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Executive Summary 
 
Subject of project / Short description  This text may be used for publication in, for example, the CCEM Progress Report. 

 Electric mobility technologies have the potential to contribute to the goals of 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 of the generation mix, with the current 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. 

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 project will address automobiles, vans and light trucks. Detailed technology evolution will be 
considered until year 2030 with an outlook until year 2050.  

The overall approach proposed for the THELMA project is to perform a 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 (electrified and baseline internal combustion engines) and energy 
carriers (batteries and fuels) are to be combined with various vehicle options (e.g. different 
vehicle classes, downweighting, etc.) to define a wide range of vehicles (a “virtual fleet” of 
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. 

Local and/or regional scenarios are 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 will 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 will combine criteria indicators partially originating from other tasks 
to characterize local and climate-related emissions, resource burdens and social concerns.  
Where possible, these indicators are monetized to obtain external costs that are added to direct 
technology costs to obtain total costs.  This will enable carrying out cost-benefit analysis of 
electric mobility and estimating the avoided externality effects.  All indicators will also be 
aggregated using stakeholder preferences and multi-criteria decision analysis (MCDA) tools, so 
that total cost and MCDA rankings for selected technologies and for the overall national mobility 
options can be compared. 
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Duration (years): 4 
Start: 01.01.2010* End: 31.12.2013 
*Depending on the evaluation process an earlier start is also possible. 
 
 
Main results 
 
Expected results  Mention strategic goals, deliverables, intermediate and final milestones as appropriate. 

 The goals of the project are: 

• 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, biofuels, or hydrogen.  Future technology advancements will 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 will 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 will 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.  

 
Selected deliverables will include: 

• 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 and biomass 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 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 and cost-benefit 
analysis of electric mobility scenarios taking into account avoided external costs; 
MCDA-based ranking of mobility options on the technological and scenario levels with 
consideration of stakeholder preferences. 
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1. Research plan 

1.1 Problem to be solved 
The sustainable mobility problem – Electric mobility technologies have the potential to 
contribute to the goals of Swiss energy policy, which include assuring a more sustainable 
supply and 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. 

Within the transportation sector, there are two main problems related to the sustainability of 
the present light vehicles (automobiles and light trucks) that provide individual mobility.  The 
first problem is the current dependence on fossil oil as the primary energy resource.  The 
geological distribution of oil and the political stability of producing regions, make price 
stability and 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. 

The other main problem is CO2 emissions from light vehicles, and their effects on global 
climate.  In Switzerland, where the electric sector is practically CO2 free and coal use is 
negligible, oil is the most carbon-intensive fuel and is used primarily for heating (44%) and 
transportation (56%).  Fuel switching to natural gas or electric heat pumps already provides 
alternatives for heating, but CO2 emissions from mobile sources are a more difficult problem.   

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. 

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 expensive from “zero-carbon” sources, 
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.  Unfortunately, at present a combined system of a drivetrain using a non-fossil, “zero-
carbon” energy carrier is still either unavailable or the total cost per kilometer is too 
expensive.  

 

E-mobility as a potential solution – 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 presents among the best options to meet the 
conflicting economic, environmental and social criteria for sustainability.  There already 625 
electric vehicles, 1000 hybrids, 800 Twikes and 5000 e-bikes in Switzerland (www.e-
mobile.ch/pdf/Switzerland_in_Progress_2005.pdf).  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 
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management (e.g. braking regeneration, and more efficient operating of ICE’s), and allows 
varying 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 considerations require 
modeling the power system’s operation and stability.  Figure 1 below shows this overlap 
between vehicle traffic density and the electric power transportation 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 downsizing/downweighting 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 EV’s more than hybrids, but better 
power electronics advance EV’s and hybrids v. ICE drivetrains), while lightweighting is an 
advantage to all drivetrains.  This means advancing technologies creates a complex 
environment of competition and co-evolution between different drivetrains. 

 

Figure 1: Swiss traffic density and electric transmission grid 

 
 

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 
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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 MCDA rankings. 

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

 

The proposed 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 proposed 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, downweighting, etc.) to define a wide range of vehicles (a “virtual 
fleet” of designs).  Life cycle analysis 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.  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 patterns, charging load patterns, 
and future generation and grid expansion.  Power network modeling will include comparison 
of central versus customer controlled charging patterns (including battery costs) and include 
analysis of V2G grid services.  The integration analysis task will combine criteria indicators 
partially originating from other tasks to characterize local and climate related emissions, 
resource burdens and 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 stakeholder preferences and multi-criteria decision analysis 
tools, so that total cost and MCDA rankings can be compared. 

This technology-centered approach that analyzes discrete alternatives for both vehicles and 
case study scenarios, should provide a complementary approach to the other consortium’s 
approach to fleet penetration modeling and strategy optimization.   
 
General Objectives - The general objectives of the THELMA are: 

• To assess LCA-based environmental performance of electric vehicle technologies 
(in particular, batteries and fuel cells) in comparison with options driven by fossil fuels, 
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biofuels, 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 the synergetic 
effects will be addressed. 

• To carry out case studies on 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 will be evaluated. 

• To assess aggregated environmental and economic vehicle technology attributes thus 
enabling carrying out 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.  

 

Scope – The general approach of the THELMA project outlined above will apply within the 
following scope. 

• Vehicle classes: automobiles, vans and light trucks. 

• 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 and biomass resources. 

• Electricity/Energy supply: alternative electricity supply mixes, hydrogen production 
from renewable, nuclear or fossil fuels (with and without carbon capture and storage). 

• 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, national and possibly 
on urban level; life cycle, cost benefit and sustainability assessment on technological 
and national levels. 

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

• Criteria: environmental, economic and social (limited). 

 

Work Packages – 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.  The partner coordinating each work package is listed first in the parentheses, 
followed by the other work package participants) 

WP1: Life Cycle Assessment (LCA) – 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 – 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 – Analysis of the impacts on electric system dispatch, 
transmission constraints and costs due to the presence of new charging loads from 
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electric vehicles.  Includes analysis of vehicle-to-grid storage or generation.  (ETHZ-
PSL). 

WP4: Case studies – 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 – 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 – Management and co-ordination of the other 
five work packages, including dissemination of final results (PSI-LEA). 

 

The relationship of the six THELMA work packages is shown below in Figure 2. 

 

Figure 2:  Structure of the THELMA project 

 
 

Each work package will address 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 electricity mixes and some of today’s fuels), but will need to be 
modified and extrapolated.  In other cases, original LCA of energy carriers (e.g. advanced 
chemistry batteries) and prime movers (e.g. fuel cells) will need to be performed.  Likewise, 
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LCA for the set of alternate fuels for ICE drivetrains that compete with electric mobility 
options will need 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, lightweighting, etc.). 

 

Work Package 2:  Vehicle simulation and powertrain assessment 
The primary task for Work Package 2 is to combine similar approaches to drivetrain 
simulation modeling that specialize in combustion engines (ETHZ-LAV) and electric vehicles 
and hybrids (PSI-LEA).  These drivetrain models will then be combined with the PSI 
approach to generating large sets of consistent vehicle designs combining different 
drivetrains with other vehicle options.  Each vehicle design is to be characterized by multiple 
criteria, including cost, direct emissions, utility, safety, performance, and range. 

 

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, included transmission system constraints on generation dispatch (unit operation), 
to obtain least-cost operation of the power system.  A key question involves customer 
decisions on when and where to charge their vehicles (e.g. fast, high-power charging away 
from home during the day, or slow, overnight charging at home).  It is expected that different 
charging strategies will be compared, ranging from purely convenience-based to including an 
increasing range of costs (e.g. peak v. off-peak costs, hourly time-of-day costs, battery life 
costs, etc.).  These customer charging strategies will also be compared to centralized control 
based on minimizing utility cost.  Questions also include optimal scheduling of vehicle to grid 
services, and customer incentives necessary to secure participation in V2G supply. 

 

Work Package 4:  Case studies 
In this work package, electric mobility in the context of integrated energy systems on the 
level of Swiss municipalities will be assessed.  Energy supply and demand for all relevant 
energy-related activities will be modeled and strategies to effectively reduce environmental 
impacts will be proposed.  Local autonomous energy supply systems (i.e. particularly 
dispersed electricity generation) will be compared with centralized systems and their 
interrelation with electric mobility assessed.  For this purpose, the concept of energy hubs 
and the multi-agent transport simulation shall be enhanced and coupled with life-cycle 
assessment models to account for the environmental dimension.  The overall transition from 
current energy systems featuring fossil fuel based mobility towards future energy systems 
including electrified mobility will be illustrated with macroeconomic, demographic, political 
and regulation-driven scenarios.  Additionally, specific scenarios based on alternative options 
for energy supply and demand will be modeled for selected consumer groups, particularly 
focusing on their mobility needs and preferences.  The prospective energy systems will be 
optimized using ecological and economic criteria. 

This task has the main responsibility for constructing local and/or regional case study 
scenarios, including forecasts of future traffic patterns.  These traffic patterns are then 
combined with customer charging rules (in coordination with the WP3 on power system 
modeling).   The 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. 
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Work Package 5:  Analysis integration 
The chief task of Work Package 5 is the aggregation of results from tasks 1 through 4.  It 
also will include estimation of additional criteria.  These will include, for example, social 
indicators like energy carrier risk, autonomy, cost sensitivity, etc.  This task will also include 
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.  Simplified, appropriate models for distributed, tailpipe 
emissions will be combined with more detailed models for emissions from centralized power 
plant emissions.  Externalized costs will be added to direct costs to find average total vehicle 
costs per kilometer. 

