various electronic controllers to the 

air-ŎƻƴŘƛǘƛƻƴŜǊΦ ²ƘƛƭŜ ƛƴ άǘŀƴƪ-to-ǿƘŜŜƭέ ǘŜǊƳǎΣ ŜƭŜŎǘǊƛŎ ǇǊƻǇǳlsion is more efficient than internal 

combustion based solutions as a matter of principle, pure electric systems turn out to be significantly 

more sensitive to auxiliary loads. 

The explanation is that in conventional systems, any auxiliary power (including electrical power) is 

ultimately supplied using mechanical energy from the prime mover, i.e. the internal combustion 

engine. The additional constant mechanical load generally pushes the engine to more favorable load 

points. In electrical systems though, auxiliary power is provided directly by the electro-chemical 

energy provider, thereby increasing the outgoing electrical current. This has a negative impact on 

overall energy consumption. 

Furthermore, electrical systems lack the steady heat supply of a primary engine coolant loop for 

heating the cabin, which can easily require several kilowatt of thermal power in winter. Figure 3.11 is 

a qualitative comparison of both cases (including an additional 4 kW heating load in cold weather for 

the battery electric system). In the case of the EV, especially at low velocities, the constant auxiliary 

load can cause the energy demand per kilometer to explode. Note that the completely different 

ǎƘŀǇŜ ƻŦ ǘƘŜ άƴƻ ŀǳȄΦέ ŀƴŘ άмулл ²έ ƭƛƴŜǎ ŀǊŜ ǇǊƛƳŀǊƛƭȅ ŘǳŜ ǘƻ ǘƘŜ ǾŜǊȅ ƘƛƎƘ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎ 

drive: under congested conditions, the average power demand may indeed be far below 1800 W. 

 

 

Figure 3.11 Qualitative comparison of the influence of non-propulsive auxiliary loads on the distance-specific energy 
demand of a battery electric (left) and conventional (right) vehicle. Note that the displayed quantities are the specific 
energy demand per unit distance, not the overall efficiency. 

3.4.1.3. Hybrid vehicle technology  

In propulsion systems technology, a hybrid powertrain is generally defined as one featuring at least 

two independent sources of power. Any number of configurations would be imaginable, but most 

variants of practical relevance combine a non-invertible (typically chemical) energy converter with an 

energy buffer device (invertible as a matter of principle). 

In the context of THELMA, only two impleƳŜƴǘŀǘƛƻƴǎ ƻŦ ǘƘƛǎ ŀǊŜ ǊŜƭŜǾŀƴǘΥ όмύ ǘƘŜ άŎƻƴǾŜƴǘƛƻƴŀƭέ 

hybrid electric powertrain, coupling an ICE with a battery and (2), very similarly but often forgotten, 

fuel-cell based electric powertrains balancing their high voltage system with a battery or 

supercapacitor array. Just to point out that there are alternative examples of practical importance, 
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let be mentioned the so called Kinetic Energy Recuperation Systems (KERS), found in racing, that 

usually rely on a fly-wheel assembly as a high-power, low-energy buffer to provide a short-term 

electric torque boost to the wheels as well as the pneumatic-hydraulic storage systems found e.g. in 

construction machinery. 

Compared to their non-hybrid counter-ǇŀǊǘǎΣ ǘƘŜǎŜ άōǳŦŦŜǊŜŘέ ƘȅōǊƛŘǎ Ǝŀƛƴ ŜŦŦƛŎƛŜƴŎȅ ƻǾŜǊ ǘƘŜƛǊ ƴƻn-

hybrid counterparts by decoupling the (chemical) energy conversion process from the energy 

demand at the wheel. More precisely, the power output of the converter does no longer have to 

exactly match the momentary propulsion and auxiliary power demand ς the disequilibrium is 

seamlessly balanced by the energy buffer ς within obvious physical constraints. It is therefore 

possible to run the converter at an efficiency-wise more beneficial operation point, which may 

extend to shutting it off completely during particularly unfavorable situations. For example, all 

hybrids and many modern conventional vehicles shut down the ICE at vehicle stand-still. 

The finite capacity of the energy buffer puts a limit to this flexibility though. The device responsible 

for running the buffer resp. chemical energy converter taking these constraints into account is called 

energy management system. Quite intuitively, the operation strategy implemented in this device is a 

ƪŜȅ ŦŀŎǘƻǊ ƛƴ ŘŜǘŜǊƳƛƴƛƴƎ ŀ ƘȅōǊƛŘΩǎ ǎǇŜŎƛŦƛŎ ŜƴŜǊƎȅ ŘŜƳŀƴŘΦ Lf the sole target is minimizing the 

ŎƻƴǾŜǊǘŜǊΩǎ ŜƴŜǊƎȅ ƛƴǘŀƪŜ ǘƘƻǳƎƘΣ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ƻǇǘƛƳŀƭ ŎƻƴǘǊƻƭ ǇǊƻōƭŜƳ Ŏŀƴ ōŜ ǎƻƭǾŜŘ ǳǎƛƴƎ ŀ ƴƻƴ-

linear problem solving techniques (the particular approach chosen in THELMA is dynamic 

programming (Guzzela and Sciarretta, 2013), next to heuristics implemented in ADVISOR). 

Of course the presence of both a chemical energy converter and electric propulsion motors enables 

άǇƭǳƎ-ƛƴέ ƻǊ άǊŀƴƎŜ-ŜȄǘŜƴŘŜǊέ ǾŀǊƛŀƴǘǎΥ ǎƛƴŎŜ ƛƴ ǘƘŜ ǊŜƭŜǾŀƴǘ ŎŀǎŜǎΣ ǘƘŜ ōǳŦŦŜǊ ƛǎ ŀƴ ŜƭŜŎǘǊƛŎŀƭ ǎǘƻǊŀƎŜ 

device, it can be charged using grid electricity. This enables the hybrid to cover certain distances 

essentially as a pure EV, yet cover larger distances by falling back on its chemical energy converter. 

The all-electric autonomy range (AER) can be increased with the battery size, yet this also increases 

production costs and weight ς thus practical implementations typically feature AERs of in between 

30-50 km ς the optimum with respect to CO2 emissions depends on the electricity mix and life-cycle 

considerations (Yazdanie et al., 2014). It should be noted (although not accounted in THELMA), that 

ŜǾŜƴ ŎƘŀǊƎƛƴƎ ǘƘŜ ƭƻǿ ŜƴŜǊƎȅ ŎŀǇŀŎƛǘȅ ƻŦ ŀ άƴƻƴ-pluƎƛƴέ ƘȅōǊƛŘ Ŏŀƴ ƛƴŎǊŜŀǎŜ ƻǾŜǊŀƭƭ ŜŦŦƛŎƛŜƴŎȅΣ ŀǎ ŀ 

ōŀǘǘŜǊȅΩǎ ŎȅŎƭŜ ŜŦŦƛŎƛŜƴŎȅ ƎŜƴŜǊŀƭƭȅ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ƛǘǎ ǎǘŀǘŜ ƻŦ ŎƘŀǊƎŜΦ 

Controlling a hybrid electric vehicle is a very challenging matter. The employed dynamic 

programming approach gives a globally optimal solution, yet by the very nature of global 

ƻǇǘƛƳƛȊŀǘƛƻƴΣ ǎǳŎƘ ŀƴ ŀƭƎƻǊƛǘƘƳ Ŏŀƴƴƻǘ ōŜ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ ŀƴ ŀŎǘǳŀƭ ŎŀǊ όάƎƭƻōŀƭέ ƛƳǇƭƛŜǎ ǇŜǊŦŜŎǘ 

knowledge, which an actual car cannot have as it cannot predict the driver inputs reliably ahead of 

time). Implementable strategies can thus at best be locally optimizing. A promising variant of such a 

strategy is the so called adaptive equivalent consumption minimization strategy (A-ECMS) (Guzzela 

and Sciarretta, 2013), which comes close to the dynamic programming computed ideal. As illustrated 

by Figure 3.12 though, disturbances such as a non-average initial state of charge can cause 

excessively large resp. low fuel consumption, which converges towards the same average though 

after many repetitions. Contrary to conventional vehicles that, when warmed up, reproducibly yield 

ǘƘŜ ǎŀƳŜ ŦǳŜƭ ŎƻƴǎǳƳǇǘƛƻƴ ƻƴ ǘƘŜ ǎŀƳŜ ŘǊƛǾƛƴƎ ŎȅŎƭŜǎΣ ƘȅōǊƛŘǎ Ƴŀȅ ŜȄǇŜǊƛŜƴŎŜ ŀ άōǊŜŀƪ-ƛƴέ ǇŜǊƛƻŘΤ 

note that modifying the driving cycle in between repetitions can be enough to cause a disturbance. 
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Figure 3.12 Fuel consumption of an A-ECMS controlled hybrid electric vehicle, repeating the same cycle 10 times in a row, 
starting out at different battery state of charge (SOC) settings. 

3.4.1.4. On the scaling of powertrain components  

In itself, a powertrain is an energy conversion device, converting some kind of storable, on-board 

energy supply into mechanical energy (motion). The key trade-off with any such automotive system 

is that in addition to the payload, the powertrain must additionally provide the energy of moving 

itself. The higher the payload, the more powerful the powertrain must be to achieve the same 

performance targets, yet the weight of most powertrain component increases with power (or energy 

stored). 

However, simultaneously, thermodynamic and electric prime movers generally exhibit a decline in 

efficiency towards low loads (meaning low torque). If a vehicle is heavily loaded, this causes the 

average conversion efficiency of the prime mover to increase (see red lines in Figure 3.13), as the 

load-points shift more and more to the part-load region (see Figure 3.14). However, the absolute 

propulsion power demand also increases (see blue line in Figure 3.13). With most technologies, the 

latter effect outweighs the absolute energy demand of the prime mover increases with increasing 

vehicle mass ς but sub-linearly. As the payload is presumed constant in THELMA, the weight 

differences in between different prime movers of same output power is small and their efficiency 

maps similar, the sensitivity to the chosen efficiency map is secondary (as long as it features a 

reasonably slow decay towards low loads ς which holds in rough approximation as shown in (Guzzela 

and Sciarretta, 2013)). 

On the other hand, if the prime mover is scaled up to higher nominal power ratings (lighter red lines 

in Figure 3.13), then the share of low-load points increases, resulting in an altogether decreasing 

average efficiency (while the average energy demand goes up).  Simultaneously, the system weight 

goes up, causing an altogether increased absolute mechanical energy demand. This effect is super-

linear.  
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Figure 3.13  Vehicle average traction power and average traction efficiency versus mass. Energy demand prediction of 
any prime mover model depends on the absolute traction power and average efficiency: the average power requirement 
όōƭǳŜ ƭƛƴŜύ ƛƴŎǊŜŀǎŜǎ ŀǎ ǘƘŜ ǎȅǎǘŜƳΩǎ ǘƻǘŀƭ ǿŜƛƎƘǘ ƎƻŜǎ ǳǇΤ ȅŜǘ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ǘƘƛǎ ǇǳǎƘŜǎ ǘƘŜ ŀǾŜǊŀƎŜ ƭƻŀŘ Ǉƻƛƴǘ ǘƻ 
higher torque regions, increasing the average traction efficiency (red lines, for various motor types). The energy demand 
increase is therefore not linear. 

 

Figure 3.14 Efficiency map of a 4-quadrant electric machine, modeled using the Willans approach. Note the steep 
decrease of efficiency at very low loads in propulsive mode. Load points stretch out in the map, defining the average 
efficiency. Scaling the motor pushes the envelope (bounding hyperbolae) towards higher torque and speeds, yet the load 
points stay the same (disregarding a possible weight increase) resulting in reduced average efficiency. 

3.4.1.5. Optimal use of advanced technologies 

Many technology options exist to improve vehicle fuel economy and to reduce environmental 

impacts. Among these are engine efficiency improvements, hybridization, weight reduction, and 

other options like reduction of aerodynamic drag, rolling resistance and drivetrain losses. All these 
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technologies have different costs and influence energy use in different ways. An integrated 

framework on how to best implement those technologies is missing. Within the THELMA project 

several studies have been carried to analyze the optimal implementation of those technologies 

(Hofer et al., 2013, Hofer et al., 2012, Wilhelm et al., 2012).  

Reducing vehicle weight and improving powertrain efficiency are two fundamentally different ways 

of reducing fuel consumption and thereby operating cost and emissions. In Wilhelm et al. (2012) a 

ƳŜǘƘƻŘƻƭƻƎȅ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ǘƻ ŬƴŘ ǘƘŜ ƻǇtimum combination of these measures for different 

marginal technology cost functions describing lightweighting and powertrain efficiency 

improvement, minimizing vehicle lifetime costs. Analytic solutions for the optimal degree of 

implementation were given. The study clearly showed the trade-off between investments in 

lightweighting versus powertrain efficiency technology. 

Battery electric vehicles constitute a dramatic improvement in vehicle energy efficiency relative to 

conventional ICEVs, due to the high efficiency of the electric powertrain. However, their relatively 

high cost and low range remain the greatest challenges in commercialization. Reducing the energy 

consumption of electric vehicles allows one to increase range and/or to reduce costs.  The main 

possibility for reducing energy consumption is by vehicle lightweighting with advanced, high-strength 

and low-weight materials such as high-strength steel, aluminum, or carbon fiber composites. The 

optimal tradeoff between reduced driveline costs due to smaller and cheaper drivetrain components 

and the higher costs of producing a lighter vehicle has been investigated in Hofer et al. (2012).  

In Hofer et al. (2014) the effect of weight reduction using advanced lightweight materials on the 

mass, energy use, and cost of conventional and battery electric passenger vehicles was compared. 

The results show a strong secondary weight and cost saving potential for the BEV due to the high 

mass and cost of the battery, but a higher sensitivity of vehicle energy consumption to mass 

reduction for the ICEV due to the relatively low powertrain efficiency and lack of regeneration 

capability. Generally, lightweighting has a high potential to lower vehicle costs, however, the results 

are very sensitive to parameters affecting lifetime fuel costs for conventional and battery costs for 

electric vehicles. Based on current technology cost estimates it is shown that the optimal amount of 

primary mass reduction minimizing total costs is similar for conventional and electric vehicles and 

ranges from 22% to 39%, depending on vehicle range and overall use patterns. As an example of this 

analysis Figure 3.15 shows the breakdown of current ICEV and BEV total costs as a function of glider 

weight reduction for 150,000 km lifetime driving distance and a BEV range of 150 km. Black points 

indicate the optimal amounts of weight reduction. The difference between the optimal solutions 

minimizing manufacturing versus total costs is higher for the ICEV than the BEV due to the relatively 

low energy consumption and low share of electricity to total costs for the BEV. 
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Figure 3.15 Breakdown of ICEV and BEV total costs as a function of glider weight reduction. Black points indicate minimal 
purchase and total costs.  

3.4.2. Indicator results  

In this chapter the analysis results of vehicle mass, energy use, and manufacturing cost are compared 

ŦƻǊ ǾŀǊƛƻǳǎ ŘǊƛǾŜǘǊŀƛƴ ǘȅǇŜǎ ŀƴŘ ŎƭŀǎǎŜǎ ŦƻǊ άǎǘŀǘŜ-of-the-ŀǊǘέ ǘŜŎƘƴƻƭƻƎȅΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜƛǊ ǇǊŜǎǳƳŀōƭŜ 

timely evolution according to the THELMA-WP2 technology scenario. For the sake of clarity, results 

are shown only for three vehicle segments in the following section; the full dataset can be found in 

Appendix A: Selected vehicle indicators by powertrain, class, and year. 

3.4.2.1. 2012 ɀ ȰÓÔÁÔÅ ÏÆ ÔÈÅ ÁÒÔȱ 

Figure 3.16 shows the breakdown of vehicle mass, energy use, and cost by drivetrain for a mini, 

midsize, and Sport Utility Vehicle (SUV) car in 2012. Equivalently (in terms of class-related 

performance indicators ς see section 3.1) combining a given glider (of a certain market segment) 

with an alternative (i.e.\  electrified) powertrain generally results in a higher total vehicle mass, as 

compared to the reference ICEV solution. This is primarily due to: 

¶ in HEVs and PHEVs, the motor/generator and the battery, 

¶ in BEVs, the battery, 

¶ in FCEVs, the fuel cell, hydrogen storage, as well as the battery.  

Since the same range and performance requirements must be achieved, moving to market segments 

of higher glider mass prompts an increase of the component cost and weight - in particular regarding 

the battery and fuel cell. The effect of a change of class on vehicle weight is most significant for the 

BEV, FCEV, and PHEV, particularly at high electric range. The breakdown by mass reveals a high 

sensitivity of BEV and PHEV mass to electric range due to the relatively low energy density of current 

batteries.  
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As shown in Figure 3.16, the direct vehicle energy use significantly varies by class and drivetrain. 

Relative to the gasoline ICEV, energy use is reduced by approximately: 

¶ 10-15 % with the diesel ICEV 

¶ 20-25 % with the gasoline HEV 

¶ 40 % with the FCEV 

¶ 45 % with the gasoline PHEV (depending on the electric range and as such the electric driving 

fraction) 

¶ up to 65-70 % with the BEV (strongly depending on climate conditions).  

The absolute change of energy use related to a change of class decreases with powertrain efficiency, 

i.e. it is highest for the gasoline ICEV and lowest for the BEV. The manufacturing costs of all electric 

vehicles are today significantly above their ICEV counterparts due to the additional cost of the 

battery, fuel cell, and electric motor. BEV manufacturing cost is very sensitive to the electric range. 

Due to the high cost of the fuel cell and battery the effect of a change of class on manufacturing cost 

is most significant for the FCEV, BEV, and PHEV. 

3.4.2.2. Scenario to 2050 

Figure 3.17 shows the breakdown of vehicle mass, energy use, and cost by drivetrain for a midsize car 

in three manufacturing years (2012, 2030, 2050) according to the scenario assumptions described in 

sections 3.4 and 3.5. As shown on top, the mass of all vehicles is expected to decrease over time due 

to a lighter glider which induces additional mass reductions of the powertrain and energy storage. 

Also the increasing power and energy density of the fuel cell and battery lead to overall vehicle mass 

reductions. The increase of battery energy density also leads to a lower sensitivity of BEV mass to 

variations of range. Energy use reduces for all drivetrains over time as vehicle mass and other 

resistance parameters decrease and powertrain efficiency improves. The reductions are strongest for 

the ICEV and HEV. Today the manufacturing costs for the BEV, FCEV, and PHEV are still much higher 

than for the ICEV and HEV, but this is expected to strongly decrease in the future due to reductions in 

battery and fuel cell costs. The sensitivity of BEV and PHEV manufacturing costs to range is lower in 

the future as the specific mass and cost of batteries decreases. 
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Figure 3.16 Breakdown of vehicle mass, energy use, and manufacturing cost by drivetrain for a mini, midsize, and SUV in 
2012. 
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Figure 3.17 Breakdown of vehicle mass, energy use, and manufacturing cost by drivetrain for a midsize car from 2012 to 
2050. 