Multi-criteria indicators related to vehicle sustainability will be combined with stakeholder 
preferences gathered either by survey or based on generic stakeholder profiles.  Indicator 
data will be normalized and combined with stakeholder indicator weights using an MCDA 
algorithm for ranking of discrete alternatives. MCDA ranking of national vehicle fleet and grid 
operation scenarios will also be performed.  Total cost and MCDA ranks will be compared.  If 
feasible, vehicle rankings will also be compared between different stakeholder groups, and 
also between any groupings of stakeholder preferences based on cluster analysis.   

 

 

Work Package 6:  Project management & coordination 
This work package has the task of coordinating efforts within all the other work packages, 
managing 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 transportation area. 

 

The THELMA partners – The THELMA consortium brings together a highly qualified 
research team from the most relevant researchers at ETH Zürich, the Swiss Federal 
Laboratory for Materials Testing and Research (EMPA) and the Paul Scherrer Institute (PSI).  
The THELMA project is structured to build on the strengths and experience of the following 
groups (group leaders in parentheses): 

EMPA-LCAM, Life Cycle Assessment and Modeling Group 
(Dr. Rainer Zah and Mr. Hans-Jörg Althaus) 

ETHZ-LAV, Aerothermochemistry and Combustion Systems Laboratory 
(Prof. Konstantinos Boulouchos and Mr. Fabrizio Noembrini) 

ETHZ-ESD, Ecological System Design 
(Dr. Annette Köhler and Prof. Stefanie Hellweg) 

ETHZ-IVT, Institute for Transport Planning and Transport Systems 
(Prof. Kay Axhausen and Dr. Michael Balmer) 

ETHZ-PSL, Power System Laboratory 
(Prof. Göran Andersson and Dr. Thilo Krause) 

PSI-LEA, Laboratory for Energy Systems Analysis/Technology Assessment Group 
(Dr. Stefan Hirschberg and Dr. Peter. Burgherr) 
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1.2 State of international research in the field 
 
(Objectives of international research, priorities, solution pathways followed so far, open questions. 
Please include up to 10 references of external authors.) 

The state of international research on the sustainability of future transportation systems is 
extensive and varied, because the subject is very diverse.  The modern history of electric 
vehicles has emerged with advances in batteries, fuel cells, power electronics and 
drivetrains.  Research and public debate includes issues of reducing oil dependence and 
CO2 emissions (depending upon the electricity mix for charging batteries), and the role of the 
smart grid for integrating renewables with electric vehicles, including charging impacts, 
vehicle-to-grid (V2G), system stability and support services. 

As one example, V2G was proposed by Amory Lovins of the Rocky Mountain Institute in 
1995, and their Mobility + Vehicle Efficiency (MOVE) program is still active in promoting this 
area (http://move.rmi.org/, http://move.rmi.org/markets-in-motion/case-studies/innovation-
labs/phev-consortium.html).  The V2G concept was formulated and extended by Kempton 
and Letendre (1997), and the University of Delaware continues to have a strong research 
program in this area (www.udel.edu/V2G has numerous further papers, reports and links).  
There is very broad interest in plug-in hybrid (PHEV) and V2G issues from government, 
including government funded research in the US and Europe (Petersen, et al. 2009).  
Particular studies include those from the National Renewable Energy Laboratory (Sioshansi 
and Denholm, 2009), the Pacific Northwest National Laboratory (Kintner-Meyer, et al. 2007 
and 2008) and Argonne National Laboratory (Elgowaine, et al. 2009). Utility industry interest 
is very broad, including the Electric Power Research Institute’s (EPRI) electric transportation 
program (partners and projects at http://et.epri.com/).  In addition, a wide range of utilities in 
the US and Europe are also cooperating with pilot projects in this area 
(http://dsc.discovery.com/technology/tech-10/top-10-v2g-projects.html. 

PHEV (and to a lesser extent V2G) technology has also achieved significant public 
awareness through the popular press (including online blogs like 
www.greencarcongress.com/v2g/ and www.pluginamerica.org/) and books (Beck, 2009 and 
Sandalow, 2009).   

There are also academic institutions with strong interests in transportation system 
sustainability and related life cycle assessment, including M.I.T. (Heywood, et al. 2008), the 
UC Davis Institute of Transportation Studies program for Sustainable Transportation Energy 
Pathways (http://steps.ucdavis.edu/), Carnegie Mellon (Samaras and Meisterling, 2008), and 
the Technical University of Denmark  
(http://www.dtu.dk/centre/cet/English/research/projects/16_Vehicle_to_Grid_V2G.aspx). 

This introduction is far from complete, but most research programs on electric mobility 
appear to focus on some particular aspect of the transportation field, whether it is future 
penetration and impacts, costs, grid impacts or life cycle assessment. There is very little 
research that is technology specific, covers a wide range of many vehicles, and goes beyond 
the primary considerations of cost and CO2 to integrate many different criteria in a structured 
way.  The THELMA proposal embodies a broad, interdisciplinary approach that combines 
expertise from a number of complementary areas, including technology specific modeling, 
life cycle assessment, network effects, case study implementation, and valuation and 
integration.   Each work package further outlines below the status of research in its own area 
of expertise, but the real strength of the THELMA proposal lies in the synergistic combination 
of each group’s complementary strengths in an integrated approach. 
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Work Package 1:  Life cycle analysis (LCA) 
 

Active Institutions  

In the EU, the Department of Electrical Engineering and Energy Technology at Vrije 
University in Brussels is a predominantly active institution conducting research in this field.  
Extrapolated assessment of the environmental impacts of large scale EV introduction 
appears to be more specifically traffic related rather than addressing technological 
advancement and electricity supply infrastructures. 

In the US there are several active research bodies; the Electric Power Research Institute, the 
Sloan Automotive Laboratory at the MIT and the Transport Technology R&D Centre at the 
Argonne National Laboratory all conduct assessments using interdisciplinary research (see 
document “LCA literature” for web addresses). 
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International research achievements and open questions 
Although a large number of life-cycle studies has already been published on advanced and 
alternative vehicle energy technologies (Baptista et al., 2009; Elgowainy et al., 2009; 
Edwards et al., 2008 (not full EV’s); Kromer and Heywood, 2007; Samaras and Meisterling, 
2007 (PHEV’s only); Duvall et al., 2007 (PHEV’s only); Kudoh, 2007 (CO2 only); Edwards et 
al., 2006 (not full EV’s)), important deficiencies still exist: 

• LCA studies are strongly focused on efficiency and vehicle emissions.  Thus, 
important aspects like resource depletion or emission of not regulated toxics are 
neglected.  Generally, neither the environmental impacts nor the human health impacts 
caused by the adoption of advanced vehicle energy technologies have been studied to 
great depth. 

• The electrical energy storage device is the most critical component in determining the 
success of the e-mobility concept and for which further R&D is needed in order to offer 
energy density ratios required to make EV’s competitive with ICE’s in terms of ability 
and performance.  However, LCA studies on the production and use of batteries or 
fuel cells are widely lacking.  This hinders the sound comparison of different vehicle 
systems including production and end-of-life processes. 

• A large amount of data needs to be collected in order to reflect the large diversity 
between vehicle classes, technologies, their performance characteristics, 
emission standards, fueling strategies (Boureima et al. 2009).  This complicates the 
analysis of generalized vehicle types like diesel cars vs. hybrid cars.   

 

The combined competences of the PSI and EMPA to conduct full and highly regarded LCA 
together with the experienced application of simulation methodologies is therefore 
recognized as offering significant advancement possibilities and to address necessary 
research in this field.  The boundaries of this work package show a clear advancement on 
any of the studies found in the literature survey that are very much restricted temporally as 
well as in terms of impact assessment methodologies employed. 
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Work Package 2:  Vehicle simulation and powertrain assessment 

Automobile manufacturers currently design vehicles in an evolutionary rather than 
revolutionary way. Incremental improvement allows carmakers to keep research and 
development costs low, while maximizing the re-use of reliable components in successive 
design generations (Weaver et al. 2005). Leading international research on vehicle 
technology implementation typically parallels this approach, by scaling existing powertrain 
technology and basing the analysis of the impact of advances on existing platforms (Kromer 
et al. 2008).     The pressure to reduce vehicle fuel consumption at constant performance 
and utility has risen over the past five years, while the actual emphasis on reducing fuel 
consumption in design has stayed constant (Cheah et al. 2007).  This pressure has 
presented manufacturers with an uncomfortable choice: make the revolutionary powertrain 
design leap to electric powertrains, or risk being left behind.  Vehicle drive research and 
development is proceeding along different pathways, with manufacturers choosing different 
architectures for their relative strengths and weaknesses, and research still in progress to 
characterize future technology options.  No clear winner among hybrid architectures has 
emerged, although significant attention has been devoted to the problem of optimizing such 
systems (Sundström et al. 2008).  This can be partially explained by the sheer number of 
choices that vehicle designers are faced with when assembling advanced powertrain 
concepts.  To date, most research has been focused on single technologies, with 
comparatively little attention paid to how these technologies can be applied across a broad 
range of vehicle designs (Chalk and Miller, 2006). 

The most common approach to examining the impact of powertrain electrification among the 
active groups at MIT, University of California Davis, and at OEM development and strategy 
centers (Ford, BMW etc) is to select a representative vehicle and to model it with different 
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powertrain configurations.  Previous studies have examined the effect of advanced design 
options on a small set of specific vehicles (Weiss et al. 2000).  The advantage of this 
methodology is a high degree of model accuracy and understanding of higher-order 
interactions between technology choices.  The drawback arises when extrapolations to 
global or even national fleets are made, because of the inherent heterogeneity of these real 
world vehicle pools.  Another challenge inherent to the case study approach is ensuring that 
technologies are selected that are consistent with the vehicle being simulated (i.e. the impact 
of 4WD systems on a subcompact). 
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Work Package 3:  Power system modeling 
Clearly, a high aggregation of PHEVs in one area might cause serious problems to the 
electricity network, especially for the lower voltage levels, as lines, which were designed for 
household loads are facing a substantial load increase.  Line overloading and voltage 
stability problems might occur deteriorating power quality.  Currently, investigations on 
possible impacts and management schemes are performed for different countries, areas and 
voltages levels.  One study (Hadley, 2007) investigates presumed charging behaviors of a 
large PHEV fleet and their impacts on regional U.S. grids, system loading and generation 
adequacy.  In Germany, another (Heider and Haubrich, 1998) looks into the impacts of 
electric vehicle recharging on generation utilization and emissions.  Schneider, et al. (2008) 
and Yu (2008) look at impacts on generation profile changes and residential feeder loading 
variations due to assumed charging profiles in the U.S.  Lately impacts on distributions 
systems, particularly on transformer loss of life have been studied (Roe, et al. 2009).   