3.4.3. Sensitivity analysis  

The scenario analysis results presented in the last section involve many highly uncertain assumptions 

about future developments. Sensitivity analysis helps in understanding which way changes of input 

parameters influence the results and in assessing the range of possible outcomes. In this section the 
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sensitivities of BEV criteria as a function of range are investigated. In addition, the most important 

parameters affecting conventional and electric vehicle total costs are analyzed.     

3.4.3.1. Influence of range on battery electric vehicle characteristics  

Due to the comparably low energy density of current battery technologies, battery electric vehicle 

mass and cost are highly sensitive to range. Figure 3.18 shows on the left the required energy storage 

capacity of a midsize BEV as a function of range for different battery specific energies, where 100 

Wh/kg corresponds to the current status of automotive Li-ion batteries. The higher values represent 

possible future developments using advanced battery chemistries. Interestingly, for current battery 

specific energy the relation between BEV storage capacity and range is nonlinear due to the feedback 

of increasing mass on energy use and the additional energy capacity required to achieve a certain 

range. Note that this effect is much smaller for fuel cell vehicles due to the relatively high specific 

energy of the hydrogen storage. Figure 3.18 shows on the right the corresponding relation of BEV 

mass vs. range. It is obvious that above ranges of 500 km, the vehicle becomes extremely heavy. 

Future advances in battery specific energy may allow higher ranges. 

 

Figure 3.18 Required storage capacity and vehicle mass of a midsize BEV as a function of range for different battery 
specific energies. 

Figure 3.19 shows the effect of a variation of BEV range on manufacturing cost for different battery 

specific energies and costs. The results show that manufacturing costs are highly dependent on the 

range and specific cost of the battery. Even though the relation is most sensitive to battery specific 

cost, there is also an influence of battery specific energy which determines the required energy 

storage capacity for a certain range.  
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Figure 3.19 Manufacturing cost of a midsize BEV as a function of range for different battery energy densities and specific 
costs. 

3.4.3.2. Sensitivity of total costs  

Figure 3.20 shows the sensitivity of total costs relative to changes of vehicle range, specific cost of 

the energy storage, charging or fueling cost, specific mass of the energy storage, and specific cost of 

the powertrain. It is always expressed as the change of total cost per percent parameter change 

relative to the reference total cost. Comparing the sensitivity to these parameter changes for each 

powertrain separately, it can be seen that BEV total cost is most sensitive to range and the specific 

cost of the battery, and that the sensitivity to specific battery and energy costs reaches equal levels 

by 2050. Among the analyzed parameters, ICEV total cost is clearly most sensitive to fuel price and 

FCEV total cost in 2012 to specific powertrain cost (mainly the fuel cell). Over time the sensitivity of 

FCEV total cost to specific powertrain cost decreases and to hydrogen cost increases, reaching 

approximately equal sensitivity by 2050. Comparing the sensitivity to parameter changes among the 

different powertrains, it is obvious that the BEV is most sensitive to range, the ICEV least sensitive to 

range and most sensitive to energy costs, the BEV and FCEV are approximately equally sensitive to 

energy costs, and the FCEV is most sensitive to powertrain costs. 

 

Figure 3.20 Sensitivity of total cost to changes of important parameters by powertrain and year. 
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3.5. Discussion 

Obviously, the time horizon of 40 years of the technology scenario incurs its fair share of uncertainty. 

Now, as sections 3.4.3.1 and 3.4.3.2 clearly revealed, the technology and economy of batteries are 

paramount to the commercial success of electric mobility. Reliably predicting how such a still 

comparatively immature technology will fare over such a long time frame is difficult ς at least there is 

a large range with regards to costs and performance among those published studies that tried to do 

so.  

Historically, most other core automotive components and aspects such as aerodynamics and tire 

rolling resistance exhibited rather steady improvement curves. Furthermore, again referring to 

3.4.3.1, any improvement in the specific energy density reduces the energy demand increasing effect 

of high autonomy ranges (through the battery mass), the impact may not be as severe as that which 

could ensue from changing customer expectations. Hence the primary concern may not be so much 

on the technology development itself, but rather with the ensuing customer expectations. 

Indeed a central assumption of the WP2 methodology is that of stable vehicle classes and time-

invariant attributes (at least with respect to performance). This allows sizing powertrain components 

such that the final vehicle asseƳōƭȅ ŀŎƘƛŜǾŜǎ ǘƘŜ ŀǾŜǊŀƎŜ ǇŜǊŦƻǊƳŀƴŎŜ ŎǊƛǘŜǊƛŀ ƻŦ ƛǘǎ ƎƭƛŘŜǊΩǎ ƳŀǊƪŜǘ 

segment. Break-through innovation, resource scarcity or perhaps changes in the social significance of 

the car as a transportation mode are just a few examples of what could lead to fundamentally 

altered customer expectations, perhaps even a complete redefinition of the market segmentation 

itself ς with far reaching consequences for the validity of the results at hand. 

3.6. Conclusions 

In general, ICEVs have an edge both in terms of costs and performance over all considered 

alternative technologies, as long as energy and all the involved sustainability implications do not play 

the core role. 

Now concerning the performance, i.e. the acceleration and top speed, in particular, section 3.1 

declared those attributes as exogenous variables to the WP2 methodology. They are thus not 

ŀǎǎŜǎǎŜŘ ŘƛǊŜŎǘƭȅΣ ōǳǘ ǊŀǘƘŜǊ ƛƳǇƻǎŜŘ ōȅ ŀ ǾŜƘƛŎƭŜΩǎ ƳŜƳōŜǊǎƘƛǇ ǘƻ ŀ given market segment. The fact 

that it was possible to apply all powertrain options to all vehicle classes without sacrificing the 

corresponding class performance targets indicates that fleet-wide electrification is indeed technically 

feasible, even with tƻŘŀȅΩǎ ǘŜŎƘƴƻƭƻƎȅΦ 9ŎƻƴƻƳƛŎŀƭƭȅ ǘƘŀǘ Ƴŀȅ ƴƻǘ ōŜ ǘƘŜ ŎŀǎŜ ǘƘƻǳƎƘΣ ǎƛƴŎŜ 

ŜǎǇŜŎƛŀƭƭȅ ǘƘŜ άƘƛƎƘŜǊ-ŜƴŘέ ǎŜƎƳŜƴǘǎ ŜȄƘƛōƛǘ ǳǇ ǘƻ ǘǿƛŎŜ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ Ŏƻǎǘ ƻǾŜǊ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ 

ICEV variant in the model year 2012.  

 

Whether or not FCEVs and BEVs with relaxed design parameters could compete in the market place 

ƛǎ ōŜȅƻƴŘ ǘƘŜ ǎŎƻǇŜ ƻŦ ²tнΦ ¸Ŝǘ ƛǘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƘŀǘ ǘƘŜ ŜƭŜŎǘǊƛŦƛŎŀǘƛƻƴ ǇǊŜƳƛǳƳ ƛƴ άƭƻǿŜǊ-ŜƴŘέ 

segments is over-proportionally lower (due to the lower glider weight ς see 3.4.3.1). It is therefore 

likely that, contrary to the usual dynamics of automotive technology markets, full electrification (via 

FCEV or BEV solutions) may diffuse in through low price segments ς while the heavier, expensive 

variants may still rely on ICE technology (which includes HEVs). 

 

With regards to environmental factors, the reader is referred to WP1, as the results presented herein 

do not account for the energy chains behind the manufacturing, operation and decommissioning of a 

particular vehicle. Nevertheless, sections 3.4.2 and 3.4.3 clearly revealed that concerning costs, ICEV 
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are by far the most effective solution, as long as energy prices are relatively low. Electric mobility 

thus directly compromises performance and comfort with energy usage. 

 

Similar findings apply to the autonomy range. Interestingly FCEVs and BEVs offer mutually exclusive 

benefits here: boosting the range of an FCEV is rather cheap, as is increasing the power of a BEV; 

doing the opposite may be exorbitantly expensive in both cases though. A future, electrified 

ƛƴŘƛǾƛŘǳŀƭ Ƴƻōƛƭƛǘȅ ǎȅǎǘŜƳ Ƴŀȅ ǘƘǳǎ ŘŜǇŀǊǘ ŦǊƻƳ ǘƘŜ άƻƴŜ-fits-ŀƭƭέ ƎŜƴŜǊŀƭ ǇǳǊǇƻǎŜ ŎŀǊ ǎƻƭǳǘƛƻƴ ǘƘŜ 

ICEV is today, and instead feature a wide variety of powertrains, tailored to cover a very specific 

driving situation. This could have deep repercussions to the way cars are operated and sold. 

 

3.7. Recommendations for further work  

A very challenging but worthwhile endeavor is pushing the same analysis from individual mobility to 

road-freight transportation. Indeed the demand for freight transportation (in terms of ton kilometers 

per year) increased by 50% over the last 30 years (Bundesamt für Statistik, 2012). Both the operation 

patterns and machinery are more complex, due to the commercial and the much more energy 

intensive nature of heavy-duty transportation.  

Acronyms  

A-ECMS Adaptive Equivalent Consumption Minimization Strategy 

AER All-Electric Autonomy Range 

BEV Battery Electric Vehicle 

DOE Degree of Electrification 

EG Electric Generator 

EM Electric Motor 

ETHZ Swiss Federal Institute of Technology In Zurich 

ETHZ-LAV ETHZ Aerothermochemistry and Combustion Systems Laboratory 

EuroNCAP European New Car Assessment Programme 

FCEV Fuel Cell Electric Vehicle 

FCHEV Fuel Cell Hybrid Electric Vehicle 

FCS Fuel Cell System 

HEV Hybrid Electric Vehicle  

ICE Internal Combustion Engine 

ICEV Internal Combustion Engine 

KERS Kinetic Energy Recuperation Systems  

LCA Life Cycle Assessment 

NEDC New European Driving Cycle 

PGS Planetary Gear Set 

PHEV  Plug-In Hybrid Electric Vehicle  

PSI Paul Scherrer Institute 

PSI-LEA PSI Laboratory for Energy Systems Analysis 

SUV Sport Utility Vehicle 

WLTP Worldwide harmonized Light vehicles Test Procedure 

WP Work Package 
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4. Work PÁÃËÁÇÅ σ Ȱ0Ï×ÅÒ 3ÙÓÔÅÍ -ÏÄÅÌÉÎÇȱ 

 

!ÕÔÈÏÒÓȡ 4ÈÉÌÏ +ÒÁÕÓÅ28Ƞ -ÁÒÉÎÁ 'ÏÎÚÁǲÌÅÚ 6ÁÙÁǲ29 ɉ%4(:Ɋ 

4.1. Introduction  

Work Package 3 addresses the effects of electric mobility on the power system. In particular it aims 

at evaluating the influence of higher penetration rates of electric vehicles on transmission and 

distribution grids as well as on the generation portfolio (González Vayá, 2015). In doing so, WP3 

studies whether electric mobility will increase congestion in the grid, eventually leading to a need for 

investments on the transmission and/or on the distribution level. Moreover, WP3 deploys different 

Electric Vehicle (EV) charging concepts in order to assess if intelligent control strategies can be used 

to minimize possible adverse effects on transmission and distribution grids, as well as on the 

generation portfolio. Complementary research targets questions concerning the aging of 

ǘǊŀƴǎƳƛǎǎƛƻƴ ŀƴŘ ŘƛǎǘǊƛōǳǘƛƻƴ ŀǎǎŜǘǎΣ ǘƘŜ ŀƎƛƴƎ ƻŦ ǘƘŜ ŎŀǊǎΩ ōŀǘǘŜǊƛŜǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǘƻ 

provide ancillary services with electric vehicles. Figure 4.1 depicts a schematic of the models and 

tools used in WP3. In the following, it serves as basis for outlining the research work of WP3.  

 

Figure 4.1 Overview of the Simulation Model used in WP3, depicting external inputs from other Work Packages (grey), 
internal inputs / results (green), outputs (blue) and tools used (orange). 

Crucial input for Work Package 3 are the results from the traffic simulation in conjunction with the 

fleet scenarios and EV consumption models. The inputs and the fleet model are described in Section 

4.4. Together with the demand and the grid data, as well as the supply and demand scenarios they 

form the basis for the transmission simulation tool / the optimal power flow model (Section 4.5). The 

main internal outputs of the latter model are the transformer loading and the charging profiles, 

which are used to assess the transformer lifetime using a dedicated model (Section 4.8). Similar to 

ǘƘŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ǘǊŀƴǎŦƻǊƳŜǊ ƭƛŦŜǘƛƳŜΣ ǘƘŜ ŎƘŀǊƎƛƴƎ ǇǊƻŦƛƭŜǎ ŀǊŜ ǳǘƛƭƛȊŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ŎŀǊǎΩ 

battery lifetime relying on the battery model detailed in Section 4.7. Major results of WP3 are an 

assessment of the potential for providing ancillary services with EVs (Section 4.5.4), the asset loading 

(see Section 4.5.7.3) on the transmission and distribution level, as well as the generation dispatch 

(see Section 4.5.7.2) and the voltage profiles in the distribution grid (see Section 4.6). Based on these 

outputs Section 4.5.7.1 analyses the future need for transmission investments. 

                                                           
28

 Current affiliation: EWZ, thilo.krause@ewz.ch 
29

 Current affiliation: EKZ, marina.gonzalezvaya@ekz.ch 
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4.2. Specific objectives  

In short, the objective of WP3 is to account for the role of and requirements on the electric grid 

depending on the various options for electric mobility. This includes an analysis of the impacts on the 

electric system dispatch, the transmission and distribution constraints and the costs due to the 

presence of new charging loads from electric vehicles. A key question involves customer decisions on 

when to charge their vehicles. These charging strategies will also be compared with centralized 

control based on minimizing utility cost.  

4.3. Scope 

The model as well as the research work in WP3 is confined to the Swiss power system. The 

transmission model was built on data provided by the Swiss transmission system operator 

(swissgrid). Although, the power systems of the neighboring countries are not represented in detail, 

the effects of electricity imports / exports are considered. For the distribution model exemplary data 

from BKW Energie has been deployed. Although the analysis targets mainly Switzerland, the 

developed tools are generic, and thus, can be ported to analyze other countries or systems. The 

authors would like to thank Swissgrid AG and BKW Energie AG for the provision of data and the 

friendly collaboration. 

4.4. Fleet model  

This module describes the charging behavior, and therefore the electricity demand, of the EV fleet 

under different charging scenarios.  

4.4.1. Inputs  

The main inputs to this model from other WPs are described in the following. 

4.4.1.1. Individual driving patterns from tra nsport simulation Multi -Agent Transport 
Simulation Model (MATSim)  (WP4) 

The transportation simulation determines, for each of the modeled vehicles, the arrival and 

departure times of each trip, the parking location (geographic coordinates), the type of activity 

performed at the parking location (e.g. home or work), and the total distance traveled during each 

trip. The timing of the trips is given in terms of continuous values, and is transformed into discrete 

(hourly) time steps for the power system simulations. It is assumed that an EV can potentially charge 

if it is parked for the complete duration of a discrete time step. MATSim sometimes generates trips 

with very short distances. All trips with distances below 100 m were omitted. This particular MATSim 

simulation comprises 10% of the population. Therefore the vehicle parameters are scaled with the 

factor 10 so that each vehicle represents 10 vehicles in practice.  

4.4.1.2. EV penetration and fleet composition scenarios (WP5)  

The fleet scenarios defined in WP5 determine which fraction of the overall fleet is expected to be 

electrified by a given time horizon. Moreover, they define for specific agents of the transportation 

simulation MATSim (see 4.4.1.1) the vehicle class, the vehicle model year and the battery size. In 

total, three different penetration scenarios are considered, each assuming a 30%, 60% or 90% 

absolute electrification of the fleet by 2050. However, the horizon considered in the simulation is the 

year 2035, and therefore the penetration at this time horizon is lower. 
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4.4.1.3. EV energy consumption models (WP2) 

Based on the driven distances from the transport simulation MATSim (see 4.4.1.1), the energy 

consumption needs to be determined. For this purpose, the following inputs are used: 

¶ The fractions of the total driving distance, as given by MATSim for each trip, that are 

performed on one of the following driving cycle types: urban, suburban or highway.   

¶ The energy needed for propulsion per distance driven for a specific vehicle class, model year, 

battery size and driving cycle type (urban, highway, rural). 

¶ The energy needed for auxiliaries per time driven for a specific vehicle class, model year, 

battery size and season (summer, winter, intermediate season). 

4.4.2. Geographic mapping  

Based on the geographic coordinates of the parking locations reported by MATSim (see 4.4.1.1), a 

mapping to particular network nodes is performed, to determine where the charging load of a 

vehicle or group of vehicles occurs in the grid.  

At the transmission system level, first the subset of network nodes that are potential load nodes is 

ŘŜǘŜǊƳƛƴŜŘΣ ōŀǎŜŘ ƻƴ {ǿƛǎǎƎǊƛŘΩǎ ŘŀǘŀΦ {ŜŎƻƴŘΣ ǘƘŜ ǾŜƘƛŎƭŜǎ ŀǊŜ ƳŀǇǇŜŘ ǘƻ ǘƘŜ ŎƭƻǎŜǎǘ ƴŜǘǿƻǊƪ ƴƻŘŜ 

At the distribution system level, first, out of the geographic locations from MATSim, covering the 

whole of Switzerland, the subset of locations pertaining to the region where the distribution network 

is located is determined. Second, the vehicles parking in this subset of locations are mapped to the 

closest network node.  

4.4.3.  Charging scenarios  

Here we define the different charging scenarios considered in the simulations. We distinguish 

between uncontrolled, i.e. inflexible, charging and controlled, i.e. flexible, charging (González Vayá 

and Andersson, 2012, González Vayá et al., 2012, González Vayá and Andersson, 2015). Within 

flexible charging, a further distinction can be made between indirectly controlled charging and 

directly controlled charging.  

4.4.3.1. Uncontrolled charging  

In this scenario, it is assumed that vehicles start charging at the nominal charging rate, assumed to be 

3.5kW, as soon as they are parked, and until their batteries are full or until they depart for the next 

trip. Therefore charging is inflexible and charge profiles can be directly determined out of driving 

patterns, as well as physical characteristics such as the battery size and the nominal charging rate. 

4.4.3.2. Indirectly controlled charging  

Here we assume that a time-of-use (TOU) tariff is used to incentivize EV drivers to defer their 

charging to low-load hours. We assume a two-part tariff, with the higher tariff from 6:00 to 22:00, as 

it is currently the case, e.g. in Zurich (ewz). In this case the EVs try to postpone charging as much as 

possible to the low-tariff period, and charge during the high-tariff period only when urgently needed.  

For a multi-part tariff, the response of an EV to this tariff can be determined based on its cost-

minimization problem: 
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ƳƛƴƛƳƛȊŜ
 
 ὝέὟὖ±ɝὸ  (1) 

subject to Ὁ± Ὁ± ὖ±–±ɝὸ Ὁ±ΣŎƻƴǎ      ᶅὸ (2) 

 π ὖ±  ὖ±ΣƳŀȄ    ᶅὸ (3) 

 Ὁ±ΣƳƛƴὉ± Ὁ±ΣƳŀȄ     ᶅὸ (4) 

 Ὁ± Ὁ
¢

±  (5) 

The objective function (1) represents the costs of charging based on the given TOU tariff ὝέὟ at 

time step ὸ and the chosen charging power ὖ± of vehicle ὺ at time step ὸ, with time step duration 

ɝὸ. Equation (2) describes the evolution of the energy content Ὁ± of the battery, based on the 

energy at the previous time step, the charging power ὖ±, the charging efficiency –± and the energy 

consumption during driving Ὁ±ΣŎƻƴǎ. Constraints (3) and (4) set bounds on the power and energy of 

the EV. If a vehicle is connected at a given time step, then ὖ±ΣƳŀȄ is equal to the nominal charging 

rate, otherwise it is zero. Note that therefore in (2) only either ὖ± or Ὁ±ΣŎƻƴǎ can be positive. The 

bounds Ὁ±ΣƳƛƴ/Ὁ±ΣƳŀȄ are given by the minimum/maximum state-of-charge settings of the battery 

and the battery capacity. Finally, (5) ensures that enough energy is purchased throughout the time 

horizon, i.e. the energy content at the beginning and at the end of the day is identical. Otherwise, 

due to cost minimization, the battery would tend to be depleted, i.e. charging would be shifted to a 

time period beyond the optimization horizon, since the corresponding costs are not taken into 

account in the cost function.  

To determine the overall demand at a network node ὲ at a given time, the charging powers of all 

vehicles connected to that node are aggregated 

ὖ! Вό ὖ±     ᶅὸ, (6) 

where ό ρ when vehicle ὺ is connected to node ὲ at time step ὸ, and ό π otherwise. 

4.4.3.3. Directly controlled charging  

In this case it is assumed that a so-called aggregator can directly control EV charging. The aggregator 

ƴŜŜŘǎ ŀ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ŦƭŜŜǘΩǎ ŘŜƳŀƴŘΣ ǘƻ ōŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ŀǎ ŀ ǎŜǘ ƻŦ ŎƻƴǎǘǊŀƛƴǘǎ ƛƴ ǘƘŜ 

Optimal Power Flow (OPF) problem, described later in Section 4.5. Since this demand is flexible, i.e., 

not fixed, it is not sufficient to forecast a demand profile, but a model that represents the set of 

feasible demand profiles is needed. For this purpose, the fleet can be modeled as a virtual 

battery(González Vayá et al., 2015)Σ ǿƛǘƘ ŀ ǎŜǘ ƻŦ ŎƻƴǎǘǊŀƛƴǘǎ ƻƴ ǘƘŜ ŀƎƎǊŜƎŀǘƛƻƴΩǎ ŎƘŀǊƎƛƴƎ ǇƻǿŜǊ 

and on the energy state of the virtual battery. To derive the parameters of the aggregated virtual 

battery, a bottom-up approach is adopted, based on the driving patterns and characteristics of 

individual EVs.  

Starting at the individual EV level, it is possible to define upper and lower possible trajectories, Ὁ±ΣǳǇ 

and Ὁ±Σƭƻǿ, for the energy in the battery of vehicle ὺ at time step ὸ. The upper value of the energy 

content is calculated assuming that charging starts as soon as the vehicle parks. For this purpose, we 

assume that the battery reaches the highest allowed state-of-charge (SOC) at some point in time. The 

lower values are calculated assuming charging is deferred as much as possible, given that the vehicle 
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should depart with enough energy in the battery for the forthcoming trip. The lower values are 

calculated with foresight, e.g. when there are two consecutive trips with only a short parking break 

between them, this is considered when computing the required charging during the parking break 

preceding the two trips. Moreover, since we assume that the battery reaches the maximum SOC 

charge at some point, the SOC cannot drop more than the normalized cumulative energy 

consumption over the day from this reference, unless the vehicle-to-grid (V2G) mode, i.e. discharging 

to the grid, is used. We assume that the SOC stays between 20% and 80% to reduce battery 

degradation. 

Figure 4.2 shows how the upper and lower trajectories are determined for a particular vehicle. It can 

be seen that the upper SOC trajectory is equal to the maximum SOC value (0.8) most of the time, 

except after the trips, when it starts increasing immediately at the maximum predefined charging 

rate. The vehicle considered in Figure 4.2 does not use the full battery capacity for its daily trips, 

therefore the minimum SOC it will reach without V2G is much higher than the actual minimum SOC 

of 0.2. Finally, the lower SOC trajectory for the V2G case is equal to 0.2 most of the time, and 

increases before the trips to make sure there is enough energy before departure. The lower energy 

trajectory corresponding to the V2G case is denoted with Ὁ±ΣƭƻǿΣ±нDȢ 

 

Figure 4.2 Example of the upper and lower SOC trajectory computation for an individual vehicle. 

Similarly, the upper and lower power values of a vehicle at a given time step ὖ±ΣǳǇ and ὖ±Σƭƻǿ can be 

computed. The upper value is equivalent to the upper bound defined in 4.4.3.2 ὖ±ΣǳǇὖ±ΣƳŀȄ. The 

lower value of the charging power when the vehicle is connected is either zero or whatever is 

necessary to fulfill the trip energy requirements (inflexible charging). This inflexible charging can be 

derived by comparing the upper and lower energy bounds at subsequent time steps: If Ὁ±ΣƘƛƎƘ

Ὁ±Σƭƻǿ, this implies that some charging is required at time step ὸ. When the vehicle is disconnected, 

both the lower and upper power bounds are equal to zero. In the V2G mode, the lower trajectory 

corresponds to the negative available charging capacity, ὖ±ΣƭƻǿΣ±нDὖ±ΣƳŀȄ, or to zero in the case 

of inflexible charging requirements. 
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Based on these descriptions at the individual vehicle level, an aggregated model of a virtual battery 

at each network node can be derived. The following equations describe the aggregated virtual 

battery model: 

Ὁ! Ὁ! ὖ!–!ɝὸ Ὁ!ΣŀǊǊὉ
!ΣŘŜǇ
     ᶅὲȟᶅὸ (7) 

 ὖ!ΣƳƛƴὖ!  ὖ!ΣƳŀȄ    ᶅὲȟᶅὸ (8) 

 Ὁ!ΣƳƛƴὉ!  Ὁ!ΣƳŀȄ    ᶅὲȟᶅὸ (9) 

Ὁ! Ὁ!      ᶅὲ (10) 

The energy content of the virtual battery Ὁ! at a particular node ὲ stands for the aggregation of the 

energy contents of all EVs plugged in at that node at a given time step. The dynamics of this variable 

are defined by Eq. (7). They are determined by the aggregated charging power at a given time step 

ὖ!, the aggregated charging efficiency –! , and by the positive/negative energy contributions of 

arriving/departing vehicles, Ὁ!ΣŀǊǊ/Ὁ
!ΣŘŜǇ

. The power and energy of the virtual battery should be 

within certain bounds as defined by Eqs. (8) and (9), respectively, and the energy level should be the 

same at the beginning ὸ and end ὸ of the time horizon (10) 

The aggregated parameters Ὁ!ΣŀǊǊ, Ὁ!ΣŘŜǇ, Ὁ!ΣƳƛƴΣό±нDύ, Ὁ!ΣƳŀȄ, ὖ!ΣƳƛƴΣό±нDύ, ὖ!ΣƳŀȄ and –!  are 

determined out of the individual EV parameters: 

Ὁ!ΣƳŀȄ ό Ὁ±ΣƘƛƎƘȠ Ὁ!ΣƳƛƴΣό±нDύό Ὁ±ΣƭƻǿΣό±нDύ     ᶅὲȟᶅὸ (11) 

ὖ!ΣƳŀȄ ό ὖ±ΣƘƛƎƘȠ ὖ!ΣƳƛƴΣό±нDύό ὖ±ΣƭƻǿΣό±нDύ     ᶅὲȟᶅὸ (12) 

Ὁ!ΣŀǊǊ ό ό ό Ὁ±ΣƘƛƎƘȠ Ὁ
ȟ

ό ό ό Ὁ±Σƭƻǿ (13) 

Eqs. (11) and (12) state that the power and energy bounds of the individual vehicles contribute to the 

aggregated bounds of a particular node when these vehicles are connected to that node during that 

time step, i.e. the variable denoting their connection status is equal to one, ό ρ. The departure 

and arrival energy is estimated using the upper energy bound at the time of departure or arrival, 

respectively (13). The charging efficiency is set to –± πȢως for all vehicles, and therefore the 

aggregated charging efficiency –!  is also equal to this value.  

4.4.4. Outputs  

Figure 4.3 gives and overview of key characteristics that shape the charging profiles: the number of 

connected vehicles, arrivals, as well as departures over time.  
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Figure 4.3 Number of connected vehicles (left), arrivals (middle) and departures (right) for different penetration levels. 

4.4.4.1. Uncontrolled charging  

Figure 4.4 shows the charging profiles under uncontrolled charging. They are related to the patterns 

of arrivals, see Figure 4.3. For that case charging takes place when vehicles arrive at work in the 

morning, and at home or other locations later during the day, especially in the evening, when most 

vehicles are connected, see Figure 4.3. It can be seen that the winter load is slightly higher than the 

summer load, because of the increased consumption of auxiliaries due to heating demand. 

 

Figure 4.4 Charging profiles for uncontrolled charging, for different EV penetrations and seasons. 
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4.4.4.2. Indirectly contro lled charging  

Figure 4.5 shows the charging profiles as a response to the TOU tariff. Since the low tariff starts at 

22:00, demand increases at this time, and vehicles continue charging until their batteries are full or 

until the high tariff period starts, at 6:00. Note that this approach induces a significantly higher peak 

demand as uncontrolled charging, since the EV load loses diversity, i.e. it is concentrated during the 

times of low prices. 

 

Figure 4.5 Charging profiles for indirectly controlled charging (TOU), for different EV penetrations and seasons. 

4.4.4.3. Directly controlled charging  

In this case there are no predefined charging profiles, but the set of feasible charging profiles is given 

by equations (7)-(10). The upper and lower bounds on energy (Ὁ!ΣƳŀȄȟὉ!ΣƳƛƴ) and power 

(ὖ!ΣƳŀȄȟὖ!ΣƳƛƴ) are shown in Figure 4.6. It can be seen that these bounds are closely related to the 

number of vehicles connected over time, see Figure 4.3. The actual charging profiles depend on the 

ǎȅǎǘŜƳΩǎ ŘŜƳŀƴŘ ŀƴŘ ǎǳǇǇƭȅ ǎŎŜƴŀǊƛƻǎΣ ǎƛƴŎŜ ǘƘŜȅ ŀǊŜ ŀƴ ƻǳǘŎƻƳŜ ƻŦ ŀ Ŏƻǎǘ ƳƛƴƛƳƛȊŀǘƛƻƴ ǇǊƻōƭŜƳΦ 

Some examples will be shown in 4.5.7.2.  
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Figure 4.6 Energy (left) and power (right) bounds for directly controlled charging, for different penetrations. 

4.5. Transmission system (Task 2 and 4)  

4.5.1. Inputs  

4.5.1.1. Supply and demand scenarios (WP5) 

Within WP5, PSI has defined three supply scenarios (Base, Nuc - nuclear, RES - renewable energies), 

combined with three demand scenarios (NEP - new energy policy, POM - political measures, BAU - 

business as usual), see WP5 for more details (Hirschberg et al., 2012, Ramachandran and Turton, 

2012). Under the policy measures defined in the NEP scenario demand declines almost immediately, 

and becomes significantly lower by 2050 than today. The measures currently under consideration in 

Switzerland as part of the Energy Strategy 2050 would yield demand in 2050 around the current level 

(POM scenario). Without these measures (BAU scenario), demand would continue to increase. 

Regarding supply scenarios, the Base supply scenario is the base-case supply scenario, whereas Nuc 

assumes no nuclear phase out, i.e. investments in new nuclear power plants are allowed. The 

renewable energy sources (RES) scenario has a stronger focus on renewable energy sources. On the 

supply side, the total installed capacity and costs for different generation technologies, as well as 

typical profiles of the production of these types of generation technologies in different seasons are 

provided. The generation technologies considered are the following: 

¶ Gas: Base / CHP / Flexible 

¶ Nuclear 

¶ Hydro: Storage / Pumped / Run of the river 

¶ Renewables: Geothermal / Solar / Wind / Waste / Other 

On the demand side, typical daily demand profiles for the different seasons are defined. This is also 

the case for exports/imports from/to Germany, Italy, Austria and France.  
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4.5.1.2. Network model  

The Swiss transmission system operator, Swissgrid, has provided a model of the transmission 

network, including topology as well as line and transformer parameters. The currently planned 

network extensions (Swiss Federal Office of Energy, 2009) have been added to the present model, 

see Figure 4.7. For new lines, the values assumed for the line capacity and the line reactance are 

based on the estimated length of the line and typical line parameters. The plans in (Swiss Federal 

Office of Energy, 2009) only consider the time horizon up to 2015, whereas the simulation 

corresponds to the year 2035.  

 

Figure 4.7 Current high voltage network and planned extensions up to 2015.Source: Swiss Federal Office of Energy 
(2009).  

The network model comprises 272 lines (of which 37 are tie lines), 20 transformers, and 199 nodes. 

From those nodes, 37 are in the neighboring countries, and 88 are considered load nodes, i.e. they 

feed an underlying medium voltage network. The loading limits of the lines are defined differently 

depending on the time of the year; typically a value is given for the winter (highest), fall/spring 

(intermediate), and summer (lowest).  

4.5.1.3. Integration of different power sources and demand into the model  

To be able to integrate the inputs from WP5 into the grid simulation, a pre-processing is required. An 

important aspect is the geographic mapping of the different technologies. For larger power plants, 

such as hydro, gas, and nuclear power plants, as well as waste incinerators, the (potential) 

geographic position is determined and they are assigned to the corresponding network node. The list 

of hydro power plants in Switzerland is published by the Swiss Federal Office for Energy (2013). Most 

of the hydro power plants reported in Swiss Federal Office for Energy (2013) were considered. The 

potential future locations for gas power plants and the location of waste incinerators were provided 
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ōȅ t{LΦ ¢ƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ƻǘƘŜǊ ƳƛƴƻǊ ǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ ǿƛƴŘΣ άƻǘƘŜǊ ǊŜƴŜǿŀōƭŜǎέΣ ƎŜƻǘƘŜǊƳŀƭ ŀƴŘ 

gas-CHP (Combined Heat and Power), is directly subtracted from total demand. A more detailed 

approach is used to map the solar power generation to the network nodes (see below). 

Some of the technologies needed additional modeling assumptions as described in the following: 

a) Solar: The aggregated Swiss-wide photovoltaic production profile defined in the scenarios is 

assigned to individual network nodes with weights proportional to the building area of the 

closest municipality (Gemeinde) multiplied by the yearly global radiation of the closest 

weather station (Theodoulou, 2013). The underlying assumption is that the presence of 

photovoltaic panels is related to the available rooftop area, and their actual output is related 

to the radiation. The building area of each municipality, which is published by the Swiss 

Federal Statistical Office (2007), is used as a proxy for the rooftop area. Only the subset of 

network nodes that are considered load nodes is taken into account in the assignment. The 

photovoltaic (PV) generation technology is included in the model with zero marginal costs 

and is considered curtailable.  

b) Storage and pumped hydro: A constraint is set in the optimization so that the total daily 

production of each of these two technologies is equal to the amount defined in the 

scenarios, i.e. the production of this technologies is not only power-, but also energy-

constrained. The costs assigned to storage and pumped hydro in the dispatch model are not 

the actual production costs, but an estimation of their opportunity costs. It is assumed that 

power plants with a lower energy/power ratio (peaking plants) bid higher prices, and 

therefore they are dispatched fewer hours. Since storage and pumped hydro plants fill the 

gap between base gas power plants and peak gas power plants, it is assumed they bid costs 

in-between those values. The bid prices are scaled linearly with the historical energy/power 

ratio for each individual plant, as given by the statistics (Swiss Federal Office for Energy, 

2013). 

c) Run of the river hydro: The total amount of energy from this technology is also set equal to 

the amount defined in the scenarios. The individual maximum power for a given season is set 

so that the total power of this type of plants is equal to the power profile given by the supply 

scenarios. Individual power values for each plant are scaled according to the amount of 

energy that the plant produces for a given season, as given by the statistics (Swiss Federal 

Office for Energy, 2013). Since run of the river plants can store small amounts of water, they 

are allowed to increase/decrease their production by 20% throughout the day. The total 

amount of energy produced per day corresponds to that defined in the scenarios. 

d) Waste: The individual maximum power for a given season is set so that the total power of 

this type of plants is equal to the power profile from the supply scenarios. The power of each 

power plant is scaled according to its CO2 emissions, provided by the PSI. 

e) Baseload plants (nuclear, waste and gas base plants): A constraint is set so that the power of 

nuclear, waste and gas base plants is constant throughout the day. 

f) Exports and imports: A constraint is set that specifies the amount of power flowing through a 

border with one of the neighboring countries according to the supply and demand scenarios: 

An inequality constraint states that imports/exports can be as high as the value given in the 

supply and demand scenarios, but not higher. To make sure that the result is as close as 

possible to the PSI scenario results, imports and exports are assigned a negative cost in the 

cost function. Therefore there is an incentive to import and export as much as possible 
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within the bounds defined by the scenarios, i.e. there is a soft constraint on the amount of 

imports and exports. We did not introduce this as a hard constraint because it led to 

infeasibilities (asset overloads) in some cases.  

g) EV load: Part of the load defined in the demand scenarios corresponds to an estimate of the 

EV charging load. Since the EV load is modeled in detail in the THELMA project, the scenario-

specific charging demand is subtracted from the total demand given in the scenarios. The EV 

demand is then modeled explicitly as explained in 4.4.3. 

4.5.2. Optimal power flow problem formulation  

To analyze the impact of the charging demand on the network and the electricity supply, an Optimal 

Power Flow (OPF) is performed (González Vayá and Andersson, 2012, González Vayá et al., 2011). 

Within this framework, the optimal, i.e. welfare maximizing, dispatch of supply and demand is 

decided, taking into account load, generator and network constraints. Thereby the power generated 

by each generator ὖD and the power consumed by each load ὖ[ and by the EV aggregation ὖ!, at a 

given time step is established, as well as the resulting power flows on lines and transformers. Since 

some of the constraints that need to be considered introduce a link between different time steps, we 

perform a multi-period OPF, comprising a full day with hourly time steps. The OPF performed here is 

a DC-OPF, which is a common simplified form of the OPF, where some approximations are adopted 

for the physical power flow equations, e.g. losses are neglected. The resulting mathematical problem 

is a linear programming problem: 

ÍÉÎ
Dȟ!ȟ!