However, a strong motivation to actually develop and deploy this technology stems from the 
idea that integration of PHEVs into power systems will enable important advances in power 
systems and offer a large, distributed storage when aggregated.  This is desperately needed 



Page 20 of 107 

in power systems as supply needs to meet demand in every instant and so far available 
storages are limited (e.g. geographically in case of pumped hydro).  In fact, intelligent 
management of the storage introduced by PHEVs into the system could support the increase 
of renewable energy generation.  Several studies investigate this possibility, making a case 
for electric vehicles and PHEVs utilized for grid support.  Possible ancillary service markets 
(Kempton, et al. 1997), net revenues for PHEVs (Kempton and Tomic, 2005, Lund and 
Kempton, 2008, Larsen et al. 2008, Marano and Rizzoni 2008) as well as renewable 
generation expansion (Lund and Kempton 2008), Kempton and Tomic 2005, Short and 
Denholm 2006, Tomic and Kempton 2007, Yamamoto et al. 2008, Letendre et al. 2002) and 
other technical advantages for different power systems are investigated, presuming that the 
PHEVs would be managed adequately for/by the power system.  

Early studies (Kempton et al. 1997) already suggested regarding electric vehicles and 
PHEVs as more than just a load.  Possible revenues were calculated for utilities using them 
for direct load control (DLC) at peak times and first costs of discharge were stated for 
owners.  Following publications were further developing this concept, screening for specific 
ancillary markets and net revenues for owners and utilities considering a bidirectional power 
flow from or to the vehicles (vehicle-to-grid V2G).  Substantial financial incentives have been 
found along with the feasible market sectors like frequency regulation, balancing services 
and spinning reserves (Kempton and Tomic 2005, Kempton and Tomic 2005, Tomic and 
Kempton 2007).  Recently, even more publications look into the economic feasibility of the 
V2G concept, also in other countries than in the U.S., while considering possible scheduling 
algorithms for apparent cars (Lund and Kempton 2008, Larsen et al. 2008, Marano and 
Rizzoni 2008, Roe et al. 2008, Wirasingha et al. 2008). 

Furthermore, other benefits of the power system such as load reductions, load mitigation into 
the off-peak times and improved load curves have also been stated (Denholm and Short 
2006, Parks et al. 2007).  Another line of research is investigating the sustainability of the 
PHEV technology and their deployment, considering the generation mix (Turton and Moura 
2008).  In any case, many benefits can be anticipated while barriers need to be overcome in 
order to take advantage of this technology (Sovacool and Hirsh 2009). 
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Work Package 4:  Case studies 
Environmental assessments of electric mobility so far have very much focused on the 
evaluation of specific components (e.g. batteries) and drivetrains as well as vehicle 
comparisons using only a limited set of environmental indicators (e.g. primary energy 
demand and green house gases).  Studies on the environmental implications of electrification 
of transport in the context of energy supply systems and mobility and overall energy demand 
on a regional and municipality’s level, respectively, are very scarce.  Particularly, the 
integration of electric mobility with decentralized energy supply structures being 
characterized by intermittent energy generation and the associated ecological consequences 
have hardly being analyzed.  There are two major groups of studies in the field.  The first one 
considers new combined centralized/decentralized energy supply structures for 
municipalities, but does not take into account electrification of mobility as an additional 
energy demander.  Büsser & Koehler (2007), for instance, discuss electricity and heat supply 
scenarios for a Swiss municipality including dispersed electricity generation, while Smolka 
(2009) investigates the technical and environmental consequences of additional combined 
heat and power plants for electrical grids.  Dürrenberger and Hartmann (2002) describe a 
model for estimating regional energy demand including the transportation sector, yet they 
only consider fossil-fuel based transportation and do not integrate the energy supply side.   

The second group of studies investigates electrified transportation systems but does not 
place them into the context of future centralized and decentralized energy generation.  
Stephen and Sullivan (2006) look at environmental implication in regards to PHEV 
introduction on a US nationwide level.  Pehnt (2003) assesses future fuel-cell driven 
transport systems together with future energy systems, but also remains only on a national 
level of detail. 

Either way, comprehensive life-cycle based assessments evaluating the environmental 
performance of electric mobility integrated into (decentralized) energy supply systems and 
coupled with transportation demand models reflecting a regional context have not been 
performed so far.  Such an evaluation offers the opportunity to provide decision-support and 
identify strategies to cost-effectively decrease the overall environmental impact of mobility 
and energy use of municipalities. 

Transport demand models have been selective in their adoption of economic demand 
modeling.  While discrete choice models have been advanced in transport, continuous 
demand models for multiple goods/services are unusual.  A reference to Deaton and 
Muellbauer (1980), a key textbook, is a rarity.  This does not reflect ignorance, but a lack of 
application, as transport demand modeling had shifted since 1970’s to a disaggregate focus, 
in which all relevant decisions were discrete: where to travel to? what transport mode to use? 
which route to follow? (See Domencich and McFadden, 1975; Ortuzar and Willumsen, 2001; 
Train, 2003).   While these models incorporate costs and income, they do not have to assure 
that the overall budget constraint is met, as they only look at a particular day and decision.  
The expenditures at the destinations are ignored, as is the overall price level of alternatives, 
be they restaurants, hotels, shops or place of work (income levels).   

Based on this approach, often called the activity-based approach (Jones et al., 1983), a 
series of agent-based micro-simulation models have been developed, which are slowly 
replacing the still praxis-dominant aggregate demand models, which again do model 
representative days and also ignore the overall budget constraints.   These models differ in 
the way, in which they integrate route choice and the associated calculations of the 
generalized costs of travel, as well as in the basic approach taken to the description of the 
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key demand processes (choice of the number of activities, locations, modes).  The detailed 
sets of variables differ as well, reflecting different data bases and national differences.  The 
basics of the most prominent model systems are described in Arentze et al., 2000; Bhat et 
al., 2004; Bowman et al., 1999; Pendyala et al., 2005; Mahmassani, 2001; Schnittger and 
Zumkeller, 2004; Nagel et al., 1998; finally for a review see Axhausen, 2006.   

The on-going work of translating the activity-based approach into praxis is currently taking 
various avenues.  The most relevant is addressing the hurdles of its practical use (speed of 
computation, ease of data acquisition, translation of previous model technologies, automatic 
calibration).  The more theoretically driven one is expanding the scope of the underlying 
models: integration of the social network structure of the agents, moving to the 
representative week or month and finally incorporation of the financial budgets of the 
household. 
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Work Package 5:  Analysis integration 
Environmental impacts and external costs: 

Several studies on environmental impacts and external costs of transport have been 
conducted worldwide, of which several are explicitly mentioned here.  For example, the 
European project ExternE-Transport, related to the ExternE project series on the externalities 
of energy, investigated external costs of transport in Europe (Friedrich & Bickel 2001).  For 
this purpose, the European EcoSense model for external cost assessment, originally 
developed for power plant assessment, was extended to include transportation modeling with 
appropriate nested grids to simulate road emissions and impacts.  Costs and benefits due to 
reduced external costs have been assessed (cost-benefit analysis).  An extensive list of 
studies on external costs of transport in Europe can be found in the EU handbook (European 
Commission 2008).  For Switzerland, external costs of current transport have been recently 
estimated (Ecoplan & Infras 2008).   

To a very limited extent, also external costs of electric cars have been studied in the past.  
For example, the ExternE-Transport study (Friedrich & Bickel 2001) investigated external 
costs of few electric cars including life cycle assessment.  Further studies on electric vehicles 
have been performed in different countries (e.g. Carlsson & Johansson-Stenman 2003, 
Delucchi & Lipman 2001, Funk & Rabl 1999, Ogden et al. 2004).  Nevertheless, most of the 
existing external costs studies focus on conventional transport (for example comparing road 
transport/ rail transport/ air transport). 

For the intended e-mobility project not only the studies directly addressing transport are 
relevant, but, because of the relevance of electricity production, also the studies on 
externalities of electricity have to be considered.  The group has a strong basis in the 
international research in this field (see also section “own research”). 

Integrated analysis: 

While the use of cost-benefit analysis, and multi-criteria decision analysis is prevalent in 
transportation analysis, the range of diversity in the sector is so broad that it is typically 
applied to different areas than that which is proposed in the THELMA project.  Typical 
transportation problems and areas of academic research include routing problems, resource 
allocation, infrastructure, logistics, GIS methods, choice of fuels, etc.  The THELMA project is 
specifically concerned with multi-attribute evaluation and ranking of discrete technological 
alternatives, i.e. a large number of light vehicles.  Some similar applications have been 
surveyed (Brand et al. 2002, and Safaei Mohamadabadi et al. 2009), that cover the uptake of 
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technology and policy options in the transport sector, but lack the necessary detail in the 
multi-criteria framework and the vehicle modeling.  Recent experience in the large European 
NEEDS project included an extensive survey and requirements analysis of multi-criteria 
methods for a study of future generation technologies using a large criteria set (Makowski, et 
al. 2006a).  This analysis showed that available MCDA methods for ranking discrete 
alternatives were either badly suited or analytically flawed, and led to the creation of a 
portfolio of new MCDA algorithms (Makowski et al. 2006b, and Makowski et al. 2008).  These 
were applied in the NEEDS project, which also compared the MCDA and total cost 
approaches (Schenler, et al. 2009). 
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1.3 State of own research in the field, pre-studies 
 
(Previous work of applicants. Indicate major results and highlights of the past 3 years. Please include 
up to 10 references to publications or reports.  Has preliminary work already been undertaken?  If yes, 
please provide a short summary.) 