ὖDὧD (14) 

ὖ[ ὖ! ὖD    ᶅὸ  (15) 

ὖDΣƳƛƴὖD ὖDΣƳŀȄ     ᶅὸȟᶅὫ (16) 

Ὀ ὖD

ᶰ

ὖ[

ᶰ

ὖ!  ὖ[ΣƳŀȄ     ᶅὸȟᶅὰ (17) 

In this OPF the costs of generation are minimized, given the marginal costs (or opportunity costs for 

storage and pumped hydro) of each generator ὧD (14). Constraint (15) establishes the balance of 

demand and supply in the system and (16) enforces the generator output limits. The loading limits of 

network assets are enforced by (17), using a formulation based on power transfer distribution factors 

Ὀ . The reference load, i.e. the load without EV charging, is considered inflexible. This means that 

ὖ[ ƛǎ ŀƴ ŜȄƻƎŜƴƻǳǎ ƛƴǇǳǘ ǘƻ ǘƘŜ ǇǊƻōƭŜƳΦ ¢ƘŜ 9± ŀƎƎǊŜƎŀǘƛƻƴΩǎ ƭƻŀŘ ὖ! is also exogenous in the 

cases of uncontrolled charging and indirectly controlled charging, as explained in 4.4.3. When directly 

ŎƻƴǘǊƻƭƭŜŘ ŎƘŀǊƎƛƴƎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ŦƭŜŜǘΩǎ ŎƘŀǊƎƛƴƎ ǎŎƘŜŘǳƭŜ ὖ! and initial energy content Ὁ! 

become optimization variables and Eqs. (7)-(10) are included as constraints in the OPF problem.   

In addition to the standard DC-OPF Eqs. (14)-(17)Σ ŀƴŘ ǘƘŜ ŦƭŜŜǘΩǎ 9ǉǎΦ (7)-(10), when appropriate, 

some additional constraints were added to the power output of some power plant types, to 

incorporate the restrictions described in 4.5.1.3. 
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4.5.3. Defining individual charging set -points  

In the case of directly controlled charging, the result of the OPF only gives a set of aggregated 

charging profiles ὖ!ΣƳŀȄ, not individual profiles. Therefore a second step is needed to distribute the 

aggregated profile into individual profiles. This is done by assessing the charging urgency of each 

vehicle at each time step and charging the vehicles which need charging more urgently first. The 

urgency depends on the time left until departure in conjunction with the time needed to charge to 

the required SOC, as well as the SOC in conjunction with the current SOC. The SOC is set to reach the 

maximum value at some point.  

4.5.4. Ancillary services  

When an aggregator directly controls charging, there is the possibility to use the flexibility of EV 

charging to provide ancillary services, such as frequency regulation, for the transmission system 

operator (TSO). Here we specifically analyze the provision of secondary frequency control (González 

Vayá and Andersson, 2013b, González Vayá and Andersson, 2013a, Marmolejo, 2011, Avramiotis, 

2012), also called automatic generation control (AGC) or load frequency control (LFC). In this case, 

the entities providing this service offer a given capacity to the TSO, and the TSO makes, in real-time, 

up and down regulation requests in proportion to this capacity. Currently, the participants in this 

market need to provide a symmetric amount of up/down regulation for the period of one week. For 

a generator, providing up/down regulation means increasing/decreasing the power output. For the 

aggregator, providing up/down regulation means decreasing/increasing charging. Additionally, up 

regulation can be provided by discharging the batteries. There is a distinction between two cases: i) 

V2G, where discharging can take place, and ii) unidirectional charging, where charging can only be 

modulated or interrupted, but no discharging can take place.  

Although using V2G allows offering higher capacities for regulation, it could come at the cost of 

additional battery cycling and therefore degradation of this expensive asset. Note that the V2G mode 

is not considered in the optimal dispatch described in Subsection 4.5.2, whereas it is potentially 

attractive to use it for the purpose of offering ancillary services. The reason is that ancillary services 

have a capacity remuneration, i.e. a remuneration for being available as a reserve, in addition to an 

energy remuneration, i.e. a remuneration for the energy actually delivered upon request. In the OPF, 

the only benefit from using V2G is price arbitrage, which usually does not compensate for the 

additional degradation costs (Kristoffersen et al., 2011, González Vayá et al., 2011).  

4.5.5. Assessing the regulation capacity potential  

Additional constraints need to be added to the OPF to assess if the fleet can offer a given regulation 

capacity. The total load of the fleet should follow a profile given by the sum of the day-ahead 

charging schedule, as computed in the OPF, and stochastic requests for a given amount of up or 

down regulation from the TSO. To model the fact that the aggregator needs to reserve a given power 

and energy flexibility, which depend on the offered regulation capacity ὅ , to be able to respond to 

these random requests, additional equations are added to the previously introduced fleet Eqs. (7)- 

(10). For this purpose, we distinguish between the V2G case and the unidirectional case.   

Unidirectional: 

ὖ ὅ  ὖ!ΣƳŀȄ    ᶅὲȟᶅὸ (18) 
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ὖ!ΣƳƛƴ ὖ ὅ    ᶅὲȟᶅὸ (19) 

 Ὁ ὅ–!ɝὸÍÁØ ‏  Ὁ!ΣƳŀȄ    ᶅὲȟᶅὸ (20) 

 Ὁ!ΣƳƛƴ Ὁ! ὅ–!ɝὸÍÉÎ ‏      ᶅὲȟᶅὸ (21) 

V2G: 

ὖ! ὅ  ὖ!ΣƳŀȄ    ᶅὲȟᶅὸ (22) 

ὖ!ΣƳƛƴΣ±нDὖ! ὅ    ᶅὲȟᶅὸ (23) 

 Ὁ! ὅ–!ɝὸÍÁØ ‏ ɝὉ!  Ὁ!ΣƳŀȄ    ᶅὲȟᶅὸ (24) 

 Ὁ!ΣƳƛƴΣ±нDὉ
ὅɝὸ

–!
ÍÉÎ ‏  ɝὉ!    ᶅὲȟᶅὸ (25) 

The set of equations (18)-(25) describes the fact that the energy and power of the aggregation of EVs 

should stay within feasible bounds when perturbed from their reference values Ὁ! and ὖ! due to 

the regulation requests, ‏  in p.u., given it has offered a capacity ὅ  to the TSO. 

First, we describe the constraints with unidirectional charging. Constraint (18) ensures that the 

aggregator can provide regulation down with the full contracted regulation capacity ὅ  in addition to 

the total scheduled charging power across all nodes В ὖ!. Similarly, it should be able to reduce the 

total scheduled charging power by the full contracted regulation power without violating its power 

lower bound (19). Since this lower bound is non-negative (no V2G), this means that the scheduled 

charging power cannot be lower than the contracted regulation up capacity. 

Concerning the energy trajectory, it should stay within the energy bounds, coping with the worst-

case possible cumulative energy deviations (across the scenarios ί) due to providing regulation down 

power (20) and regulation up power (21). The worst case up and down deviations, ÍÉÎВ ‏  

and ÍÁØВ ‏  respectively, are derived empirically from regulation signal time series. 

The equations with V2G (22)-(25) are similar to those without V2G (18)-(21). The main differences 

are, a) the values for the power and energy lower bounds, ὖ!ΣƳƛƴΣ±нD and Ὁ!ΣƳƛƴΣ±нD, b) the use of the 

discharging efficiency in (22)-(25) and c) the introduction of a shift in the energy reference, ɝὉ!, 

which is a decision variable. This shift represents a deviation from the reference assumption where 

vehicles are considered to reach the maximum SOC at some point in time. To provide more 

regulation capacity it might however be beneficial to operate around a lower SOC.  
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4.5.6. Computing individual responses  

With the setup described above it is possible to verify if an EV fleet can potentially provide a certain 

amount of regulation. As a second step, we compute how the regulation requests are broken down 

into individual charging set points.  

To provide regulation, the aggregator has to respond to a signal from the TSO which has a typical 

time resolution in the range of several seconds. In an ideal setup with unlimited communication and 

computational capabilities, the aggregator would be able to obtain vehicle statuses, calculate new 

set points for each vehicle and send those set points to the individual vehicles in real time. However, 

in practice this type of approach would probably prove impractical due to delays in communication 

and data processing. 

For this reason we propose a decentralized approach in which decisions to change the charging set 

point are made by the individual vehicles. This approach has the following characteristics: 

¶ The aggregator broadcasts a signal to the vehicles which is recalculated with each new value 

of the AGC signal. 

¶ Vehicles respond to this signal according to their capabilities. 

¶ The aggregator can measure the aggregated response. 

¶ The vehicles send information to the aggregator on a longer time scale, in the range of 

several minutes. 

The broadcasted signal contains a probability with which vehicles should increase charging, decrease 

charging or discharge by a predefined power. This probability is calculated by the aggregator based 

on its knowledge on the number of vehicles available to perform each of the actions. When an EV 

receives the signal, it verifies whether it is capable of responding without violating its constraints. If 

this is the case, the EV responds to the signal only if the result of a Bernoulli trial, with probability of 

success equal to the broadcasted probability, is positive. The EV maintains the new charging set point 

until the next scheduled information update takes place. The only information that an EV needs to 

exchange with the aggregator is its capability to increase/decrease charging or discharge by the 

predefined amount of power for the time period extending to the next scheduled information 

update. Although a decrease in charging and discharging are equivalent in terms of their contribution 

to up regulation, discharging has a negative impact on battery lifetime since it increases cycling. 

Therefore we distinguish between these actions and prioritize charging reduction over battery 

discharge whenever this is possible. 

Although with this type of scheme it is not possible to perfectly follow the regulation signal, the 

response is still accurate enough. 

4.5.7. Results 

4.5.7.1. Requirements for network expansion  

From the OPF, it is possible to assess if the available network infrastructure is sufficient to cover the 

needs of generators and consumers. If the OPF problem is infeasible, and becomes feasible when 

line/transformer constraints are relaxed, then additional investments in the network are required. 

The OPF tool is however not an investment planning tool, and cannot be used to estimate the 

optimal investment in infrastructure. In all simulated scenarios a feasible solution was found, 
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implying that the introduction of EVs should in principle not pose a problem for the transmission 

network. Note however that no security constraints were considered in the OPF.   

4.5.7.2. Dispatch profiles  

In total, 324+36 OPF simulations were performed (4 seasons x 3 supply scenarios x 3 demand 

scenarios x 3 EV penetrations x 3 charging scenarios, plus the reference cases without EV 4x3x3x1x1). 

Therefore we can only show detailed results for a reduced number of the simulations performed. 

First, we compare the results of different supply scenarios. Figure 4.8, Figure 4.9 and Figure 4.10 

show the supply and demand mix for the POM demand scenario, directly controlled charging and 

90% EV penetration on a typical winter day. It can be seen that in the Base supply scenario an 

important part of the baseload is provided by gas, whereas this role is played by nuclear power in the 

Nuc supply scenario. In the Res supply scenario a variety of renewables, predominantly solar, replace 

gas and nuclear power. Also, the ratio of exports vs. imports is much lower in this scenario. It can be 

seen that in all cases, with directly controlled charging, most of the EV load is shifted to the night 

hours, when demand is lower. 

 

 

 

Figure 4.8 Supply (left) and demand (right) mix for the scenario POM-Base/directly controlled charging/90% EV 
penetration/winter.  
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Figure 4.9 Supply (left) and demand (right) mix for the scenario POM-Res/directly controlled charging/90% EV 
penetration/winter.  
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Figure 4.10 Supply (left) and demand (right) mix for the scenario POM-Nuc/directly controlled charging/90% EV 
penetration/winter.  

Second, we analyze the seasonal effects, comparing a typical winter day with a typical summer day 

for the POM-Base scenario, directly controlled charging and 90% EV penetration, see Figure 4.8 and 

Figure 4.11. It can be seen that solar production is higher than in the winter, as well as exports. 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

1 3 5 7 9 11 13 15 17 19 21 23

M
W

h
 

hours 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

1 3 5 7 9 11 13 15 17 19 21 23
M

W
h
 

hours 



94 
 

 

 

 

Figure 4.11 Supply (left) and demand (right) mix for the scenario POM-Base/directly controlled charging/90% EV 
penetration/summer. 

Third we analyze the effect of the different charging scenarios, comparing the results of directly 

controlled charging, uncontrolled charging and indirectly controlled charging, for the POM-Base 

scenario, 90% EV penetration on a winter day, see Figure 4.8, Figure 4.12 and Figure 4.13. The total 

amount of energy provided by each type of source does not change, only the timing of hydro 

production. This is related to the fact that the amount of energy provided by hydro has a fixed value, 

and to the assumption that import and export patterns are exogenous. If imports/exports were 

modeled exogenously, we could expect a small change in the composition of supply.   
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Figure 4.12 Supply (left) and demand (right) mix for the scenario POM-Base/uncontrolled charging/90% EV 
penetration/winter.  
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Figure 4.13 Supply (left) and demand (right) mix for the scenario POM-Base/indirectly controlled charging/90% EV 
penetration/winter.  
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Figure 4.14 Supply (left) and demand (right) mix for the scenario BAU-Base/directly controlled charging/90% EV 
penetration/winter.  
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Figure 4.15 Supply (left) and demand (right) mix for the scenario NEP-Base/directly controlled charging/90% EV 
penetration/winter.  

Further, the impact of the different EV penetrations is analyzed, in Figure 4.16 and Figure 4.17, for 

the POM-Base scenario and directly controlled charging. The impact of EV penetration has an 

insignificant impact on results, since EV demand only represents a minor fraction of demand. The 

reduced EV demand leads to a lower share of gas base plants in the supply mix.  
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Figure 4.16 Supply (left) and demand (right) mix for the scenario POM-Base/directly controlled charging/60% EV 
penetration/winter.  
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Figure 4.17 Supply (left) and demand (right) mix for the scenario POM-Base/directly controlled charging/30% EV 
penetration/winter.  

We also compare the results of the no-EV penetration case with the different EV cases to establish 

the marginal technologies that cover the EV demand. In the Base supply scenarios these are primarily 

gas baseload or peak plants, and partly solar and waste. In the RES supply scenarios the marginal 

technologies are waste and solar. In the Nuc supply scenarios the marginal technologies are 

primarily, nuclear and gas baseload, and partly waste and solar. An increase in solar generation in the 

mix compared to the no-EV case means that more of the solar production potential can be used, i.e. 

less solar power needs to be curtailed compared to the case without EVs. In some cases the presence 

of EV charging leads to more curtailment of solar power, typically in the uncontrolled or indirectly 

controlled charging scenarios. This can be due to internal congestions created by the exogenous EV 

demand.  

4.5.7.3. Asset loading 

The increase in average asset (lines and transformers) loading is minor, around 0.01% additional 

loading, for all of the EV penetration scenarios, compared to the no EV penetration case.  

4.5.7.4. Ancillary service potential  

For the controlled charging scenario we establish the available potential to provide secondary 

frequency control, by increasing the provided capacity in 10 MW increment steps until the problem 

becomes infeasible. Since this potential depends primarily on the charging flexibility, and not on the 

demand and supply scenarios, we perform this analysis for the POM-Base scenario only. Results are 
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reported in Table 4-1 and Table 4-2, with and without using V2G, respectively. Given that the 

currently required capacity for secondary frequency control is 400 MW, it can be seen that a 

substantial portion of this service could potentially be provided by EV fleets, especially if V2G is used. 

The reported capacities correspond to approximately 0.4 kW per vehicle with V2G and 0.3 kW 

without V2G, i.e. around 10% of the nominal power of the EV.  

In some of the scenarios, when V2G is available, the potential is slightly higher in the summer, where 

EV demand is lower because of the lower consumption of auxiliaries. This can be interpreted as 

demand being more flexible in the summer. Without V2G we find the opposite, the potential is 

sometimes higher in the winter. This is because without V2G, total charging needs to be at least as 

high as the offered capacity at all times. In this case it can be more beneficial to have a higher total 

demand, as it is the case in the winter.  

Although V2G allows for a higher potential, it could lead to higher battery degradation costs, further 

analyzed in section 4.7.3.  

Table 4-1: Potential to provide secondary frequency control using V2G. 

EV penetration scenario Winter Summer 

30% 190 MW 200 MW 

60% 260 MW 260 MW 

90% 280 MW 290 MW 

 

Table 4-2: Potential to provide secondary frequency control without using V2G. 

EV penetration scenario Winter Summer 

30% 140 MW 140 MW 

60% 190 MW 190 MW 

90% 200 MW 190 MW 

 

4.6. Distribution system (Task 1)  

4.6.1. Inputs/ system description  

BKW provided a model of its 16 kV distribution network embedded in the power flow software 

Neplan. Also load measurements at the feeders for the year 2013 were provided, as well as the peak 

power at individual nodes. The feeder-level profiles were scaled down to the downstream nodes 

accƻǊŘƛƴƎ ǘƻ ǘƘŜ ƴƻŘŜǎΩ ǇŜŀƪ ǇƻǿŜǊΦ ¢ƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǇǊƻƧŜŎǘŜŘ ƭƻŀŘ όŀŎǘƛǾŜ ŀƴŘ ǊŜŀŎǘƛǾŜύ ƛƴ нлорΣ 

the 2013 profiles were scaled according to the load evolution of the given demand scenario (NEP, 

POM, BAU). Moreover, the total PV production of the distribution network considered was obtained 

from the total PV production in Switzerland, by considering the irradiance and area values of the 

municipalities covered by the distribution network in relation to those values for the totality of 

municipalities. The total PV production of the distribution network was distributed to the individual 

nodes in proportion to their load. The charging load results computed in the transmission system 

simulations described in Section 4.5 were mapped down to the distribution network. Then, the 

vehicle load was added to the projected future load, and power flow simulations were run with 

Neplan.   
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A schematic representation of the grid can be seen in Figure 4.2. The network comprises 1487 nodes, 

3632 lines and 29 transformers (from 16 kV to 50 or 132 kV).  

 

Figure 4.18 {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ .Y²Ωǎ мсƪ± ƴŜǘǿƻǊƪ 

4.6.2. Results 

Since the distribution grid simulations are computationally expensive, we focused on the controlled 

charging scenario(González Vayá et al., 2012), and only simulated the other charging scenarios for a 

subset of the demand/supply scenarios (POM-Base/POM-Nuc/BAU-Res). 

Figure 4.19 shows the number of vehicles parked in the simulated distribution network and in the 

whole country. It can be seen that patterns are similar. However, for the distribution network there 

is a more pronounced peak in the morning than at national level. 

Figure 4.20 shows the aggregated net30 load profiles of the distribution system nodes for the POM-

Base demand/supply scenario combined with the 90% EV scenario, for a winter and summer day. The 

PV production within the network is also depicted. Note that the structure of the demand without EV 

is different to the national demand, which is shown in section 4.5.7.2. Since the directly controlled 

charging is optimized taking into account the supply/demand characteristics of the whole country, it 

does not necessarily lead to optimal outcomes at the distribution level. As can be seen in Figure 4.20, 

the total load is sometimes higher with directly controlled charging than with uncontrolled charging. 