 

Work Package 1:  Life cycle analysis (LCA) 

EMPA, Technology & Society Lab: 
The Life Cycle Assessment and Modeling (LCAM) unit of the Technology and Society Lab 
(TSL) has been involved in LCA for more than 20 years.  LCAM is with more than 1500 
datasets one of the main contributors to the ecoinvent database.  The main focus of the unit 
is on Life cycle inventory modeling and LCA of materials and systems in several fields 
including biofuels, metals and emerging technologies.  Beside applications of LCA, the unit is 
active in developing new methodologies for modeling in LCA, e.g. hybrid approaches, 
integration of agent based models (ABM) in LCA or temporally and spatially specific LCI 
modeling and life cycle impact assessment in the context of traffic noise.  Of the projects of 
the LCAM unit, some are of special interest in the context of this proposal.  In a technology 
assessment of 2nd generation Biofuels (TA-SWISS, 2008-10), scenarios of biofuel use for 
2015 and 2030 will be compared with the use of fossil fuels and with electric mobility.  Using 
sustainability performance analysis, various environmental, economic and social aspects are 
integrated.  EMPA is also leading the BFE eScooter-project (EMPA and partners, 2009-) in 
which market development, actor analysis, technology development, life cycle assessment, 
reliability assessment, development of driving cycles, analysis of user feedback, and 
recommendation of policy measures for eScooters are developed.  EMPA developed a 
methodology for inclusion of human health impacts of transport noise in LCA (PhD 
EMPA/ETH, 2005-2009).  This project develops LCA compatible modeling of vehicle and 
context specific noise emissions and a corresponding impact assessment method (Althaus et 
al 2009a, b).  This method can be adapted to electric vehicles.  For assessing effects of 
emerging technologies, the framework to integrate scale effects within LCA (PhD 
EMPA/ETH, 2006-2009) will be of interest.  In this project a methodology is developed to 
estimate LCA results of future technologies based on existing data for lab-scale or pilot plant 
processes (Caduff et al. 2009). 

 

PSI-LEA: Laboratory for Energy Systems Analysis: 
The experience and expertise of the research performed by PSI-LEA relevant in the context 
of mobility is primarily concentrated in the three areas of Life Cycle Assessments (LCA) of 
conventional transportation systems based on fossil-based fuels, multi-criteria decision 
support for technology analysis, and powertrain simulation and optimization.  Extensive 
experience in these disciplines reaching back to the early 1990’s has resulted in numerous 
publications (see below, and in previous sections).  The LEA group is internationally 
recognized as a center of excellence in energy systems analysis, and maintains a newsletter 
on energy issues the ‘Energie-Spiegel’ published in three languages (Available at: 
http://gabe.web.psi.ch/energie-spiegel/).  It also serves as a competent and reputable 
national Swiss resource for the general energy debate, providing information and 
presentation in numerous forums.  The group is also represented on the board of the 
ecoinvent centre, among others. 

LCA will be performed on vehicles of different sizes - passenger cars, vans, and lorries of 
small, medium and large size - with gasoline and diesel engines with focus on Swiss and 
European systems.  The central element of these activities is the responsibility on transport 
services within the world's most comprehensive LCA database ecoinvent (Spielmann, et al. 
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2007, www.ecoinvent.org), which provides background LCA data of passenger and freight 
transport systems in Switzerland and Europe.  The performed LCA research also covered a 
detailed evaluation of different near-term future scenarios on the introduction of state-of-the-
art vehicles continuously substituting parts of the current Swiss passenger car fleet and the 
resulting environmental effects (Spielmann and Althaus 2007).  Besides fossil fuel based 
transport systems, also the effects of the use of wood-based biogas in terms of impacts on 
human health and the environment have been studied (Felder and Dones 2007). 
Further experience and expertise relevant for this project concerns LCA of current and future 
power generation systems and hydrogen production (Felder 2007, Bauer et al. 2008).  This 
includes the responsibility for all energy systems in general in the most comprehensive 
world-wide LCA database ecoinvent (Dones et al. 2007) and LCA modeling of advanced 
fossil electricity chains within the European research project NEEDS (New Energy 
Externalities Development for Sustainability) for various scenarios up to year 2050 (Bauer et 
al. 2008). 
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Althaus, et al (2009b) Althaus H.-J., de Haan P., Scholz R.W., Traffic noise in LCA; Part 2: 
Analysis of existing methods and proposition of a new framework for consistent, context-
sensitive LCI modeling of road transport noise emission.  In Int. J LCA (2009, in press) 
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September 14-19, 2008, Interlaken, Switzerland. 
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NEEDS deliverable n° 7.2 – RS 1a, NEEDS project, European Commission, Brussels, 
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Dones, et al. (2007) Dones, R. (Ed.), Sachbilanzen von Energiesystemen: Grundlagen für 
den ökologischen Vergleich von Energiesystemen und den Einbezug von Energiesystemen 
in Ökobilanzen für die Schweiz.  Final report ecoinvent No. 6, Paul Scherrer Institut, Villigen, 
Swiss Centre for Life Cycle Inventories, Dübendorf, Switzerland. 

Felder (2007) Felder R., “Well-to-wheel analysis of renewable transport fuels.  Synthetic 
natural gas from wood gasification and hydrogen from concentrated solar energy.”  Diss., 
ETH Zürich, Nr. 17437, 2007. 

Felder and Dones (2007) Felder R., Dones R., "Evaluation of ecological impacts of synthetic 
natural gas from wood used in current heating and car systems".  In Biomass and Bioenergy 
31 (2007) 403–415. 

Spielmann, et al. (2007) Spielmann M., Bauer C., Dones R., Tuchschmid M., "Transport 
Services.  Data v2.0."  ecoinvent report No. 14, Villigen and Uster, December 2007. 

Spielmann and Althaus (2007) Spielmann M., Althaus H.-J., "Can a prolonged use of a 
passenger car reduce environmental burdens?  Life Cycle analysis of Swiss passenger 
cars."  In Journal of Cleaner Production 15 (2007) 1122-1134. 
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Work Package 2:  Vehicle simulation and powertrain assessment 
This work package will combine research activities from the PSI-LEA group and the ETHZ-
LAV group.  Both groups have well-developed competency in vehicle drivetrain simulations.   

 

ETHZ-LAV 
The focus of ETHZ-LAV is the simulation of conventional, hybrid and plug-in hybrid electric 
vehicles, with emphasis on the internal combustion engine.  However there is experience 
with all powertrain configurations.  Detailed engine models can be linked with vehicle models 
for optimization, taking into account the engines transient behavior and studying the 
influence on the hybrid management.  This can be done for different fuels (including biogenic 
ones) and combustion mechanisms, which are simulated along with the thermal 
management and the exhaust gas after-treatment systems.  Specific final energy 
consumption (both fuel and electricity) and emissions are thus calculated. 

The Energy Navigator project at ETHZ-LAV resulted in experience on simulations of 
upstream conversion paths for the production of secondary energy carriers (electricity, 
hydrogen), which served as integrating assessment regarding GHG emissions and energy 
demand on the whole energy chain for the different powertrain options. 

 

Publications: 
Boulochos, et al. (2006) Boulouchos K., Jochem E., et al. ”Energie-Navigator Schweiz.  Ein 
Energiemodellsystem für die Schweiz,“ Zürich, 2006. 

Frei (2008) Frei F., “Scenario Analysis of the Swiss Passenger Car Sector from a 
Sustainable Perspective,“ Zürich, 2008. 

Noembrini (2009) Noembrini F., ”Modeling and Analysis of the Swiss Energy System 
Dynamics with Emphasis on the Interconnection between Transportation and Conversion,” 
ETHZ Dissertation, Zürich, 2009. 

Noembrini, et al. (2009) Noembrini F., et al. “Integrated Assessment of Technical Oriented 
Paths for the Future Cars Powertrain on a Swiss Case Study,” International Advanced 
Mobility Forum, Proceedings, Geneva, 2009. 

 

PSI-LEA 
The PSI-LEA group has competences in fuel cell and battery modeling, which are 
complementary to LAV’s experience in internal combustion engine modeling.  PSI-LEA 
performs integrated multi-criteria assessment of powertrains using vehicle simulation models 
that are control-strategy optimized as part of the CCEM-CH supported project “Transition to 
Hydrogen Based Transportation – Challenges and Opportunities”.  These models have led to 
experience and published results on a trade-off analysis between cost, performance, payload 
and range among others with an emphasis on hydrogen transportation modes.  This project 
work has let to multiple conference publications (listed), with several journal papers to follow.  
Table 1 shows the design choices available for a typical heuristic design set. 
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Table 1: Illustrative design options for vehicle design set  

 
 
As an example, results from simulation of an electric and hybrid vehicle design set are shown 
in Figure 3 which shows how electrification premiums paid for vehicles on the Swiss market 
are small, and the corresponding reduction in fuel consumption is significant while 
performance remains constant (not shown).    

 

Figure 3: Electric powertrain design set showing minimal electrification premium 

 
The existing models and competences of both groups can be combined and a high level of 
interaction will lead to a detailed analysis of the co-evolution of partially electric drivetrains.   

 

Publications: 
Wilhelm, et al. (2007) Wilhelm E.J., Fowler M.W., Fraser R.A., Stevens M., “Hardware-in-the-
loop platform development for hybrid vehicles.”  PHEV 2007 Conference, Winnipeg, 
Manitoba.  November 1-2 2007. 

Wilhelm, et al (2008) Wilhelm E.J., Berry I., Stevens M.B., Schenler W.W., “CARtography: 
Creating a Global Map-Based Fuel Use Calculator.”  Proceedings of the 2008 American 
Society for Engineering Education conference.  Pittsburgh, Pennsylvania.  June 22-25 2008. 
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Wilhelm and Schenler (2008) Wilhelm E.J., Schenler W.W., “The Co-Evolution of Plug-in and 
Fuel Cell Hybrid Vehicles.”  Proceedings of the 2008 International Advanced Mobility Forum.  
Geneva, Switzerland.  March 11-13, 2008.   

Wilhelm and Schenler (2009) Wilhelm E.J., Schenler W.W., “Heuristics for the Design of 
Advanced Powertrains: Strategies for Manufacturers.”  Proceedings of the 2009 International 
Advanced Mobility Forum.  Geneva, Switzerland.  March 10-12, 2009. 

Wilhelm and Schenler (2009) Wilhelm, E.J., Schenler, W.W., “Heuristic Design of Advanced 
Drives Analysis of Trade-offs in Powertrain Electrification.”  Proceedings of the Electric 
Vehicle Symposium 24, Stravanger, Norway 2009. 

 

 

Work Package 3:  Power system modeling 
An ETH-Polyproject was launched in April 2008 with the goal of investigating PHEV impacts 
on power and transportation systems.  The project team comprises the Laboratory of 
Aerothermochemistry and Combustion Systems (LAV), the Institute for Transport Planning 
and Systems (IVT) and the Power System Laboratory (PSL).  The methods and tools 
developed in this project investigate the impact on increased electrification on distribution 
grids, specifically the grid of the inner city of Zurich.  Impacts like line and transformer 
loadings are investigated.  The consequences from power system utilization and the specific 
state are fed back into a transport simulation based on an agent-based tool (MATSim).  This 
tool simulates the driving behavior of the transportation participants.  Different PHEV types 
are included via a study from the LAV.   

The focus of the project lies in the area of basic PHEV integration into power systems, 
investigation of power system utilization on the distribution level and PHEV load 
management techniques.  Multi energy carrier approaches are utilized and methods are 
developed in order to model PHEVs in future energy system.  Only minor attention is given to 
the transmission side of the power network, V2G control approaches, ancillary service usage 
and overall LCA.    

del Real, et al. (2009) del Real A.J., Galus M.D., Bordons C., Andersson G., Optimal power 
dispatch including external power exchanges.  In European Control Conference 2009, 
Budapest, Hungary. 

Galus and Andersson (2007) Galus M.D., Andersson G.  An approach for PHEV Integration 
into Power Systems, Extended abstract to poster presented at the Smart Energy Strategies 
Conference, Zurich, Switzerland. 

Galus and Andersson (2008) Galus M.D., Andersson G.  Demand management of grid 
connected plug in hybrid electric vehicles (PHEV).  In Proceedings of IEEE Energy 2030 
Conference, Atlanta, GA, USA. 

Galus and Andersson (2009) Galus M.D., Andersson G, Integration of Plug-In Hybrid Electric 
Vehicles (PHEV) into Energy Networks.  In Proceedings IEEE Powertech 2009, Bucharest, 
Romania. 

Galus and Andersson (2009) Galus M.D., Andersson G,, Power System Considerations of 
Plug In Hybrid Electric Vehicles based on a Multi Energy Carrier model.  In Proceedings of 
IEEE PES General Meeting, Calgary, Canada. 

Galus, et al. (2009) Galus M.D., Waraich R., Balmer M., Axhausen K.W. and Andersson G., 
A Framework for investigating the impact of PHEVs.   Proceedings of International Advanced 
Mobility Forum, IAMF,Geneve, Switzerland, 2009. 

Geidl and Andersson (2007) Geidl M., Andersson G., Optimal power flow of multiple energy 
carriers.  IEEE Transactions on Power Systems, 22(1):145–155, 2007.  0885-8950. 
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Hadley (2007) Hadley S.W., Evaluating the impact of plug-in hybrid electric vehicles on 
regional electricity supplies.  In Bulk Power System Dynamics and Control, Charleston, SC, 
USA. 

Kempton and Tomic (2005a) Kempton W., Tomic J., Vehicle-to-grid power fundamentals: 
Calculating capacity and net revenue, Journal of Power Sources 144 (1), 2005 268–279. 

Kempton and Tomic (2005b) Kempton W., Tomic J., Vehicle-to-grid power implementation: 
From stabilizing the grid to supporting large-scale renewable energy, Journal of Power 
Sources 144 (1) 2005 280–294. 

Roe, et al. (2009) Roe C., Meisel J., Evangelos F., Overbye T., Meliopoulos A.P., Power 
system level impacts of phevs, in: 42nd Hawaii International Conference on System 
Sciences, 2009.  HICSS ’09., pp. 1–10. 

 

 

Work Package 4:  Case studies 
 
ESD: 
The ESD Group has competences in life-cycle modeling of comprehensive technical systems 
(e.g. Koehler et al. 2007, Capello et al. 2007).  Another emphasis lies on the development of 
environmental assessment indicators (e.g. Bösch et al. 2007, Dewulf et al. 2007) and the 
identification of appropriate simplified indicators for various product groups (Huijbregts et al. 
2006, Huijbregts et al. 2008, Huijbregts et al. submitted, Wernet et al. submitted). A particular 
focus of the research is the integration of different environmental assessment methods (e.g. 
life cycle assessment, with energy and material flow analysis and eco-efficiency evaluations) 
into decision-support frameworks and analysis tools (e.g. Goymann et al. 2008, Hellweg et 
al. 2005,) providing also new computational structures for regional assessments (e.g. Mutel 
& Hellweg submitted).  In previous research ESD investigated the environmental implications 
of future decentralized energy supply systems of a Swiss municipality (Büsser & Koehler 
2007) and the environmental consequences of consumer behavior (Koehler & Wildbolz 
submitted). 

 
Publications: 
Bösch, et al. (2007) Bösch M.E., Hellweg S., Huijbregts M.A.J., Frischknecht R., Applying 
Cumulative Exergy Demand (CExD) Indicators to the ecoinvent Database, International 
Journal of LCA, 12 (3), 181-190. 

Büsser and Koehler (2007) Büsser, S., Koehler A., Life Cycle Modeling and Assessment of 
Future Energy-Supply Scenarios for a Swiss Municipality.  Conference Proceedings, 14th 
LCA Case Studies Symposium: “LCA of Energy – Energy in LCA”, 3 - 4 December 2007, 
Göteborg, Sweden.  SETAC Europe, Brussels. 

Capello, et al. (2007) Capello C., Hellweg S., Badertscher B., Betschart H., Hungerbühler K., 
Environmental Assessment of Waste-Solvent Treatment Options, Part I: The Ecosolvent 
Tool, Journal of Industrial Ecology, 11 (4), 26-38. 

Dewulf, et al. (2007) Dewulf J., Bösch M.E., De Meester B., Van der Vorst G., Van 
Langenhove H., Hellweg S., Huijbregts M.A.J., Cumulative Exergy Extraction from the 
Natural Environment (CEENE): a comprehensive Life Cycle Impact Assessment method for 
resource accounting, Environmental Science & Technology, 41 (24), 8477-8483. 

Goymann, et al. (2008) Goymann M., Wittenwiler M., Hellweg S., Environmental Decision 
Support for the Construction of a “Green” Mountain Hut, Environmental Science and 
Technology 42 (11), 4060-4067. 
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Hellweg, et al. (2005) Hellweg S, Doka G, Finnveden G, Hungerbühler K, Eco-efficiency of 
End-of-Pipe Technologies: The Economic-Environmental Efficiency Indicator and its 
Application to a Case Study of Waste Treatment Processes, Journal of Industrial Ecology, 9 
(4), 2005. 

Huijbregts, et al (2006) Huijbregts M.A.J., Rombouts L.J.A., Hellweg S., Frischknecht R., Dik 
van de Meent J.H., Ragas A.M.J., Reijnders L., Struijs J., Is Cumulative Fossil Energy 
Demand a Useful Indicator for the Environmental Performance of Products?, Environmental 
Science & Technology, 40 (3), 641-648. 

Huijbregts, et al. (2008) Huijbregts M.A.J., Hellweg S., Frischknecht R., Hungerbühler K., 
Hendriks A.J., Ecological Footprint Accounting in the Life Cycle Assessment of Products, 
Ecological Economics, 64, 798-807. 

Huijbregts, et al. (submitted) Huijbregts M.A.J., Hellweg S., Frischknecht R., Hendriks 
H.W.M., Hungerbühler K., Hendriks A.J., Cumulative energy demand as predictor for the 
environmental burden of commodity production, submitted to PNAS. 

Koehler and Wildbolz, Koehler A., Wildbolz C, Comparing the environmental footprints of 
home-care and personal-hygiene products: The relevance of different life cycle phases.  
Submitted to Environmental Science & Technology.  (LCA modeling of consumer choices) 

Koehler, et al. (2007) Koehler A., Recan E., Hellweg S., Hungerbühler K., Input-Dependent 
Life-Cycle Inventory Model of Industrial Wastewater-Treatment Processes in the Chemical 
Sector.   Environmental Science and Technology 41(15): 5515-5522. 

Mutel and Hellweg (submitted) Mutel C., Hellweg S., Regionalized Life Cycle Assessment: 
Computational Methodology and Application to Inventory Databases, submitted to 
Environmental Science and Technology. 

Wernet, et al. (2008) Wernet G., Hellweg S., Fischer U., Papadokonstantakis S., 
Hungerbühler K., Molecular Structure-Based Models of Chemical Inventories using Neural 
Networks, Environmental Science and Technology 42, 6717-6722. 