¢Ƙƛǎ ƛǎ ōŜŎŀǳǎŜ ƭƻŀŘ ƛǎ άǎȅƴŎƘǊƻƴƛȊŜŘέ ǘƘǊƻǳƎƘ ŎƻƴǘǊƻƭƭŜŘ ŎƘŀǊƎƛƴƎΣ ƛΦŜΦ ǘƘŜ ǎƛƳǳƭǘŀƴŜƛǘȅ ƻŦ 9± ƭƻŀŘǎ ƛǎ 

increased during some hours, compared to uncontrolled charging, which is related to the random 

process of EV arrivals. With indirectly controlled charging, the synchronization effect becomes more 

pronounced, leading to increased peaks. With directly controlled charging this effect could be 

mitigated by introducing additional layers of control (hierarchical control) which would also address 

issues at the distribution level. However, this problem would persist with indirectly controlled 

charging. Therefore TOU tariffs would not be suitable at high EV penetrations 

 

                                                           
30

 Net load: the PV production has been subtracted from the actual load.  
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Figure 4.19 Number of connected vehicles in Switzerland (left) and in the simulated distribution area (right). 

 

Figure 4.20 Net load profiles for the POM-Base/ 90% EV scenario, for different charging types on a winter (left) and 
summer (right) day. The load profiles are the net load profiles, i.e. they already incorporate the PV production as 
negative load.  

From Table 4-3 and Table 4-4, displaying the increase in line and transformer loading, it can be seen 

that the impact of EV charging on infrastructure is minor, on average. Figure 4.21 and Figure 4.22 

show the loading of individual lines and transformers, respectively, on a winter day for the POM-Base 

scenario, with no EVs and with directly controlled charging. It can be seen that, with respect to the 

no EV case, loading increases especially at night. The impact on some lines is minor, whereas others 

are more affected. This is related to the spatial distribution of charging vehicles. Figure 4.23 and 

Figure 4.24 show the loading of lines and transformers, respectively, on a winter day for the POM-

base scenario with uncontrolled charging and indirectly controlled charging. With indirectly 

controlled charging loading peaks occur at night, whereas with directly controlled charging the 

loading increase is more evenly distributed. Table 4-5 shows in which scenarios overloads occur. In all 

0

100000

200000

300000

400000

500000

600000

700000

800000

1 4 7 1013161922

hours 

30% 60% 90%

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

1 4 7 10 13 16 19 22

hours 

30% 60% 90%

0

50

100

150

200

250

1 4 7 10 13 16 19 22

M
W

 

hours 

0

50

100

150

200

250

1 4 7 10 13 16 19 22

M
W

 

hours 

load without EV

solar generation

load  directly
controlled

 load indirectly
controlled

load
uncontrolled



104 
 

cases only a single line is concerned and it occurs in the winter, when demand is highest. Note that 

the indirect control and direct control charging scenarios were only run for a subset of 

supply/demand scenarios, so results are not completely comparable: Although more cases with 

violations are listed for direct control, this is just because this charging approach was thoroughly 

analyzed. However, Table 4-5 already indicates that indirect control (TOU tariff) is the approach that 

can potentially lead to more problems, since it presented overloads for all instances simulated at the 

60% and 90% EV penetration scenarios in winter. This can be explained by the high EV load 

simultaneity during low-tariff hours. It is also interesting to note that at some scenarios overload 

occurs with the 60% EV penetration scenario but not with the 90% EV penetration scenario (e.g. 

POM-Base and direct control). This shows that overload with direct control is a matter of how the EV 

load is shaped because of the general country-wide supply/demand characteristics, and that it could 

also be shaped in a way that does not cause problems at the distribution level. Table 4-4 also gives an 

insight on why overloading occurs more often with controlled charging. It can be seen that although 

the mean increase in loading is practically the same in all scenarios (since an almost identical amount 

of energy is charged in each of them for a given day), the standard deviation is higher for directly 

controlled charging and even more for indirectly controlled charging, indicating a less smooth load 

profile (more peaks).  

Table 4-3 Increase in loading due to EV charging (directly controlled charging scenario). 

 
Penetration scenario 

30% 60% 90% 

Lines (mean/s.d.) 0.4% / 1.2% 0.6% / 1.7% 0.6% / 1.7% 

Transformers (mean/s.d.) 1.1% / 2.2% 1.6% / 3.3% 1.7% / 3.4% 

 

Table 4-4 Increase in loading due to EV charging (POM-Base/POM-Nuc/BAU-Res). 

 
Penetration scenario 

30% 60% 90% 

 
No 

control 
Direct 
control 

Indirect 
control 

No 
control 

Direct 
control 

Indirect 
control 

No 
control 

Direct 
control 

Indirect 
control 

Lines 
(mean/s.d.) 

0.4% / 
0.9% 

0.4% / 
1.2% 

0.4% / 
1.3% 

0.6% / 
1.2% 

0.6% / 
1.7% 

0.6% / 
1.8% 

0.6% / 
1.2% 

0.6% / 
1.7% 

0.6% / 
1.8% 

Transformers 
(mean/s.d.) 

1.2% / 
1.5% 

1.1% / 
2.2% 

1.1% / 
2.4% 

1.7% / 
2.1% 

1.6% / 
3.3% 

1.6% / 
3.7% 

1.8% / 
2.2% 

1.7% / 
3.4%  

1.7% / 
3.8% 
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Table 4-5 Line overloads due to EV charging. Uncontrolled charging and indirectly controlled charging were only 
simulated for the demand-supply combinations POM-Base/POM-Nuc/BAU-Res. 

Season 
EV 

penetration 
Charging 
scenario 

Demand 
scenario 

Supply 
scenario 

Overloaded 
lines 

m to be 
replaced 

winter 60 direct control NEP Base 1 322 

winter 60 direct control NEP Res 1 322 

winter 60 direct control POM Base 1 322 

winter 60 direct control POM Res 1 322 

winter 60 direct control BAU Base 1 322 

winter 60 direct control BAU Nuc 1 322 

winter 60 direct control BAU Res 1 729 

winter 90 direct control NEP Base 1 322 

winter 90 direct control NEP Res 1 322 

winter 90 direct control POM Nuc 1 729 

winter 90 direct control POM Res 1 729 

winter 90 direct control BAU Base 1 322 

winter 90 direct control BAU Nuc 1 322 

winter 90 direct control BAU Res 1 729 

winter 60 no control BAU Res 1 322 

winter 90 no control BAU Res 1 322 

winter  60 indirect control POM Base 1 322 

winter  60 indirect control POM Nuc 1 322 

winter  60 indirect control BAU Res 1 729 

winter  90 indirect control POM Base 1 729 

winter  90 indirect control POM Nuc 1 729 

winter  90 indirect control BAU Res 1 729 

 

 

Figure 4.21 Line loading without EVs (left) and in the 90% penetration scenario (right), for the POM-Base scenario with 
controlled charging on a winter day. 
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Figure 4.22 Transformer loading without EVs (left) and in the 90% penetration scenario (right), for the POM-Base 
scenario with controlled charging on a winter day. 

 

Figure 4.23 Line loading with uncontrolled charging (left) and with indirectly controlled charging (right) in the 90% 
penetration scenario, for the POM-Base scenario on a winter day. 

 

Figure 4.24 Transformer loading with uncontrolled charging (left) and with indirectly controlled charging (right) in the 
90% penetration scenario, for the POM-Base scenario on a winter day. 

In none of the cases an under voltage was identified, i.e. a drop by more of 5% from the nominal 

voltage. Therefore voltage problems do not seem to be a major concern. Note that the results shown 

here are for a particular network, results could be different for other distribution networks that are 

currently closer to their limits. The network simulated was not heavily utilized, so it could easily host 
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a large number of EVs without major concerns. However, local congestions can occur at areas with 

higher EV density.  

4.7. Battery model (Task 3 and 5)  

4.7.1. Inputs  

The SOC profiles for each vehicle are derived from the transmission system simulation, see 4.5.3 and 

4.5.6. Out of these and some battery parameters introduced in the next subsection, battery 

degradation can be computed. 

4.7.2. Battery degradation model  

To assess battery degradation we use the model proposed in(Millner, 2010), based on crack 

propagation (Karagiannopoulos, 2012). Battery damage is typically represented by a single 

parameter, denoted ὒ in the following, running from 0, for a new battery, to 1, when no capacity is 

left. The end of life of a battery is usually defined as the time when the capacity of the battery is 

reduced to 80% of its original capacity (ὒ πȢς). 

The factors defined in Table 4-6 are computed according to the model proposed in Millner (2010) to 

take into account battery degradation. 

Table 4-6: Input parameters for battery degradation model 

The average SOC 
The normalized deviation of the state of charge 

from its mean over a cycle period 
The effective number of 

throughput cycles 

ὛὕὅŀǾƎ

В Ὓὕὅ  
ὛὕὅŘŜǾς В Ὓὕὅ ὛὕὅŀǾƎ  ὔ В

±

±   

 

The additional ageing incurred in a cycle ɝὒ is given by the equation 

ɝὒ ὑŎƻὔÅ
 

ŘŜǾ

ŜȄ  
ƴŀōǎ

ŀ
πȢς
ὸŎȅŎƭŜ

ὸƭƛŦŜ
Ὡ

ǎƻŎ ŀǾƎ
Ȣ

Ȣ ρ ὒ Ὡ
 ǘŜƳǇŀ ƴŀōǎ

ƴŀōǎ

ŀ ȟ (26) 

Where ὑŎƻ, ὑŜȄ, ὑǎƻŎ, and ὑǘŜƳǇ are battery parameters, Ὕŀ and Ὕƴŀōǎ are the battery and nominal 

temperatures in Kelvin and ὸŎȅŎƭŜ and ὸƭƛŦŜ the duration of the cycle and the battery shelf life. Since the 

battery temperature is not known, we make the simplifying assumption that it is equal to the 

nominal temperature Ὕŀ Ὕƴŀōǎ and therefore do not to consider the temperature-related 

degradation. The equation above simplifies to: 

ɝὒ ὑŎƻὔÅ
 

ŘŜǾ

ŜȄ  
πȢς
ὸŎȅŎƭŜ

ὸƭƛŦŜ
Ὡ

ǎƻŎ ŀǾƎ
Ȣ

Ȣ ρ ὒ Ȣ (27) 

It can be seen that high and low average SOC are penalized, as well as large deviations of the SOC 

from the average SOC. We define ageing acceleration as the ratio between ɝὒ and πȢς
ŎȅŎƭŜ

ƭƛŦŜ, which 

would be the degradation due purely to the passing of time, without using the battery, at 0.5 average 

SOC. 
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4.7.3. Results 

As explained in 4.5.3, when no reserves are provided by the fleet, it is assumed that the maximum 

SOC, 0.8 in our simulations, is reached at some point. To be able to provide reserves, the aggregator 

will schedule a lower average SOC, see 4.5.5. Moreover, to respond to the frequency regulation 

requests (AGC signal) by the TSO, the SOC dispatched in real time will deviate from the scheduled 

SOC, see 4.5.6. These different average SOCs for the fleet are shown in Figure 4.25. The SOC 

deviations to respond to the AGC signal were computed for 7 samples of daily AGC signals. It can be 

seen that deviations from the scheduled profile are minimal for these samples 

 

Figure 4.25 Average SOC across the fleet. 

Table 4-7 shows the ageing acceleration for the different cases. The total amount of provided 

reserves corresponds to the values reported in Table 4-1 for each of the cases. It can be seen that 

actually providing reserves leads to lower battery degradation. This is because the average SOC will 

be closer to 0.5, whereas without providing reserves, the SOC is kept as high as possible by 

assumption. We set this reference because a high SOC is more convenient for users: They have a 

lower risk of having a battery without enough energy when spontaneously deciding to drive. If 

battery degradation were the major priority, then the battery degradation could be reduced by a 

different charging policy optimization. The effect of degradation when responding to AGC, compared 

with the ageing with the reference SOC scheduled when planning reserves, is not visible at least for 

the 7 samples analyzed. It is possible that for some days with more extreme AGC requests the impact 

is larger, but in general it does not seem to be a problem. 

Table 4-7 Ageing acceleration with and without AGC provision 

EV penetration 
scenario 

Winter Summer 

 
as high as 
possible 

planning 
reserves 

responding 
to AGC 

as high as 
possible 

planning 
reserves 

responding 
to AGC 

30% 2.2 1.6 1.6 2.1 1.5 1.5 

60% 2.2 1.6 1.6 2.1 1.6 1.6 

90% 2.2 1.7 1.7 2.2 1.6 1.6 
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4.8. Transformer model (Task 3)  

4.8.1. Inputs  

The main inputs to this model are the loading profiles of the transformers modeled in the 

transmission system model (220 kV/380 kV transformers) and the distribution system model (16 

kV/132 kV and 16 kV/50 kV transformers), described in sections 4.5 and 4.6, respectively. 

Moreover, the season-dependent ambient temperature also needs to be taken into account. For the 

transmission network, the average seasonal temperatures of the weather station situated closest to 

ǘƘŜ ǘǊŀƴǎŦƻǊƳŜǊ ǿŜǊŜ ŎƻƳǇǳǘŜŘΦ CƻǊ .Y²Ωǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƴŜǘǿƻǊƪ ǘƘŜ ǿŜŀǘƘŜǊ ǎǘŀǘƛƻƴ ƭocated in Bern 

was chosen as a reference for the temperature. Figure 4.26 shows the summer temperature profiles. 

 

Figure 4.26 Summer ambient temperature profiles for transformers at different locations. 

4.8.2. Transformer d egradation model  

The transformer degradation model (Konzak, 2011) is based on IEEE and IEC standards (Institute of 

Electrical and Electronics Engineers, 2012, International Electrotechnical Commission, 2005). First, 

the hot-spot temperature of the transformer needs to be computed. Then, the degradation is 

computed based on this temperature.  

The hot-spot temperature is computed given the loading of the transformer, the ambient 

temperature and a set of transformer parameters. For this purpose the equations in Appendix C of 

the IEC standard (International Electrotechnical Commission, 2005) were used. Typical power 

transformer parameters for the ONAN cooling class were selected from Table E.1 in International 

Electrotechnical Commission (2005)Φ ¢Ƙƛǎ ƛǎ ǘƘŜ ǘȅǇƛŎŀƭ ŎƻƻƭƛƴƎ Ŏƭŀǎǎ ƻŦ .Y²Ωǎ ǘǊŀƴǎŦƻǊƳŜǊǎΦ CƻǊ ǘƘŜ 

sake of simplicity, the same parameters were used for the transmission system transformers, in spite 

of the fact that their cooling class is unknown.  

Once the hot-spot temperature is determined, the transformer loss of life is computed with the 

following equations from the Institute of Electrical and Electronics Engineers (2012). 

The ageing acceleration factor Ὂ!! is obtained from the hot-spot temperature —I at time ὸ with the 

exponential relation 
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Ὂ!! ŜȄǇ
ρυππ

ςχσρρπ

ρυππ

ςχσ—I
Ȣ (28) 

The loss of life for a representative day is computed as: 

ὒὕὒ
В Ὂ!!

ƴƻǊƳŀƭ ƛƴǎǳƭŀǘƛƻƴ ƭƛŦŜ ώƘϐ
 (29) 

4.8.3. Results 

4.8.3.1. Transmission grid  

The transformers analyzed in this case are the transformers between the two voltage levels of the 

transmission system, i.e. 220 kV and 380 kV. We do not have information on the transformers to 

ƭƻǿŜǊ ǾƻƭǘŀƎŜ ƭŜǾŜƭǎΦ ¢ƘŜ ƳƻŘŜƭ ŜȄǇƭŀƛƴŜŘ ƛƴ ǘƘƛǎ ǎŜŎǘƛƻƴ ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ άƴƻǊƳŀƭέ ŀƎŜƛƴƎΣ ƭŜŀŘƛƴƎ 

to an ageing acceleration factor of 1 at nominal loading, occurs at 20°C ambient temperature. Since 

temperatures in Switzerland are lower on average in most locations, even in the summer (see Figure 

4.26), we obtain average acceleration factors much lower than 1. Note the exponential relationship 

between ageing and temperature of (8). For the transmission system the ageing was found to be in 

all cases lower than 0.05. Therefore the thermal insulation ageing does not seem to be a relevant 

factor in the replacement of the transformers, and comparisons between the no EV and EV 

penetration cases to assess potential additional costs due to earlier transformer replacement are 

thus irrelevant.  

4.8.3.2. Distribution grid  

Here the 16 kV/132 kV and 16 kV/50 kV transformers were analyzed. Due to low temperatures and 

low loading (see Figure 4.22), the ageing acceleration factors are even lower than in the transmission 

grid simulations, and therefore the comparison between no EV and EV scenarios is not meaningful.  

4.9. Restoration (Task 6)  

Restoration is the process of re-establishing a stable electric system after a blackout. Although 

different restoration strategies exist, in general terms, the following steps are gone through: first the 

blackstart-capable generator(s) re-energize the transmission system, or parts of it operated as 

islands, then loads and other generators are connected, and finally synchronization takes place.  

It can be noted that the restoration process typically starts in the transmission system, thanks to 

generators with specific characteristics to be able to conduct this task. Since vehicles are located at 

the distribution network, their contribution to the restoration process cannot be comparable with 

that of traditional generators. However, EVs can help mitigate a phenomenon that occurs during 

restoration, specifically when loads are reconnected, and that presents a challenge for this process: 

Cold-load pickup (CLPU) (Zigkiri, 2013). CLPU refers to the phenomenon whereby the load, when 

reconnected after an interruption, can be significantly different in size and character than before the 

interruption: Residential load is typically higher after reconnection, whereas industrial load is 

typically lower (Agneholm and Daalder, 2000). The load increase can be partially explained by the 

loss in load diversity. For example, thermostatically controlled loads could all be activated after the 

interruption if they have moved outside their temperature deadband during that period.  

Similarly to what has been explained in the context of ancillary services in 4.5.4, in the load-

reconnection phase of restoration the EV charging/discharging could be controlled in order to follow 
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a given profile. This profile would be given by the difference between the normal load and the post-

blackout load, thereby compensating the CLPU effect. 

Further, there exist new approaches that propose a restoration process at the level of microgrids 

(Moreira et al., 2007).  

Definition of microgrid from U.S. Department of Energy (Office of Electricity Delivery and Energy 
Reliability, 2011) 
A microgrid is a group of interconnected loads and distributed energy resources within clearly 
defined electrical boundaries that acts as a single controllable entity with respect to the grid. A 
microgrid can connect and disconnect from the grid to enable it to operate in both grid-connected or 
island-mode.  
 

Within the microgrid restoration process, EVs could play an important role(Gouveia et al., 2013). 

However, specific voltage and frequency regulation strategies, coordinating the flexible resources of 

the microgrid need to be defined. EVs could be an important player in maintaining the frequency at 

acceptable levels with an active power/frequency droop controller, i.e. the EVs would adapt their 

charging or even discharging in accordance to the measured frequency. This droop control is active 

during the normal operation of the microgrid, and is modified in the restoration phase, so that the 

reference power consumption of the droop is zero. Thereby EVs can reduce the frequency deviations 

and the need to use of other storage devices during restoration. The implementation of this method 

was out of the scope of THELMA, but we refer to Gouveia et al. (2013) for detailed simulation and 

experimental results.  

4.10.  Conclusions 

The results reported of WP4 suggest that, under the conditions assumed in the demand, supply and 

EV penetration scenarios, EVs could be integrated into power systems without any major impact for 

the electricity supply side, as well as the transmission and distribution networks. EV demand would 

represent a small share of total demand and does therefore not affect the supply mix significantly 

nor does it have a major impact on the power flows at the transmission system level. Distribution 

networks have different characteristics (e.g. rural vs. urban networks) and loading situations. 

Moreover, the penetration of EVs could be higher in specific areas than in others. Therefore, for 

distribution networks, the impact assessment should be done on a case by case basis. Moreover, EV 

charging is a very flexible load that can be shaped to reduce the costs of generation, to avoid 

congestions and even to provide network ancillary services. EVs could for example contribute 

significantly to the provision of frequency regulation. EVs could also potentially play a role in system 

restoration after a blackout. 

4.11.  Recommendations for Future Work  

First, it would be interesting to integrate the needs of the distribution network in the controlled 

charging approach. This could be done by introducing additional control loops within a hierarchical 

control framework.  

Second, it would be interesting to model imports and exports as endogenous parameters within the 

model, e.g. by assuming electricity prices for the neighboring countries.  
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Finally, it would be interesting to develop a more detailed battery degradation model. Within the 

project it was only possible to use a model available in the literature.  

Acronyms  

AGC Automatic Generation Control 

BAU  Business As Usual  

CHP Combined Heat and Power 

EV Electric Vehicle 

LFC Load Frequency Control 

MATSim Multi-Agent Transport Simulation Model 

NEP  New Energy Policy  

OPF Optimal Power Flow 

POM  Political Measures  

PSI Paul Scherrer Institute 

PV Photovoltaic 

RES Renewable Energy Sources 

SOC State of Charge 

TOU time-of-use 

TSO Transmission System Operator 

V2G Vehicle to Grid 

WP Work Package 
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5. Work PÁÃËÁÇÅ τ Ȱ#ÁÓÅ 3ÔÕÄÉÅÓȱ 

 

!ÕÔÈÏÒÓȡ !ÎÄÒÅÁÓ &ÒÏÅÍÅÌÔ31ȟ &ÒÁÎÃÅÓÃÏ #ÉÁÒÉ32ȟ 2ÁÓÈÉÄ 7ÁÒÁÉÃÈ33ȟ "ÏÒÉÓ 
*ÁȃÇÇÉ34ȟ $ÏÍÉÎÉË 3ÁÎÅÒ35ȟ !ÌÅØÁÎÄÅÒ 3ÔÁÈÅÌ36 ɉ%4(:Ɋ  

5.1. Introduction  

Work Package 4 examines mobility on several scales. It examines mobility and how it relates to 

household consumption, and performs two small scale community case studies. Furthermore, it uses 

the Multi-Agent Transport Simulation Model (MATSim) to simulate current and future individual 

mobility. 

9ƴŜǊƎȅ ƛǎ ŀ ƪŜȅ ŦŀŎǘƻǊ ŦƻǊ ŜŎƻƴƻƳƛŎ ŀƴŘ ǎƻŎƛŜǘŀƭ ŘŜǾŜƭƻǇƳŜƴǘΦ IƻǿŜǾŜǊΣ ǘƘŜ ŘŜǇŜƴŘŜƴŎŜ ƻŦ ǘƻŘŀȅΩǎ 

energy systems on fossil or on other non-renewable energy sources causes a range of adverse 

environmental impacts. The built environment with its associated heating and cooling loads, as well 

as the mobility sector are major energy consumers. In Switzerland, about 80% of the heating systems 

are based on fossil fuels and 96% of the mobility energy demand is covered by oil products or natural 

gas (Swiss Federal Office for Energy, 2012). Therefore, assessing and understanding environmental 

footprints of housing and mobility is essential to identify strategies for a sustainable development of 

urban settlements and for the abatement of negative energy-related effects. This analysis should 

preferably be done on a household level as many decisions, e.g. about the choice of private vehicles 

or heating systems, are taken on this level.  

Furthermore, household consumption, apart from governmental consumption, is the main driver of 

worldwide economy. Consequently, approximately 72% of greenhouse gas (GHG) emissions are 

directly or indirectly related to household demand (Hertwich and G.P.Peters, 2009). But then, from 

an urban planning and policy making point of view, the household-based analysis has to be extended 

to a district or municipality perspective. It is at these levels that many important decisions are made, 

concerning, e.g. regulations for building design, the construction of district heating networks, or the 

financial support for electric vehicles or for private refurbishment initiatives. As a consequence, there 

is a need for regionalized bottom-up models which aggregate household focused analyses in order to 

reach an effective level of political decision making.  

Many existing regional environmental studies, such as analyses focusing on countries and whole 

ŜŎƻƴƻƳƛŜǎΣ ǘȅǇƛŎŀƭƭȅ Řƻ ƴƻǘ ōǳƛƭŘ ƻƴ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǎƛƴƎƭŜ ƘƻǳǎŜƘƻƭŘǎΩ behavior. Previous models 

which attempt to analyze and evaluate the environmental impacts of anthropogenic systems and 

especially of household consumption are primarily based on input-output-analyses (Hertwich and 

G.P.Peters, 2009, Hertwich, 2011, Tukker et al., 2006, Jungbluth et al., 2011). Even though these 

approaches allow for a comprehensive environmental evaluation of consumption of national average 

citizens and for the identification of the environmentally most relevant consumption areas, they are 
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not able to capture the variation in behavior of different households within a region or a 

municipality. 

A suitable method for environmental analyses is life cycle assessment (LCA), because this 

methodology is able to assess resource uses and emissions along the supply chain which is attached 

to each household purchase. A holistic view in terms of a life cycle based approach is a substantial 

prerequisite in order to perform comprehensive environmental assessments and to derive design 

opportunities for more sustainable urban energy systems. Building on the concepts of LCA, life cycle 

optimization is a powerful tool which can assist in revealing the theoretically best way for the 

improvement of a specific urban energy system. In contrast to traditional comparative LCA, life cycle 

optimization offers the advantage of not only comparing different alternatives but to find 

environmentally optimal solutions, e.g. in the context of scenarios of future energy supply. 

Work Package 4 (WP4) uses transportation data generated by the Multi-Agent Transport Simulation 

Model (MATSim) to perform small scale community case studies. The LCA of mobility patterns on the 

household level is enhanced with analyses of housing. This leads to a holistic picture of diverse 

household consumption patterns. The LCA model is capable of not only assessing the current 

situation but also future changes in mobility supply (such as the introduction of electric vehicles), by 

incorporating behavioral modeling into MATSim. Multiple advances in this field have been achieved. 

A fleet choice model for households has been implemented in MATSim for all of Switzerland. This 

model predicts the number of cars in a household, the type of these cars and the usage of the cars 

measured in vehicle miles travelled per year. All predictions are based not only on socioeconomic 

household characteristics but also on fuel price. This makes the model a useful tool in forecasting the 

prospective fleet composition. Another long-term investment decision model for homeowners was 

established. Using a multiple discrete-continuous choice approach, it predicts household reductions 

in the transportation, housing, or other sectors when overall energy consumption is constrained. The 

output data of this extended MATSim is processed by the LCA model and used for prospective 

optimization of consumption supply under regional constraints. MATSim runs were also performed in 

collaboration with WP 3, based on test data containing patterns on energy consumption for each 

electric vehicle and each trip, as well as detailed information on parking location, parking times and 

activity types (e.g. work, home, education, etc.). At a later stage of the project, the scope of WP4 has 

been widened to include the forecast of future mobility patterns and travel demand in Switzerland 

for 2030 using MATSim. Following the same scheme as for the rest of WP4, these forecasts are used 

in WP4 for environmental assessment of future mobility in regional case studies, and in WP 3 and WP 

5 to estimate the geographical and temporal distribution of additional loads on the electric grid due 

to Electric Vehicle (EV) penetration into the Swiss fleet. For this purpose, a new MATSim population 

of agents was created, based on the latest forecasts by the Swiss Federal Statistics Office, in 

particular the medium scenario for 2030 of 8.7 million inhabitants. Population distribution on the 

municipal level is based on predictions made by the Federal Office for Spatial Development. 

Population data is enhanced with iƴŦƻǊƳŀǘƛƻƴ ƻƴ ŘǊƛǾŜǊΩǎ ƭƛŎŜƴǎŜǎ ŀƴŘ ƘƻǳǎŜƘƻƭŘ ƛƴŎƻƳŜ ǘǊŜƴŘǎ ǘƘŀǘ 

influence car choice and transportation spending. Transport infrastructure in 2030 is also 

implemented into MATSim based on national and cantonal projects to which the relevant 

administration has committed. Future population, car ownership, individual mobility spending and 

transport infrastructure are then used in MATSim to generate future Swiss mobility demands and 

patterns.  
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5.2. Objectives  

WP4 was subdivided in three tasks reflecting three specific objectives. Task 1 had the objective to 

integrate energy supply and demand into an energy system model for Swiss municipalities. The 

primary focus was the environmental assessment and optimization of future energy systems, with a 

focus on electric mobility. 

To expand the multi-agent based transport model MATSim, representing travelers as agents, by a 

financial household-budget allocation model to better simulate individual mobility demand for 

various activities and the associated energy requirements for transportation was the main objective 

of Task 2.  

With task 3, work package 4 includes also the development of a 2030 Switzerland scenario for the 

agent-based micro-simulation MATSim and dedicated policy runs specified within the capabilities of 

MATSim by the PSI.   

The objectives of task 1 can be further subdivided in 3 sub-objectives which are: (i) the assessment of 

individual mobility as well as the evaluation of its impacts on the environmental footprints of 

households on a regional as well as local level, and (ii) its relevance in the broader context of 

household consumption. In order to achieve these objectives, current household consumption 

patterns were analyzed by two modules being both based on LCA methodology. Besides the 

environmental assessment of mobility behavior, a predictive building stock model was developed to 

evaluate the environmental footprint of individual housing. As a further goal of WP4, (iii) the 

application of optimization tools shall reveal environmentally optimized scenarios for future energy 

systems of Swiss municipalities. Building upon the assessment of current housing energy demand, a 

LCA based optimization approach was elaborated in order to minimize building related 

environmental impacts by optimizing the energy supply through alternative technologies and 

refurbishment measures. 

To achieve the objectives of task 1, it was necessary to create a model framework that would 

accurately reflect patterns in the interdependency of household expenditure categories to be able to 

make predictions how price and expenditure (or income) changes influence the total household 

budget. That was done in task 2. Therefore, the main objective of task 2 was to create a model able 

to predict the share and amount of household expenditure on transport and communication of a 

given household, based on its geographical and socio-economic characteristics as well as on the 

expenses of other categories. Such a model could be applied for example to assumed changes in 

prices or expenditures in certain household categories and a prediction for the expenditures on 

transport or communication could be derived from that, which is assumed to affect overall travel 

demand. A hypothetical example of such a mechanism could be, that an increase in alcohol and 

tobacco prices (e.g. through taxes) would increase the expenditure of said category and negatively 

influence the transportation category (e.g. through an income effect that would leave less money in 

the budget for transportation), which would depress travel demand. The simulation MATSim was 

used as a platform in which the model was implemented. It was therefore necessary to further 

develop MATSim which translates in two additional sub-objectives. The first regards the assignment 

of car types to the agents in MATSim. A household structure had to be created, since cars are 

generally shared between household members. The second was to create interfaces in order to be 

able passing the MATSim output to the power system model developed by the Power Systems 

Laboratory of ETHZ  (ETHZ-PSL) within WP3.  
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Task 3 dealt with the forecast of future mobility patterns and travel demand in Switzerland for 2030. 

The main objective here was to be able to perform the same kind of analyses as for the scenario 

representing the present situation (2005 later updated to 2010). This implied the creation of a 

population of agents for MATSim, which represented the Swiss population in 2030 and the extension 

of the road network to reproduce foreseeable 2030 conditions.  

An important aim of WP4 is a close linking of the developed models and real world conditions. 

Therefore, all of the developed models and tools were applied to case studies. Working with primary 

data within these case studies not only allowed for the consideration of local restrictions and 

supported thus the development of more realistic models, but it allowed also for the evaluation and 

validation of submodules such as the housing energy demand model. 

The results of all subtasks contribute finally to the overall goal which is the development of a 

decision-support framework and analysis tool for energy-related decision-making and policy 

measures on a regional level.  

5.3. Scope 

The scope of the research was different for the different tasks. In particular, the extensions of 

MATSim and the models attached to it had a larger scope than the LCA based models, which rather 

focused on specific case studies.  In a way, the scenarios for task 1 where cut out from the Swiss 

scenario.  

5.3.1. Task 1 

Even though mobility, housing and nutrition are almost equally important consumption areas with 

regard to their environmental impacts (Jungbluth et al., 2011, Jungbluth et al., 2012), the focus of 

this work package lies only on the housing and mobility sector. To calculate and assess all emissions 

and resource uses along the supply, use and disposal chains of a product or a service related to 

housing and mobility, the methodology of life cycle assessment was applied. 

Temporal Scope 

The temporal scope was generally the year 2010 except for future mobility scenarios which were 

based on predictions made for the year 2030. The temporal resolution of the applied models was on 

an hourly basis. This implied the flexibility to aggregate data over any discretionary time frame. 

Case studies 

Within the scope of this work package, two Swiss municipalities served as case studies for the 

application and the evaluation of the developed models. 

1. Wattwil (SG) 

This mid-sized municipality is situated in the eastern midlands of Switzerland in the canton of St. 

Gallen. Wattwil has around 8000 inhabitants living in 3238 households and in 1332 buildings. This 

case study substantially contributed to the development of the housing energy demand model. 

Furthermore, the optimization extension of the LCA model was also elaborated considering the local 

constraints of this municipality. The application of the LCA based optimization approach required 

however the following assumptions: the population of the municipality was presumed not to grow 

(as projected for this municipality), the building park would remain constant (since there were no 
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new building areas planned) and the demand for per-capita living space would remain constant as 

well. 

2. Zernez (GR) 

Zernez is a small municipality located in the Swiss Alps. Analogously to the case study of Wattwil, the 

household consumption comprising housing and mobility was environmentally evaluated. Moreover, 

a survey was conducted in the municipality in order to gather data on fuel oil consumption, used 

amount of wood chips and logs as well as on district heating and electricity demand (Wagner et al., 

2015). Furthermore, the municipality supported the establishment of a database containing also 

detailed information on installed heating systems and different building characteristics. This unique 

set of data for each household and each building facilitated an in-depth evaluation of the applied 

housing energy demand model. Moreover, future mobility scenarios which were developed within 

THELMA-project were applied to the municipality of Zernez. 

5.3.2. Task 2 and task 3 

Temporal scope 

 The household expenditure model was estimated for the year 2010. For Task 3 the temporal scope is 

extended to 2030.  

Territorial scope 

All the models implemented and the simulation MATSim, cover the whole of Switzerland.  

5.4. Data 

LCA studies in general and our LCA model in particular rely on life cycle inventories. They exist for a 

multitude of consumption related activities and they include upstream processes and waste 

treatment. Ecoinvent, a well renowned life cycle inventory database, includes in its version 2.2 for 

instance 50 datasets for the generation of heat and 40 datasets for different means of private 

transportation (ecoinvent, 2012). These numbers will further increase in the future and also cover 

activities from other areas of consumption, which will allow detailed assessment of household 

consumption. 

As a prerequisite to perform a life cycle assessment of individual mobility and housing, the 

corresponding demands had to be estimated. Space heating, hot water production and electricity 

were assessed using simplified energy balances and building-specific data as well as climate 

databases. Climatic data was generated with Meteonorm version 7 (Meteotest, 2012). Hourly 

outdoor temperature as well as direct horizontal and diffuse horizontal radiation were used as inputs 

for the calculation of space heat demand in buildings. All residential buildings situated within the 

borders of the spatial selection were considered for housing demand modeling. The data describing 

the buildings was extracted from the Federal Register of Buildings and Dwellings (FRBD) (Swiss 

Federal Statistical Office, 2013). The FRBD contains up-to-date data of all buildings and dwellings in 

Switzerland. The data we used were geographic references (i.e., longitude and latitude, altitude 

above sea level), building characteristics (i.e., year of construction, number of stories, number of 

apartments, energy source used for space heating and hot water supply), and characteristics of the 

ōǳƛƭŘƛƴƎΩǎ ŀǇŀǊǘƳŜƴǘǎ όƛΦŜΦΣ ǘƻǘŀƭ ŦƭƻƻǊ ŀǊŜŀΣ ƴǳƳōŜǊ ƻŦ ǊƻƻƳǎύΦ ¢ƘŜ ōǳƛƭŘƛƴƎ-specific data derived 

from FRBD was then supplemented and combined with statistical data from Wallbaum et al. (2010). 
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Mobility demands of households were deduced from the results of MATSim. The aggregation on 

household level was achieved by the assignment of MATSim-agents to household members based on 

information from the Swiss National Census (Swiss Federal Statistical Office, 2000) 

For the household expenditure model, the data used in the analysis is data gathered by the Swiss 

Federal Office of Statistics (FSO) on a yearly basis between the late 90s and 2010. Every year around 

3000 representative households were interviewed and surveyed in a mandatory survey about all 

their income sources and expenditures. The households had to fill out a very detailed diary about all 

incomes and expenses for all its members during one month. The main income categories are: 

1. Income from employed labor 

2. Income from self-employed labor 

3. Income from renting 

4. Income from wealth 

5. Income from social benefits 

6. Other transfer income 

The main expense categories are: 

1. Food and non-alcoholic beverages  

2. Alcohol and tobacco 

3. Clothes and shoes 

4. Housing and energy 

5. Furniture and general household expenses 

6. Healthcare 

7. Transportation 

8. Communication 

9. Entertainment and Culture 

10. Education 

11. Hotels 

12. Other goods and services 

13. Insurance (including social insurance programs) 

14. Donations 

15. Taxes and fees 

On the most detailed level, the data used is divided in a total of about 500 income and expenditure 

categories. This level of detail is clearly too high for our purposes, and the main scope of the model 

lies in the above shown main categories and its interdependencies. However, where we assumed a 

possible impact of a certain subcategory, its separate influence was tested (e.g. in the case of the 

expenditure in restaurants as a subcategory of food and beverages as a possible effect on 

transportation). Apart from the income and expenditure part, the data has also a lot of information 

on socio-economic characteristics, especially on household composition and profession. However, 

geographical information is very limited due to data protection laws, which limits the reach of the 

model substantially, as geographical information is of special importance in a transportation focused 

model.  Note also that a key assumption for the estimation of the model is that a) the behavioral 

mechanisms underlying household expenditure patterns kept stable over time and will also in the 

future and therefore the data can be treated as a single dataset; and b) the period is long enough to 
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have variability in the data and therefore the dataset is suitable to detect how patterns were 

modified by households according to given exogenous changes. The dataset is made of a 

representative sample of Swiss households.  