Wernet, et al. (submitted) Wernet G., Mutel C., Hellweg S., Hungerbühler K., The 
Environmental Importance of Energy Use in Chemical Production, submitted to Green 
Chemistry. 

 

IVT: 
IVT has developed the agent based micro-simulation system MATSim-T, which implements 
the agent-based approach in conjunction with Prof Nagel’s group at TU Berlin (Balmer et al., 
2006, 2008; Meister et al., 2005; for an early forerunner see Axhausen, 1990 or Nagel et al., 
1998).  In contrast to the other systems mentioned above, MATSim-T integrates a very fast 
traffic flow simulation, which allows combination of route- and mode choice in a natural way.  
In addition, it treats some of the processes not so much as choices, but as true, if heuristic, 
optimizations.  This allows MATSim a more realistic description of the timing (start times and 
durations) of the activities.  It will allow the integration of process of selecting the number and 
sequence of the desired activities.   For further details (papers, code, examples, test suites) 
see www.matsim.org.  The system is designed to cope with very large implementations (107 
agents, 106 links and 106 facilities (destinations)) and find the steady-state solution after a 
small number of days of computation time and after about 60-100 iterations.   

The recent work on destination choice in MATSim (Horni et al. 2009) and on activity 
performance has made it clear, that MATSim needs to integrate monetary expenditures 
explicitly in the overall utility function underlying its choice and optimisation calculations.  
Without this recognition of price levels and expenditures it is impossible to predict the 
combined activity and destination choice properly and to account for income effects 
appropriately.  This joint choice will likely require the expansion of MATSim in fundamental 
respects, as  a multi-dimensional utility/demand function will be needed. 
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Publications: 
Axhausen (1990) Axhausen K.W., A simultaneous simulation of activity chains, in P.M. Jones 
(Ed), New Approaches in Dynamic and Activity-based Approaches to Travel Analysis, 206-
225, Avebury, Aldershot. 

Balmer, et al. (1985) Balmer M.K., Nagel, Raney B., Agent-based demand modeling 
framework for large scale micro-simulations, Transportation Research Record, 1985, 125–
134. 

Balmer, et al. (2008) Balmer M., Rieser M., Meister K., Charypar D., Lefebvre N., Nagel K., 
Axhausen K.W., MATSim-T: Architektur und Rechenzeiten, paper presented at the Heureka 
'08, Stuttgart, March 2008. 

Horni, et al. (2009) Horni A., Scott D.M., Balmer M., Axhausen K.W., Location choice 
modeling for shopping and leisure activities with MATSim: Combining micro-simulation and 
time geography, paper presented at the 88th Annual Meeting of the Transportation Research 
Board, Washington, D.C:, January 2009. 

Meister, et al. (2005) Meister K., Frick M., Axhausen K.W., A GA-based household 
scheduler, Transportation, 32 (5) 473 – 494. 

Nagel, et al. (1998) Nagel K., Beckman R.J., Barrett C.L., TRANSIMS for transportation 
planning, InterJournal Complex Systems, 244 (www.interjournal.org). 

 

 

Work Package 5:  Analysis integration 
Members of the PSI-LEA group have extensive experience in developing and applying the 
contents of ecoinvent, the most extensive LCA database available, which includes 
inventories for a wide variety of sectors (i.e. energy systems; materials & metals; waste 
treatment & disposal; transport systems; chemicals; and, agricultural products).  They are 
also expert in applying the Impact Pathway Approach (IPA) to perform site-dependent 
environmental impact assessment.  Both of these methodologies are combined with 
enhanced approaches to external cost assessment (the ExternE methodology).  The PSI-
LEA Technology Assessment group focuses on energy systems analysis, and has directly 
relevant expertise related to both the assessment of transportation systems, and the impacts 
of the power generation systems that supply the primary energy for electric vehicles.  The 
group has performed several studies on electricity externalities on both the national and 
international level (China Energy Technology Program, NewExt, ExternE-Pol, NEEDS, 
Axpo).  For transport, the external costs of Swiss road transport related to CO2 reduction 
scenarios have been estimated (Jochem et al. 2003) and external costs of European 
transport systems have been assessed (ExternE-Pol 2005).  These external costs are then 
added to direct, internal costs to form total costs used for the first method of integrative 
analysis. 

Beyond the expertise needed to estimate and evaluate technological externalities, the PSI-
LEA group also has extensive expertise in structuring and conducting multi-criteria analysis 
of the sustainability of energy technologies.  This includes expertise in the choice of 
sustainability criteria and indicators (specific measures) related to environmental emissions 
and resource use, economic costs, financing and operating criteria, and social criteria 
including health impacts, risks due to accidents and normal operation, perceived risk, public 
participation and labor requirements.  PSI-LEA is expert in applying the multi-criteria 
approach, based on stakeholder participation in selecting criteria and options, and 
experienced in eliciting stakeholder preferences for multi-criteria decision analysis through 
both interactive online surveys and direct stakeholder workshops.  The group has 
collaborated in developing and testing state-of-the-art MCDA methods for ranking discrete 
alternatives, and applying these methods to future technologies.  Finally, the LEA group also 
has expertise in scenario analysis using energy/economic modeling of integrated energy and 
transportation systems. 
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Publications: 
Bauer, et al. (2008) Bauer C., Dones R., Heck T., Mayer-Spohn O., Blesl M., Final report on 
technical data, costs, and life cycle inventories of advanced fossil power generation systems.  
Deliverable n° 7.2 - RS 1a.  NEEDS (New Energy Externalities Developments for 
Sustainability).  Project no: 502687.  European Commission. 

Bickel, et al. (2005) Bickel P., Friedrich R. (eds.), Droste-Franke B., Bachmann T.M., 
Greßmann A., Rabl A., Hunt A., Markandya A., Tol R., Hurley F., Navrud S., Hirschberg S., 
Burgherr P., Heck T., Torfs R., de Nocker L., Vermoote S., Tidblad J., ExternE - Externalities 
of Energy - Methodology 2005 Update.  European Commission, Brussels, EUR 21951.  ISBN 
92-79-00423-9.  Available at: Office for Official Publications of the European Communities, 
Luxembourg. 

Jochem, et al. (2004) Jochem E., Jakob M. (Eds.), Aebischer B., Catenazzi G.A., Madlener 
R., Wickart M., Bahn O., Gutzwiller L., Heck T., Hirschberg S., Janssen A., Kypreos S., 
Lienin S., Frischknecht R., Schwarz J.  Energieperspektiven und CO2-Reduktionspotenziale 
in der Schweiz bis 2010. vdf Hochschulverlag AG an der ETH Zürich, 2004, ISBN 3-7281-
2916-X. 

European Commission (2004) Friedrich R., Rabl A., Hirschberg S., Desaigues B., Markandya 
A., De Nocker L., Alberini A., Ami D., Arigano R., Bachmann T.M., Bounmy K., Burgherr P., 
Droste-Franke B., Gressmann A., Heck T., Hunt A., Krupnick A., Masson S., Ortiz R.A., 
Panis L.I., Preiss P., Salomon M., Santoni L., Scarpa R., Torfs R., Vermoote S., New 
Elements for the Assessment of External Costs from Energy Technologies (NewExt).  Final 
Report to the European Commission, DG Research, Technological Development and 
Demonstration (RTD).  WP3.  Contract No: ENG1-CT2000-00129. 

Heck, et al. (2009) Heck T., Bauer C., and Dones R., Development of parameterisation 
methods to derive transferable life cycle inventories - Technical guideline on 
parameterisation of life cycle inventory data.  Report, NEEDS (New Energy Externalities 
Developments for Sustainability).  Project no: 502687.  European Commission. 

Hirschberg, et al. (2000) “Use of External Cost Assessment and Multi-criteria Decision 
Analysis for Comparative Evaluation of Options for Electricity Supply”. In Kondo S. & Furuta 
K. (Eds.), PSAM5, 27 Nov.-1 Dec. 2000, Osaka. UAP, Tokio(2000) 289-296. 

Hirschberg, et al. (2003) Hirschberg, S., Heck, T., Gantner, U., Lu, Y., Spadaro, J. V., Krewitt, 
W., Trukenmüller, A., Zhao, Y. “Environmental Impact and External Cost Assessment“. In: 
Integrated Assessment of Sustainable Energy Systems in China - The China Energy Technology 
Program“. Book Series: Alliance for Global Sustainability Series: Volume 4, pp. 445-586 (Ed. 
Eliasson B. and Lee Y. Y.). KA Publishers, Dordrecht/Boston/London, 2003. 

Hirschberg, et al. (2004) Hirschberg S., Dones R., Heck T., Burgherr P., Schenler W., Bauer 
C., Sustainability of Electricity Supply Technologies under German Conditions: A 
Comparative Evaluation.  PSI Bericht Nr. 04-15. December 2004. ISSN 1019-0643. 

Hirschberg, et al. (2008) Hirschberg S., Bauer B., Burgherr P., Dones R., Schenler W., 
Bachmann T., Gallego-Carrera D., Final set of sustainability criteria and indicators for 
assessment of electricity supply options.  NEEDS Deliverable D3.2 - RS2b. 

Makowski, et al. (2006) Makowski M., Granat J., Schenler W., Hirschberg S., Requirements 
analysis for multicriteria analysis in NEEDS RS2b, Deliverable T9.1 – RS2b. 

Rabl, et al. (2005) Rabl A., Spadaro J., Bickel P., Friedrich R., Droste-Franke B., Preiss P., 
Int Panis L., Diakoulaki D., Markandya A., Hunt A., Scasny M., Melichar J., Havranek M., 
Maca V., Foltynova H., Dones R., Heck T., Bauer C., Hirschberg S., Kudelko M., 
Externalities of Energy: Extension of accounting framework and Policy Applications (ExternE-
Pol).  Final Technical Report.  European Commission.  Brussels.  Contract No: ENG1-
CT2002-00609. 
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Schenler, W., Sustainability of Electricity Supply Technology Portfolio, Annals of Nuclear 
Energy 36 (2009) 409-416. 

Schenler, et al. (2008) Schenler W., Bachmann T., Final report on economic indicators for 
sustainability assessment of future electricity supply options. NEEDS Deliverable 5.2 – 
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Schenler, et al. (2008) Schenler W., Burgherr P., Bauer C., Hirschberg S., Final report on 
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1.4 Objectives and quantitative targets 

(What are the scientific and/or technological objectives and the deliverables of this project? What are 
the quantitative and measurable commercial objectives, if applicable?) 

General objectives for the project are provided in 1.1.  Here the motivations, specific 
objectives and deliverables are outlined. 

 

Work Package 1:  Life cycle analysis (LCA) 
The primary drivers towards electric mobility are the depletion of fossil resources, reduction 
of Greenhouse Gas (GHG) emissions for the mitigation of climate change, and reduction of 
local air pollution and noise, especially in urban regions.  Additionally, electric mobility can be 
considered as one of the options for the reduction of imports of fossil energy carriers.  
However, before large-scale implementation, a comprehensive environmental evaluation of 
electric mobility is required in order to allow the estimation of its advantages and 
disadvantages against all other options for individual and freight transport taking into account 
the whole life cycle of vehicles. 

Not only energy supply, but also energy storage and drivetrains of electric vehicles are very 
different from conventional vehicles.  For example, the production of a Lithium Ion-battery 
might have a major environmental impact on the life cycle assessment (LCA) of an electric 
vehicle-km, compensating to some extent the reduced environmental burdens due to the 
zero-emission operation of the electric car.  The current state of knowledge should be 
improved to permit a more solid estimation of the environmental benefits that will result if 
electric cars are substituted for conventional cars, and the future environmental impacts of 
electric vehicles. 

 

Goals/Objectives 
The goals of WP1 are: 

• To model the environmental inventories associated with production, use and end-of-life 
(EOL) of electric vehicles from a life cycle perspective.  This will be done for different 
years (today, 2015, and 2030) different market penetrations in the future scenarios and 
different vehicle types (eBike, eScooter, small car, medium car, van, lorry). 

• To assess the environmental life cycle impacts (climate change, energy demand, air 
pollution, noise effects, resource depletion) per km of transport. 

• To compare the LCA results of electric cars equipped with batteries or H2 operated fuel 
cells with conventional reference technologies (internal combustion engine (ICE) cars 
fuelled with fossil fuels) and other new mobility technologies (ICE cars fuelled with 
biofuels, hybrid cars). 

 

Deliverables 
The deliverables of this WP1 will consist of Life Cycle Inventories and LCA results for cars, 
scooters and bikes with different powertrains (technology specification to be harmonized with 
WP2), batteries or fuel cells and various fuel supply pathways.  The LCI data and LCA 
results will be quantified for currently used technologies and for future time horizons.  These 
data and results will be used within WP4 and WP5 and allow a consistent and 
comprehensive LCA-based technology assessment in the whole project.   

All deliverables for WP1 are scheduled to be provided by the end of year 3. 
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Work Package 2:  Vehicle simulation and powertrain assessment 
The objective comparison of powertrain technology requires the ability to analyze a wide 
variety of present and future design options within a single framework.  Past studies have 
focused on single vehicle architectures, and have required significant extrapolation of results.  
This work package is motivated by the need for a technical basis of comparison and trade-off 
analysis between the various options proposed for future electrified powertrains. 

 

Goals/Objectives 
The goal of this work package is to present the technical trade-offs of powertrain 
electrification in an unbiased manner to allow stakeholders to evaluate the merits of the 
respective technologies.  The results are expected to be integrated seamlessly with the other 
work packages to provide a technical backdrop for the discussion of electric mobility. 

The objective of this work package is to assist stakeholders in understanding the complex 
interplay between different vehicle technologies and to support the decisions required to 
achieve a sustainable energy future, with a focus on how powertrain electrification affects 
key stakeholder criteria.  This work builds on the CCEM-CH project “Transition to Hydrogen 
Based Transportation – Challenges and Opportunities“, and makes use of its modeling 
methodology as a basis.  No single strategy for increasing the sustainability of energy 
systems is ever optimum because decision makers disagree on how to balance conflicting 
objectives, necessitating a trade-off analysis.  An inherent advantage of the approach 
outlined here is that no internal bias may exist towards any technology solution other than 
the bias imposed by the laws of nature.  The co-evolution of electric powertrain technologies 
will be examined from present day to 2050. 

1. Component selection 

2. Component modeling 

3. Vehicle modeling 

4. Hybrid energy management optimization 

5. Output of technology analysis results 

The following is a partial list of criteria that are important for consideration: 

• Performance (acceleration, drivability, handling) 

• Environmental factors (greenhouse gas emissions, criteria tailpipe emissions) 

• Utility (Range, life-time durability) 

• Cost (operation, maintenance) 

• Safety (occupant, pedestrian) 

 

Deliverables 
The deliverables planned for Work Package 2 are: 

1. Self-consistent set of electrified and conventional vehicle designs, representative of 
Swiss and International fleets 

2. Validated vehicle simulation results for key criteria such as cost, fuel use, performance, 
and utility. 

3. Sensitivity analysis of model to assumptions such as optimal hybrid control policy 

4. Trade-off assessment for vehicle technology from the present to 2050 
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Deliverables 1, 2 and 4 are scheduled to be provided by the end of year 3.  Deliverable 3 will 
be provided during year 4. 

 

 

Work Package 3:  Power system modeling 

Based on the tools and findings developed and achieved in an ongoing ETH-Polyproject, 
investigations of PHEV and EV impacts on different voltage levels in multi energy carrier 
power systems can be carried out.  Based on Agent Based Modeling (ABM) and modeling 
concepts from the power system field, basic impacts on the Zurich area network from PHEVs 
have been investigated.  However, so far only conceptual studies have been carried out 
considering the vehicle-to-grid (V2G) challenge, where vehicles are used for system services 
and actually feed power back to the grid, acting as distributed energy storage.  Clearly, this is 
important for the planning and operation of distribution as well as for transmission grids, but 
also for the assets utilized in these.  Furthermore, the PHEV technology has also complex 
economical and ecological impacts that need to be resolved and individualized for each area 
of concern.  This is particularly important as the power system architecture is different for 
transmission and distribution grids while differences also arise for distribution grids in 
different areas.  The work will be structured in six tasks: 

• Task 1 PHEV impact on Distribution Grids: Analyzing the impact of widespread 
PHEV / EV- usage on planning and operation of distribution grids and their used 
assets (feeders, lines, cables, transformers, etc.). The results will provide a deeper 
understanding of PHEV impacts on chosen distribution grids. 

• Task 2 PHEV impact on Transmission Grids: Investigating the impact of 
widespread PHEV / EV- usage on planning and operation of transmission grids and 
their used assets (generators, lines, transformers, etc.). These results would give a 
better knowledge of impacts on the transmission grid and the generation mix in 
Switzerland. 

• Task 3 Lifetime assessment without V2G: PHEVs might increase load substantially 
in certain areas, so lifetime of the assets could be reduced. Models for the 
dependence of asset lifetime on its loading degree will be constructed and validated. 
Results from lifetime assessments are then used to study asset exchange patterns 
and frequency. This leads to an increase overall energy usage (e.g. construction 
sides, etc.) on transmission and distribution levels, to be investigated in other WP 
(e.g. WP1). 

• Task 4 Investigation of V2G schemes: It incorporates the developing control 
schemes of PHEV / EV for V2G utilization. The control schemes for dispatching 
PHEVs for system ancillary services should take into account the system state and 
also the individual behavior like departure and travel times. The schemes will rely on 
lots of information and therefore are easily integrated in smart grid concepts. The 
control signals for the schemes will incorporate the intermittency of renewable energy 
resources (Wind, Photovoltaic). Hence, renewable energy expansion can be studied 
considering the schemes and the widespread usage of the cars. Methods will be 
developed for advantageous control of the distributed storage in the vehicle taking 
system states into account. 

• Task 5 Lifetime assessment with V2G: V2G services have impacts on network 
assets and battery wear. With increased cycling of the EV batteries, which will a 
consequence of V2G, their lifetime could be substantially reduced, while asset lifetime 
might be increased or decreased. Furthermore, the increased cycling demand for the 
batteries is dependent on system behavior (frequency in the network). Hence, V2G 
utilization degrees of batteries and assets need to be analyzed dependent on the 
control signals from the system. 
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• Task 6 Restoration: The batteries of the plug-in-hybrids can also be used during 
restoration of the electric grid, or parts of the electric grid, after a black out of the 
system. Since the charging of the vehicles can be postponed without major 
inconvenience and additional degrees of freedom are available. The implications of 
this will also be investigated. 

 

Deliverables 
The deliverables planned from Work Package 3 are: 

1. Tool for investigation of PHEV impacts on distribution assets and their lifetime 

2. Tool for investigation of PHEV impacts on transmission assets, their lifetime and 
generation mix mutations 

3. Method and a tool to model and assess asset lifetime with and without V2G operation 
schemes  

4. Methods of controlling V2G scheduling operations in order to achieve network friendly 
vehicle operation 

5. Methods of controlling vehicle V2G power supply in order to support the grid during 
insecure conditions. 

All tools and methods developed will be used to analyze the relevant scenarios developed 
with WP5 and using data from WP2 and WP4, in order to provide scenario results for total 
costs, emissions, etc. 

Deliverables 1 through 4 are scheduled to be provided by the end of year 3.  Deliverable 5 
will be provided during year 4. 