The MATSim population is based on the work of (Müller and Axhausen, 2013). Two major datasets 

and a classification of municipalities were used for generating the synthetic population: 

¶ Register survey: This dataset describes the full population of Switzerland at a certain day of 

2010. It contains the spatial location at the hectare level in addition to basic socio-

demographics available from the civil registry.  

¶ Microcensus 2010: The latest version of the survey on mobility behavior in Switzerland which 

includes, among others, extended socio-demographics as well as information on mobility 

behavior (activities and detailed trips).  

¶ Municipality classification: Official classification (22 types) of Swiss municipalities according 

to commuter movement, occupation, housing conditions, wealth, tourism, population, and 

role in the Central Place Theory (the theory which tries to explain the spatial distribution of a 

system of cities, derived from the pioneer work of Christaller, 1933). A coarser version of this 

classification with nine levels is used. 

For the road network, a detailed transport network of 2010 conditions is the standard for MATSim 

(Balmer et al., 2010). This was updated through a list of extension projects for which the federal and 

cantonal governments have firmly committed themselves (Swiss Federal Office for Spatial 

Development, 2010); this information is publicly available. 

For the public transport supply, the National Transport Model, which includes the expected schedule 

for 2030, was used (Swiss Federal Office for Spatial Development, 2010). 

The qualitative estimation of future travel patterns is based on analyses made on current and past 

travel patterns. This has been done looking at Swiss travel diaries surveys from 1994 to 2010 (ARE, 

1995, 2001, 2007, 2012). 

5.5. Methodology  

5.5.1. Modeling individual travel demand 

For travel demand modeling, the activity-based multi-agent transport simulation MATSim was used 

in this project. The basic idea of MATSim is that travel demand can be predicted by simulating daily 

life of persons and particularly the spatiotemporal occurrence of out-of-home activities (Balmer et 

al., 2006). The agents represent the actual individuals traveling or carrying out activities in a specific 

region. At the start of the simulation, each agent is located at his home. S/He has a list of activities to 

perform (a plan); for example, s/he has to go to work, then shopping and finally to a leisure activity 

before coming back home. All these plans correspond to the initial transportation demand, which, in 

the case of Switzerland, has been created based on the Swiss Microcensus (Swiss Federal Statistical 

Office and Swiss Federal Office for Spatial Development, 2012). During a simulation run, in which a 

day is repeatedly simulated, each agent tries to optimize its plan, through a trial and error process. At 

each iteration, it is possible for example to change route, means of transportation (car, public 

transportation, walk and bike), activity scheduling and location of leisure and shopping activities. This 

is done through a score, which is assigned to each executed plan according to the utility provided to 

the agent. The agent will try to keep the plans with the better scores and discard the worse during 
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the process. It should be noted that transportation duration takes into account interactions with 

other agents, which can lead to a high density of traffic and even traffic jams. So, travel times can 

diverge even substantially from free-Ŧƭƻǿ ǘǊŀǾŜƭ ǘƛƳŜǎΦ ¢ƘŜ ōŜƘŀǾƛƻǊ ƻŦ ǘƘŜ ǎȅǎǘŜƳ άŜƳŜǊƎŜǎέ ŦǊƻƳ 

ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ŀƎŜƴǘǎΩ ōŜƘŀǾƛƻǊΦ aƻǊŜ ŘŜǘŀƛƭǎ ŀōƻǳǘ ǘƘŜ ŎƻƴŎŜǇǘǳŀƭ 

framework and the optimization process of the MATSim toolkit can be found in (Balmer and Rieser, 

2009). A schematic representation of the process is displayed in Figure 5.1.  

 

Figure 5.1 Co-evolutionary simulation process of MATSim 

The iterative process described, will come to a point where agents are not able anymore to increase 

their score by changing their plans. This point, called relaxed demand in the MATSim context, 

corresponds to user equilibrium. The demand obtained is completely disaggregated, that is, at 

individual level. This can be used in this form or aggregated in any form is needed as it was the case 

in the work presented in this paper. More information on the development of the MATSim model 

with a Swiss specific scenario for 2030 may be found in Appendix B. 

5.5.2. Multiple discrete -continuous extreme value decision model  

The methodology used for the household expenditure model was a MDCEV, a Multiple Discrete-

Continuous Extreme Value Decision Model. This methodology is part of the family of utility 

maximizing decision models. That means that we assume the households to define their share of 

expenditure for each category as a rational decision that maximizes their utility. The MDCEV 

framework assumes parameters which define the utility of each category based on whether the 

category was chosen by the household (Discrete) and on the amount of money spent on it 

(Continuous) and estimates the parameters using the data available. The parameters show which 

socio-economic or other characteristic has an influence on the probability and amount spent on each 

category. Assuming shares of other categories as an explanatory variable for a given category allows 

estimating the interdependency and dynamics of the categories. 

5.5.3. LCA model for the assessment of individual household consumption  

Large parts of the chapters 5.5.3.1, 5.5.3.2 and 5.5.3.3 were published as Saner et al. (2013), Saner et 

al. (2014), and Froemelt and Hellweg (2016). 

5.5.3.1. Modeling the housing energy demand 

As a prerequisite for the assessment of environmental impacts from housing, estimates of the energy 

demand for space heating, hot water production and electrical appliances are needed. For this 

reason, a housing energy demand model based on simplified energy balances was set up according 

to SIA 380/1 (Swiss Society of Engineers and Architects, 2001). Climatic data, statistical census and 

dwelling register data are the foundations of this model. 

We calculated the heating energy demand (Qh) for each building based on its hourly heat flux 

balance. Thus, to determine Qh, we subtracted thermal gains from the losses. As thermal gains, we 
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counted solar gains (QS) via windows and internal gains because of occupancy (QiP) and electricity 

use (QiEl). Thermal losses were losses due to thermal transmission through the building envelope 

(QT) and losses due to ventilation (QV). This approach is in accordance with the Swiss standard SIA 

380/1 (Swiss Society of Engineers and Architects, 2001) for thermal energy calculations in buildings 

published by the Swiss Society of Engineers and Architects (SIA) and is formulated in equation (1). 

 (1) 

Herein, t denotes the hour, tbegin and tend are the boundaries for the analyzed period, and hg is the 

degree of utilization for heat gains, which depends on the thermal storage capacity of the building 

mass. The heat transfer coefficients (U-values) for the determination of the transmission losses (QT) 

were taken from (Wallbaum et al., 2010), who reported these coefficients for four different building 

components (roof, wall, floor, and windows) and distinguished their U-values according to year of 

construction of the building and year of renovation of the specific building component. The areas of 

the four components were calculated from the area of the building surface. The Federal Register of 

Buildings and Dwellings (FRBD) does not contain information on the shape of the buildings. Hence, by 

means of a correction factor and a so-called building envelope factor (Dettli et al., 2007), each 

building was simply modeled as a cube with a square base and an assumed share of window area of 

18% (Jagnow et al., 2002). Calculations for ventilation losses (QV) draw on hourly differences 

between outdoor and ambient room temperature as well as on standard values for hourly air 

exchange flows. While computations for solar gains (Qs) were based on climatic data, glass properties 

and took shading of nearby buildings into account, the modeling of internal gains due to occupancy 

(QiP) and electricity use (QiEl) relied on specific values provided by SIA 380/1 standard (Swiss Society 

of Engineers and Architects, 2001). 

Apart from heating and electricity demand, we also calculated the energy demand for the supply of 

hot water (Qww) for each household. Hereby again, we relied on standard values (Swiss Society of 

Engineers and Architects, 2001). 

Although FRBD is rather comprehensive, some data such as the renovation year of specific building 

parts, roof inclination, or specific heat supply technology was not available. We therefore assumed 

that the unknown parameters were stochastic. For instance, the FRBD holds information on the 

energy source used for space heating and hot water production. It distinguishes between oil, coal, 

natural gas, electricity, wood, heat pump, solar collectors, and heat from a district network. Yet, 

wood, for instance, can be further differentiated into heat from logs, chips or pellet incinerating 

systems. Therefore, we used statistical data and applied stochastic modeling to determine the 

detailed heating supply technology. Then, in preparation for the life cycle assessment, we linked the 

space heating and hot water demands per apartment with the respective activity in ecoinvent 2.2 

(ecoinvent, 2012) representing a specific heating system technology. 

The extensive dataset of final energy consumption available in the case study of Zernez enabled a 

detailed evaluation of this housing energy demand model (Wagner et al., 2015). For a building-wise 

comparison of model results and empirical database, the space heating demands of 133 buildings in 

Zernez were computed. In order to account for uncertain parameters, Latin Hypercube sampling was 

applied and for each building, the results of 1000 simulation runs were averaged. But also the 

collected data on final energy consumption had to be processed for the comparison. Several 
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assumptions (e.g. on energy contents, conversion efficiencies, domestic hot water needs, and 

electricity demand for lighting/appliances) had to be made in order to convert the collected empirical 

data into annual net space heating demand per building. These assumptions were chosen in a 

manner to cover the uncertainty of these net space heating demands derived from the collected 

empirical data. This resulted in a range for each building spanning from a minimum value ς which 

represents an underestimation ς ǘƻ ŀ ƳŀȄƛƳǳƳ ǾŀƭǳŜ ǿƘƛŎƘ ƛǎ ƭƛƪŜƭȅ ǘƻ ƻǾŜǊŜǎǘƛƳŀǘŜ ǘƘŜ άǊŜŀƭέ ǎǇŀŎŜ 

heating demand. 

The buildings considered for the evaluation comprised only residential buildings and among them, 

only buildings with reliable and unambiguous data entries. 

5.5.3.2. Modeling the land-based mobility demand 

Mobility demand for land-based traffic modes was evaluated based on results of MATSim. At the 

moment no weekend or intraweek model for Switzerland is implemented in MATSim. Therefore, we 

approximated yearly mobility patterns with 365 workdays. As the average travel distance for 

weekends equals the average travel distance for workdays this assumption is justifiable (Swiss 

Federal Statistical Office and Swiss Federal Office for Spatial Development, 2012). The output data 

from a MATSim simulation contains the details of selected plans together with detailed output of the 

traffic simulation for each agent. These plans state when agents left a specific location, for how long 

and how far they drove and what mode of transport they used. Hence, we calculated the mobility 

demand (in terms of traveled kilometers) of each agent and each mode of transport and aggregated 

the traffic demand on household level by assigning MATSim-agents to household members. This 

assignment was based on characteristics of the agents and characteristics of households and 

household members, both derived from the Swiss National Census (Swiss Federal Statistical Office, 

2000). For the life cycle assessment, activities from ecoinvent 2.2 (ecoinvent, 2012) were allocated to 

the chosen transportation modes by means of stochastic modeling.  The fleet composition was 

obtained by implementing  the MDCEV decision model of task 2 (Jäggi et al., 2012). 

Household data from the Swiss National Census 2000 (Swiss Federal Statistical Office, 2000) is subject 

to data protection and thus its geographic reference does not exactly coincide with the geographic 

reference of buildings in the FRBD. Therefore, each household was assigned to the nearest building 

and within the building to an appropriate apartment, that is, an apartment with enough rooms to 

hold all members of the household. If an apartment was already occupied by another household 

then our model looked for another available apartment to avoid double occupancy. After this step, 

we knew for each household the housing and land-based mobility demand. These demands were 

then fed into a life cycle assessment model which is capable of applying all common life cycle impact 

assessment methods provided by ecoinvent (ecoinvent, 2012) (e.g., ReCiPe (Goedkoop et al., 2012) 

midpoint indicators) in order to determine environmental impacts. 

5.5.3.3. Optimization extension 

The model for the life cycle assessment of individual household consumption was extended by 

optimization methods aiming at minimizing environmental impacts from housing. Therefore, the 

extended model should find optimal refurbishment strategies and optimal energy supply 

technologies for residential buildings. As a case study, the municipality of Wattwil was chosen. The 

application to a real case enabled the consideration of realistic local restrictions such as capacity 
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limits and resource-supply constraints, as well as site-specific factors such as the possibility to join a 

district heating network, to exploit groundwater heat pumps or to install solar panels or collectors. 

In order to quantify potential savings in environmental impacts by refurbishment and thus a 

reduction of heating demand, four building renovation measures (floor, roof, wall, and window 

refurbishments) were included in the model assuming that all refurbishments would meet best 

available standards. The possible space heat and hot water supply technologies were oil, gas, and 

wood heaters (chips, logs, pellets), heat pumps (brine-water, air-water), district heat (wood chips), 

and polymer electrolyte membrane (PEM) fuel cell systems (co-generation of heat and electricity 

fueled by gas). Hot water could additionally be partly supplied by solar collector panels. Electricity 

demand could be supplied by electricity from local photovoltaic (PV) panels (ribbon-Si) mounted on 

roof tops, Proton Exchange Membrane (PEM) fuel cells or electricity from the Swiss grid. For 

electricity from PV, it was assumed that 50% of the rooftops in the case study municipality could be 

equipped with panels and that PV panels could only occupy the residual roof area after subtracting 

the area of the solar collectors from the total roof area. PEM fuel cells could only be run with natural 

gas or purified biogas and thus only in buildings with a connection to the gas network. Ground source 

heat pump systems were only allowed for buildings situated in designated areas. 

Furthermore, the year was divided into twelve time steps, i.e. months, to be able to account for 

temporal constraints (e.g. unusable surplus heat from solar collector systems in summer). 

Environmental impacts were assessed for two midpoint categories from the ReCiPe Method  

(Goedkoop et al., 2012)  with particular relevance for energy supply systems: climate change (kg CO2-

eq) and particulate matter formation (kg PM10-eq). While climate change is currently the 

environmental dimension receiving the highest political attention and an indicator of the fossil fuel 

intensity of products, we chose particulate matter formation as a second indicator as we expected 

trade-offs with climate change, especially in the context of using wood energy. 

In order to minimize several life cycle impact categories at once in a multi-objective optimization, we 

applied the fuzzy linear programming extension of the general matrix-based LCA developed by Tan et 

al. (2008). According to this approach, the optimization problem is converted to the maximization of 

the degree of satisfaction that can be obtained for all objectives simultaneously. 

5.5.3.4. Application to case studies 

To illustrate the application of the household consumption LCA, we carried out case studies for two 

Swiss municipalities, Zernez and Wattwil. In both cases, the environmental impacts of housing 

demand and mobility behavior of the individual households in the respective municipality were 

assessed. A detailed empirical dataset on final energy consumption at household level allowed for an 

in-depth evaluation of the housing energy demand model in the case of Zernez. In Wattwil, the 

households were further analyzed. According to their environmental footprints the households of 

Wattwil were categorized in four groups. Cluster analysis for each group of households then allowed 

ŦƻǊ ŦǳǊǘƘŜǊ Řŀǘŀ ǊŜŘǳŎǘƛƻƴ ǿƛǘƘƻǳǘ ƭƻǎƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ƘƻǳǎŜƘƻƭŘǎΩ 

environmental footpriƴǘǎΦ ²Ŝ ǳǎŜŘ ƘƛŜǊŀǊŎƘƛŎŀƭ ŎƭǳǎǘŜǊƛƴƎ ŀǇǇƭȅƛƴƎ ²ŀǊŘΩǎ ƳŜǘƘƻŘ ŀǎ ƭƛƴƪŀƎŜ 

criterion (Backhaus et al., 2006). As parameters for the cluster analysis, we used aside from life cycle 

impact results different household characteristics such as household size, income, age of household 

members, and highest education. 
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Furthermore, Wattwil was also selected as a case study for the LCA based optimization approach to 

optimize refurbishment of buildings and energy supply under environmental criteria, given the local 

restrictions. 

Future mobility scenarios which were developed within different work packages of the THELMA-

project were applied to the municipality of Zernez. The investigated future mobility behavior of 

ƘƻǳǎŜƘƻƭŘǎ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ ά.ŀǎŜƭƛƴŜ нлолέ-scenario which was elaborated within task 3. For this 

scenario, an adapted synthetic population for 2030 and an updated road network was considered. 

The underlying fleet composition was again derived by means of the MDCEV decision model 

developed in the scope of this work package. However, in the framework of these future mobility 

scenarios, the resulting base fleet was combined and supplemented by the fleet scenarios provided 

by WP 3. The fleet scenarios of WP 3 comprise a 30%-, 60%- and a 90%-penetration level scenario of 

battery electric vehicles (BEV) by 2050. For the establishment of these scenarios, MATSim-agents 

were identified which are likely to purchase a specific BEV-type at a certain point in time. Therefore, 

by assigning MATSim-agents to household members, it was possible to identify the households which 

will replace their conventional cars by one or more battery electric vehicles. It has to be noted that, 

owing to the focus on the year 2030 instead of 2050, lower penetration levels apply for the case 

study in Zernez. Furthermore, the indicated BEV penetration levels are valid for the whole of 

Switzerland and might be substantially different for the municipality under investigation. More 

information on the development of the Matsim 2030 model may be found in Appendix B. 

For the purchase of a BEV by a MATSim-agent, eight different electric vehicle classes (luxury, midsize, 

upper midsize, mini, small, sport, SUV and vans), two battery sizes (short and regular range) as well 

as three electric vehicle model years (2012, 2020 and 2030) were distinguished within the fleet 

scenarios of WP 3. The combination of these 48 different BEV-types with the results of the life cycle 

assessment of vehicles in WP 1 allowed for a detailed analysis of the environmental consequences of 

the future introduction of individual electric mobility. 

5.6. Results 

Although the LCA analysis was defined as task 1, as previously mentioned, the results shown here 

follow a rather different order. The logic is that the household model, and the MATSim scenarios and 

output, were indeed inputs for the LCA analysis and therefore are presented first hereafter. The 

further developments of MATSim to include 2030 scenarios as well as the application of future 

mobility scenarios to a case study come as last. 

5.6.1. Household expenditure models 

The results of this research using Decision Modeling Methodology are parameters that show the 

ƛƴŦƭǳŜƴŎŜ ƻŦ ŜȄǇƭŀƴŀǘƻǊȅ ǾŀǊƛŀōƭŜǎ ǘƘŀǘ ǘŜƭƭ ǳǎ ǿƘŀǘ ŘǊƛǾŜǎ ŀ ƘƻǳǎŜƘƻƭŘΩǎ ŜȄǇŜƴŘƛǘǳǊŜ ǎƘŀǊŜ ƻŦ ŀ ƎƛǾŜƴ 

category. In the context of this research project, different model configurations were tested and two 

main models were estimated: a) A general model that predicts the share of the 15 main categories 

(and the transportation category as one of them) and estimates parameters for the influence on 

these categories and b) a specific model that predicts the share of sub-categories within the 

transportation and communication category, such as public transportation, private transport, 

telecommunication, internet, etc.,  and estimates the parameters that define its utility.  

The results of the models however show that the shares of expenditure of all the categories seem to 

date almost independent of the observed household characteristics and of the expenditures of other 
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categories. So far, with the tested methodology no significant patterns or correlations could be found 

that would explain and predict the share of any of the categories, including transportation. Neither 

socio-economic nor the limited available geographical variables can explain the households 

expenditure shares sufficiently. The reasons could be that the shares are influenced by other 

variables that are not in the dataset, that we have not yet found the proper model specification or 

that the amount a household spends on a category are not subject to rational decision making but 

more individualistic and irrational. The later would mean the approach of trying to predict travel 

demand based on the amount of money spent on transportation would prove very difficult. 

5.6.2. Travel demand  

Travel demand was modeled at both Swiss national level and at local level for two selected 

municipalities (Wattwil and Zernez). The MATSim simulation and its extensions for electric vehicle 

modeling were used to model energy demand by the various types of vehicles, which included 

modeling of electricity demand. The output of the simulations was used both for country-wide 

electric grid and supply analysis (WP3 and WP5) and for life cycle assessment in the mentioned local 

scenarios, where the environmental footprint of households was assessed. Scenarios for 2005, 2010 

and 2030 were simulated. The 2005 scenario was the original basis scenario, while the 2010 scenario 

is an update which has been created in parallel with the setup of the 2030 scenario. 

Since the scenario for 2010 did not previously exist, it was necessary to gather newer data and use a 

rather standard MATSim scenario creation process. The process is of scarce relevance in the context 

of this project and therefore, is not documented here. Conversely, the creation of a scenario for 2030 

implies several challenges and the whole process, with the several results obtained along it. This is 

documented in a separate paragraph at the end of this chapter.  

5.6.2.1. MATSim extensions 

MATSim was further developed to meet the needs of the case studies and to be able to make certain 

predictions of the energy consuming infrastructure and the traffic demand for future scenarios. The 

cost structure of electric vehicles (high purchase/investment costs, low energy/running costs) 

substantially different than that of internal combustion vehicles needs extensions in MATSim that 

reflect the consumer behavior regarding car choice and investment decisions. Another part of 

MATSim that was further developed was parking, which is crucial for the loading patterns of electric 

vehicles. 

5.6.2.2. Fleet choice model 

To assign car types to the agents in MATSim according to the household expenditure model 

described above, a household structure had to be created, since cars are generally shared between 

household members. The households have certain characteristics, such as number of persons, ages, 

children, income, that determine fleet choice. The census  data (Swiss Federal Statistical Office, 2000) 

is the basis for all agents in MATSim. Characteristics needed for the car choice model that were not 

included in the census, such as income and number of cars, were extrapolated from the Microcensus 

(Swiss Federal Statistical Office and Swiss Federal Office for Spatial Development, 2012). Another 

sub-model based on the Microcensus calculated the annual VMT (Vehicle Miles Travelled) per 

household. The fleet choice model then made a forecast for every household how many vehicles this 

household owns what car types the vehicles are and how many kilometers per years are travelled 

with each car.  
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5.6.2.3. Parking model 

At the time the THELMA project started, the parking model in MATSim was too simplistic. There was 

no constraint on the parking supply side, so that any number of cars could be parked everywhere. 

Furthermore there was no notion of parking price in the model. And also walking distances to/from 

the parking were not modelled, so that the agents directly drove to the destination location and 

parked there. These shortcomings had several implications: As the parking supply did not have any 

limitations, agents could drive to a shop, even if in reality there would be a shortage of parking, 

which could potentially trigger further changes in behavior, such as change of travel mode. 

Furthermore trade-offs, e.g. between walking distance and price were not possible at that time. In 

the meantime a parking model was developed for MATSim, which incorporates all these features, so 

that agents encountering a supply shortage in parking can react to it. Especially for EVs the module 

also allows to specify, if an EV needs charging ς in that case the agent will only make a trade-off 

between parking where a charging plug is available. 

5.6.2.4. Energy consumption and charging of electric vehicles 

As part of another project (related to electric vehicles) called ARTEMIS (Waraich et al., 2014), several 

additions to MATSim have been made. This includes the implementation of energy consumption and 

charging of EVs and PHEVs with interfaces to a power systems simulation tool and several interfaces 

for exchanging the MATSim output with the ETHZ-PSL. Furthermore MATSim runs were performed 

with test data and forwarded to ETHZ-PSL containing pattern on energy consumption of electric 

vehicles for each trip. In the dataset also detailed information of parking location, parking times and 

activity type (e.g. work, home, education, etc.) for each agent were contained. Furthermore, 

simulation data for the municipalities of Wattwil and Zernez were filtered out from a MATSim run. 

This contained detailed data both on the daily plan of agents living in the selected communities and 

their travel both inside and outside the municipalities.   

5.6.3. LCA model for the assessment of individual household consumption  

Large parts of the findings presented in this chapter were published as Saner et al. (2013), Saner et 

al. (2014), and Froemelt and Hellweg (2016) 

The building-wise comparison carried out in the case study of Zernez is depicted in Figure 5.2a. The 

modelΩǎ фр҈ ŎƻƴŦƛŘŜƴŎŜ ƛƴǘŜǊǾŀƭǎ ƻǾŜǊƭŀǇ ǿƛǘƘ ǘƘŜ ŜƳǇƛǊƛŎŀƭ ŘŀǘŀōŀǎŜ ǊŀƴƎŜ ŦƻǊ ср ƻǳǘ ƻŦ моо 

buildings. Yet, this figure shows clearly that simulated heating demands largely deviate from 

database entries for some individual buildings. A detailed analysis revealed that these deviations can 

ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ǘƘŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ƻŎŎǳǇŀƴǘǎΩ ōŜƘŀǾƛƻǊΣ ŎƻƴǎǘǊǳŎǘƛƻƴ ǘȅǇŜǎ ƻŦ ƻƭŘ ōǳƛƭŘƛƴƎǎΣ ƻƴƭȅ 

occasionally occupied holiday flats, and problems of representativeness in the underlying statistical 

databases. 

Nevertheless, Figure 5.2b demonstrates that on an aggregated level, cumulative and total heating 

demand are well reflected by our energy demand model. The cumulative curves of the annual 

heating demand shall visualize a building stock perspective. The red line in Figure 5.2b illustrates the 

cumulated average model results, while ǘƘŜ ōƭǳŜ ƭƛƴŜǎ ŘƛǎǇƭŀȅ ǘƘŜ ŘŀǘŀōŀǎŜ ǊŀƴƎŜΦ ¢ƘŜ ƳƻŘŜƭΩǎ ƭƛƴŜ ƛǎ 

plotted closely and more or less parallel to the database curves pointing to a good model 

performance at a building stock scale. 
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As a conclusion, the applied model is not able to simulate single buildings always accurately, but it is 

ŀōƭŜ ǘƻ ǊŜǇǊƻŘǳŎŜ ǘƘŜ ƻǾŜǊŀƭƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜ ǊŜǎƛŘŜƴǘƛŀƭ ōǳƛƭŘƛƴƎ ǎǘƻŎƪΩǎ ǎǇŀŎŜ ƘŜŀǘƛƴƎ ŘŜƳŀƴŘ 

on different levels of aggregation. 

 

Figure 5.2 (a) Building-wise comparison of the 95% confidence intervals of the annual space heating demand estimated 
by the housing energy demand model with the empirical database range; (b) Cumulative annual heating demand of 
buildings sorted by ascending heating demand according to the mean of the empirical database range. The cumulative 
curve of the model was built by accumulating the simulated heating demands corresponding to the sorted buildings. [SD 
= Standard deviation; Database (min) = minimum of empirical database range; Database (max) = maximum of empirical 
database range] 

Figure 5.3 shows the median life cycle greenhouse gas (GHG) emissions in metric tons for housing 

and land-based mobility consumption for the two case study municipalities, Zernez and Wattwil. 

Although all common life cycle impact assessment methods could be applied by our model, we chose 

to present the results only in CO2 equivalent emissions assessed according to the ReCiPe method 

(Goedkoop et al., 2012) (ReCiPe midpoint impact category: climate change). We found by applying 

ǘƘŜ YǊǳǎƪŀƭҍ²ŀƭƭƛǎ ǘŜǎǘ (Kruskal and Wallis, 1952) that there was no significant difference between 

the different samples calculated with Monte Carlo simulation. Thus, the results of the median sample 

are representative and suitable for further discussion. The blue bars in Figure 5.3 represent GHG 

emissions induced by commuting, shopping, and leisure purposes by different means of land-based 

traffic modes and the use of their infrastructure. GHG emissions induced by space heating, hot water, 

electricity consumption and building infrastructure are depicted in yellow. The resulting GHG 

emissions are normalized by the number of people living in the household and ranked from the 

lowest to the highest emitters. 

The median value for life cycle GHG emissions over all households in Wattwil was calculated as 

3.12 t CO2-eq and in Zernez as 3.86 t CO2-eq per person per year. Hence, 50% of households in the 

respective municipality emit less and the other 50% emit more than these values. The mean values 

amount to 4.30 t CO2-eq and 4.40 t CO2-eq per person and year for Wattwil and Zernez respectively. 

These values are comparable to the Swiss average for housing and land-based mobility consumption 

in 2005, but slightly below (4.76 t CO2-eq per person (Jungbluth et al., 2012)). The lower average 

values in the two case studies are mainly due to the large share of buildings heated by wood or, 

especially in Zernez, directly by the low-carbon Swiss electricity mix. The findings suggest that GHGs 

are not emitted equally, and that a small share of households in both cases is responsible for a large 

amount of GHG. This is supported by the cumulative relative impact results also presented in Figure 

5.3. 
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Figure 5.3 Life cycle greenhouse gas emissions of individual households in Zernez (a) and Wattwil (b) in the year 2010 
induced by housing and mobility. The impact results per household have been normalized by the respective number of 
household members and ranked from smallest to largest value. 

It is shown that in Wattwil 20% of the households and in Zernez approximately 25% of the 

households with the largest impacts are responsible for about 50% of GHGs stemming from housing 

and mobility. The mean values for housing amount to 2.35 t CO2-eq in Wattwil and 2.22 t CO2-eq per 

person and year in Zernez. For mobility purposes, an average household member emits 1.94 t CO2-eq 

in Wattwil and 2.18 t CO2-eq per year in Zernez. Although, housing impacts are more equally 

distributed among households than mobility impacts, these two consumption areas are apparently 

equally important in terms of climate change. 

In the case of Wattwil, a detailed analysis of the impacts was conducted. The spatial distribution of 

impacts in Figure 5.4 (environmental impacts within one raster cell of 100 x 100 m were averaged for 

the reason of data privacy protection) shows that for some areas in the municipality we find 

differences between the impacts of housing and land-based mobility. One of these areas is marked 

by a light blue circle. The finding suggests that these households live either in poorly insulated 

buildings or use fossil fuels for space heating. However, they generate a smaller demand of 

motorized individual transportation than other households. This might be explained by the fact that 

we find these households located in the old town near the train station. The inverted phenomenon is 

marked by a pink circle, where households are located which have high mobility impacts, but low 

impacts from housing. These two examples support findings of other authors who state that 

environmental impacts of households are often subject to trade-offs between the different 

consumption categories (Girod and De Haan, 2009, Girod and De Haan, 2010). 

For subsequent cluster analyses (CA), groups of households were derived by investigating the impact 

result distribution. Group A consists of households that are below 1 t CO2-eq per capita and year, 

households that emit less than the median value (i.e., 50th percentile or 20% of cumulative emissions) 

were assigned to group B, households that contribute between 20% and 50% belong to group C, and 

households that contribute more than 50% to the cumulative impact result (i.e., the 80th percentile) 
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were attributed to group D. By applying cluster analyses, we were able to reduce several hundred 

ƛƴŘƛǾƛŘǳŀƭ ƘƻǳǎŜƘƻƭŘǎ ǘƻ оҍп ŎƭǳǎǘŜǊǎ ǇŜǊ ƎǊƻǳǇΦ ¢ƘŜ Ƴƻǎǘ ǊŜƭŜǾŀƴǘ ǊŜǎults of the CA are presented in 

Table 5-1. The first group (A) of clusters represents 9.5% of all households in Wattwil. Cluster A1 

consists of small households of elderly people and clusters A2 and A3 are formed by families with 

children. The apartment area per person is rather small (average for group A is 47 m2 per person) and 

the buildings are rather old, however, the apartments are heated by low GHG emitting heating 

systems. Impacts from mobility are very low because of low demand for motorized private 

transportation and only moderate demand for public and non-motorized private transportation. The 

group not only comprises households of elderly people, who tend to have lower demands of 

mobility, but also clusters of young families. This finding suggests that these households have either 

short or no commuting distances (e.g., farmers). 

 

Figure 5.4 Rasterized maps of Wattwil showing averaged life cycle GHG emissions per hectare graduated into four 
classes. (map data: FSO GEOSTAT/swisstopo). Blue and pink circles indicate areas where housing and mobility impacts 
are significantly different. Green circle indicate areas where housing and mobility impacts are both on a similar level.  

Households in group B either perform very well in housing (B1, B3) or mobility (B2, B4). The rather 

moderate emissions from housing stem from a higher share of wood and natural gas fueled (14% and 

36%, respectively) heating systems and the small living area per person. Most B-clusters have 

moderate demand for motorized private transportation or high demand for public transportation. 

Group C consists of three clusters (C1, C2, and C4) with GHG emissions dominated by housing 

operation and one cluster (C3) with high impacts from mobility. The emissions of one category are 

often two to three times higher than the emissions of the other. Group D is formed by households 

that consume large amounts of fossil fuel for heating (share of oil heating approximately 66%) and 

transportation purposes. This group is responsible for 50% of the cumulative GHG emissions induced 

by households in the case study municipality, meaning that if their impacts could be halved, the 

cumulative impacts of Wattwil would be reduced by 25%. The emissions from housing are high, 

because the households of group D use large apartment areas (on average 92 m2 per person) and 

heat with fossil fuels. 
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Table 5-1 Clusters of similar households and the most relevant household characteristics. GHG emissions per capita and 
year induced by housing operation and land-based mobility, as well as the distance to city center. All values are 
presented as average values of cluster.  

 

Furthermore, the LCA model was extended by an optimization module whose objective function aims 

at minimizing CO2-emissions and particulate matter formation at the same time by finding optimal 

refurbishment strategies and energy supply technologies for buildings. Figure 5.5 shows the results 

of the application of this optimization model to Wattwil in two maps. The left map shows the impact 

results for the reference case, whereas the right map shows the results of the multi-objective 

optimization. In both cases, the highest GHG emissions are in the center of the municipality due to 

the higher population density and bigger buildings. Additionally, in the reference system, the heating 

systems of the buildings in the city center rely mainly on fossil fuels, whereas buildings in the 

outskirts of the municipality are mainly heated with wood. In the optimal case, GHG emissions are 

distributed more equally than in the reference case. GHG emissions above 32 t CO2-eq per hectare 

are rare. Locally increased GHG emissions can be explained by a switch of the energy supply system 

from a purely wood based system with low GHG emissions to another system (e.g. heat pumps) in 

order to achieve a better trade-off between GHG and particulate matter emissions. 

In the optimal case, GHG emissions are reduced by more than 75% compared to the reference case, 

from 11824 to 2664 t CO2-eq. Also, particulate matter emissions are reduced by more than 50% from 

10.7 to 5.12 t PM10-eq. This means that due to the refurbishment of buildings and due to the 

changing structure in energy supply, the impacts from both impact categories decrease. The multi-

objective optimization applied here searches for the best consensus between the two objectives and 

therefore leads to a fundamentally different portfolio of hydronic energy supply systems in the 

municipality than in the reference case. 

The distribution of energy supply systems is depicted in Figure 5.5 (bottom) for the reference case 

(left) and the optimal case (right). In the reference situation, the most common supply systems in the 

city center are oil boilers and gas furnaces, thereby 1156 t of light fuel oil and 1418 Nm3 of gas are 

used per year. In the outskirts, wood incineration is predominant (11 m3 of wood chips and 4583 m3 

wood logs). Only in some cases the most frequent systems are direct electric boilers and heat pumps. 

The total electricity use for housing purposes is 4.76 GWh per year. Solar collector panel installations, 

delivering auxiliary heat for hot water generation, are very rare in the municipality. In the optimal 

case, however, solar collectors are installed to the fullest possible extent. The distribution of the 

space heat supply systems is rather homogeneous and heat pump systems (brine-water or air-water) 

cluster 

name

no. of 

persons per 

household

max. age of 

the oldest 

person in the 

household

 min. age of 

the youngest 

person in the 

household

 housing 

operation impacts

(t CO2-eq per 

person and year)

mobility impacts

(t CO2-eq per 

person and 

year)

 apartment 

area

(m2 per 

person)

 no. of 

apartments 

per building

 distance to 

city center 

(km)

A1 1.5 70 66 0.4 0.2 82 3 1.13

A2 4.6 46 10 0.2 0.5 23 3 1.36

A3 3.5 38 14 0.5 0.2 36 8 1.39

B1 1.6 55 51 0.5 1.3 78 3 1.25

B2 3.3 40 14 1.3 0.7 34 7 1.33

B3 4.6 45 10 0.7 1.2 24 6 1.37

B4 2.0 67 57 1.7 0.4 46 9 1.06

C1 2.0 56 46 3.0 1.1 60 8 1.06

C2 1.4 73 71 3.5 0.7 75 8 1.11

C3 3.5 46 19 1.2 3.0 34 7 1.31

C4 1.3 40 38 3.1 1.1 91 7 1.12

D1 1.2 62 61 5.6 3.2 111 9 1.17

D2 3.1 49 24 2.6 6.4 50 9 1.20

D3 1.3 34 31 6.2 8.1 100 7 1.07
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as well as wood chips are preferred. Heat pumps are predominant in the areas where drilling 

boreholes for heat exchanger tubes is allowed. Wood chips incineration systems are predominant in 

the other areas. In total, 8452 m3 of wood chips and only 418 m3 of wood logs are used. The total 

electricity demand for housing purposes almost quadruples due to the installation of heat pump 

systems and amounts to 16.4 GWh per year (50% electricity from PV and 50% from the grid delivered 

from outside the municipality). In addition to this drastic shift of heat supply technologies from a 

fossil fuel dominated portfolio to a portfolio consisting of mainly heat pumps and wood chips 

incineration systems, roofs, windows and walls would need to be refurbished in more than 65% of 

ǘƘŜ ƳǳƴƛŎƛǇŀƭƛǘȅΩǎ ōǳƛƭŘƛƴƎǎ όƻǇǘƛƳŀƭ ǊŜŦǳǊōƛǎƘƳŜƴǘ ǊŀǘŜǎ ŀǊŜ ст҈ ŦƻǊ ǊƻƻŦǎΣ ум҈ ŦƻǊ ǿŀƭƭǎ ŀƴŘ су҈ 

for windows, and only 5% for floors). 

 

Figure 5.5 Results for the energy supply of buildings in the municipality of Wattwil for the reference case (left) and the 
multi-objective optimal case (right), aggregated per hectare. Top: annual life cycle GHG emissions. Bottom: distribution 
of hydronic energy supply systems. Each pixel depicts the most frequent system per hectare. (In the gray shaded areas 
only air-sourced heat pumps are allowed, borehole heat exchangers are prohibited due to groundwater protection). 

The full potential of the environmental impact reductions will hardly be achieved in reality, 

particularly in the short term, e.g. because of financial constraints and social acceptance, which were 

not taken into account in this study. 






















































































































































































































































































































































































































