 

 

 

Work Package 4:  Case studies 
Energy is the main driving force for economic and societal development worldwide.  But 
today’s energy supply and demand patterns are generally unsustainable, because 
approximately 80% of global primary energy is still produced with fossil fuels (IEA, 2008).  In 
Switzerland, 96% of the energy demand for passenger and freight transport for the year 2003 
relied on fossil fuels (BFE 2007).  This situation leads to diverse environmental, economic 
and societal consequences such as climate change, increasing fossil fuel costs and 
dependence on fuel imports.  Thus, a change in the energy structure for transportation 
purposes is needed.  A possible path to decarbonize its energy use is the electrification of 
passenger and freight transport (ESC 2008). 

In Switzerland the provision of energy services is strongly influenced by regional level 
decision-making processes and regulatory frameworks.  Being confronted by a potential 
future electricity supply gap, many municipalities in Switzerland aim for a rational use of 
energy and an amplified utilization of renewable energy carriers.  In this regard, the 
introduction of electric mobility may, on the one hand, add pressure on the municipal energy 
system due to the associated larger electricity demands.  On the other hand, it represents a 
viable opportunity for increased use of renewable energy sources and dispersed renewable 
power generation, as car batteries may serve as storage systems.  The buffer capacity 
provided will even out irregular electricity supply and demand and offer options for optimizing 
on-site renewable energy sources (V2G).  Therefore, a holistic view on the integrated energy 
systems of Swiss municipalities is required.  Besides transportation, electricity and heat 
supply for private households, industry and the service and agricultural sectors should be 
considered.  Also, the indirect energy embodied in consumer goods and services used, 
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particularly due to the transport thereof, is of importance.  All such human activities, i.e. 
housing, working, consumption, and leisure activities and their interactions should be 
covered in the overall analysis of pathways towards electrification of individual transportation. 

 

Goals/Objectives 
The goal of the work package is to (i) model, assess and optimize current and prospective 
energy systems of Swiss municipalities considering technical feasibility and grid stability (link 
to WP3) and (ii) develop a decision-support framework and analysis tool for energy-related 
decision-making and policy measures on a regional level.  Energy systems consist of a 
supply and a demand side.  On the demand side, the main focus is on mobility and its 
transition to an electrified transportation system.  The demand for transportation is a function 
of the demand for other daily activities, e.g. returning home, working, shopping, and leisure 
activities.  On the supply side, energy generation, conversion and storage will be simulated.  
One concern is the question how decentralized energy generation, specifically dispersed 
power generation, may be integrated, without trading off grid stability (link to WP3).  Models 
for energy supply and demand will be coupled to build the integrated energy system on the 
municipalities’ level and combined with a life-cycle assessment model to assess the 
environmental consequences. 

Energy demand is simulated using the multi-agent approach and the multi-agent based 
transport simulation program MATSim-T.  Each energy consumer, e.g. each citizen, in the 
system can be individually modeled.  This bottom-up approach allows for an optimization of 
the agents’ utilities using micro simulation.  A model for financial household budget allocation 
will be considered to account for both long-term expenditures (e.g. for transportation 
vehicles) and short-term expenses (e.g. costs for mobility and transportation services).  
Further, utility functions will be extended to include environmentally sound behavior such as 
eco-driving.  The detailed agent-based modeling will thus enable the quantification and 
evaluation of individual courses of action regarding mobility and overall energy supply and 
demand.  Investment choices of consumer groups, for instance, to invest into new electric 
vehicles can be accounted for.  Also, changes in behavioral patterns and purchasing choices 
due to e.g. economic incentive schemes (e.g. incentives for early adapters) and urban 
planning measures (e.g. convenience parking with electricity charging ports) and their direct 
and indirect consequences on mobility behavior and energy demand can be simulated and 
evaluated from an environmental standpoint. 

Building on the assessment of current energy systems, the construction of consistent 
scenarios and the assessment and optimization of future energy systems of Swiss 
municipalities including electrified transportation is a main goal of the work package.  
Framework scenarios considering macroeconomic development and regulatory settings will 
outline the general direction.  Specific scenarios based on alternative options for action 
concerning mobility and overall energy supply and demand will be evaluated to illustrate the 
consequences on the level of the municipality as well as individual consumers.  The 
translation of top-down scenarios into individual agent’s decisions will be, in this regard, a 
main issue to deal with.  The integration of future development scenarios and individual 
decision-making will thus be one cornerstone for setting-up an analysis tool for selected 
Swiss municipalities that will be adaptable to new municipal settings. 

Case studies shall be conducted which illustrate different energy systems and the transition 
to electric mobility for several Swiss municipalities. 

 
Deliverables 

1. An integrated model of energy supply and demand for Swiss municipalities, which 
considers environmental impacts as well as financial costs.  This model can be 
parameterized for selected locations.  An optimization tool for energy supply will be 
embedded in the model. 
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2. Multi-agent based transport simulation model (MATSim-T) with an expanded demand 
system model describing distinct financial expenditure patterns of households and 
individuals. 

3. Conduction of two or more case studies in cooperation with selected Swiss 
municipalities. 

4. Development of consistent future scenarios with a particular focus on the transition to 
electric mobility. 

5. Environmental and economic assessment of future mobility scenarios in the context 
of the case studies integrating individual decision-making and household monetary 
expenditures. 

6. Identification of strategies to cost-efficiently reduce the overall environmental impact 
of mobility and energy use of municipalities. 

7. Integration of energy supply and demand model and case study scenarios to provide 
a decision support tool for municipal authorities. 

Deliverables 1 through 5 are scheduled to be provided by the end of year 3.  Deliverable 6 
should be provided by the end of year 3, with a possible extension to the middle of year 4 
based on circumstances.  Deliverable 7 is scheduled to be provided by the middle of year 4. 

 

 

Work Package 5:  Analysis integration 
While Work Packages 1, 2 and 3 address specific technical issues and WP 4 deals with case 
studies on the local/regional level, in order to support decision-making there is a need to 
carry out integrated analysis based on the aggregation of performance attributes of the 
various analyzed options: Some among these attributes are to be generated by the other 
packages, other necessary for the implementation of the sustainability assessment 
framework will be quantified within Work Package 5. The aggregation will be carried out on 
the technology level (thus enabling the comparison of individual options) as well as on the 
national level (thus allowing evaluation of the overall implications of the various mobility 
scenarios). 

 

Goals/Objectives 
The primary objectives of Work Package 5 are: 

1. To establish an appropriate set of criteria and indicators for producing sustainability 
rankings of future transportation options. 

2. To quantify indicators not produced in other work packages, including among others 
costs not quantified elsewhere, security of supply characteristics, risk and health 
impacts. The quantification of health and environmental damages will be based on the 
Impact Pathway Approach, thus reflecting dependencies on the location of emissions. 

3. To carry out cost-benefit analysis of electrical mobility in terms of avoided physical 
effects such as Greenhouse Gas emissions, and damages to human health and to 
ecosystems, and by quantifying the corresponding avoided external costs. 

4. To produce sustainability based rankings of individual vehicle designs and 
transportation scenarios using multi-criteria methodologies combining quantitative 
indicators with stakeholder preferences. The results of this approach, allowing 
consideration of social aspects, will then be compared to total (internal and external) 
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cost results exhibiting a more limited representation of the social dimension of 
sustainability. 

Deliverables 
1. Criteria and indicator based framework for the evaluation of mobility options, covering 

environmental, economic and social dimensions of sustainability. 

2. A set of sustainability indicators characterizing current and future mobility options for 
Switzerland. 

3. Assessment of externalities associated with these options and cost-benefit analysis of 
electric mobility scenarios taking into account avoided health and environmental 
impacts, and the associated external costs. 

4. MCDA-based ranking of mobility options on the technological and scenario 
alternatives with consideration of stakeholder preferences. 

Deliverables 1 and 2 are scheduled to be provided by the end of year 3.  Deliverable 3 for the 
monetization of externalities of vehicles will be provided by the end of year 3, and the 
monetization of externalities of scenarios will be provided during year 4.  Deliverable 4 will be 
provided by the end of year 4. 
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1.5 Detailed research plan 
 

(Major problems to be solved. For each task, indicate the innovative character of the approach to be 
taken. Which results are expected, what are criteria for success? 
Please provide a detailed work plan for each task.) 

 

 

Work Package 1:  Life cycle analysis (LCA) 
 
Scope 
The goal of WP1 is to compare the environmental impacts of generic transport services (per 
vehicle km, person km and ton km, respectively) performed with different vehicles in specific 
vehicle classes using a variety of fuels (fossil, bio-, or hydrogen) or electricity produced by 
selected power generation technologies (or from specific electricity mixes).   

Thanks to the prospective character of the results, they will allow meaningful conclusions 
concerning an environmentally sound strategy in the Swiss transportation sector and can be 
used in governance of future mobility. 

 

Building of Life Cycle Inventories 
WP1 provides modular Life Cycle Inventories (LCI) and Life Cycle Assessment (LCA) results 
for transport systems with vehicles of representative technologies (see Table 2) for various 
reference years.  The assessments are performed for generic vehicles of the various types 
using generic data for different kinds of electricity generation and fuel production chains.  LCI 
data will be based on currently available vehicle and power generation technologies.  Beside 
this analysis of the current situation, data will be extrapolated to the situation in year 2015 
and 2030 taking into account expected technology development both for vehicle components 
and fuel chains.  For emerging technologies like battery and fuel cell cars, a further 
extrapolation would require input data associated with too high uncertainties.  A comparative 
technology assessment based on a quantitative method like LCA would hardly allow 
meaningful conclusions with uncertainties in the expected range.   

 

Table 2: Systems to be assessed in WP1 for currently used technologies (year 2010). 
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The LCA will be conducted from cradle to grave (or from well to wheel), including all relevant 
processes to provide the transport service.  The processes can be grouped in 3 stages: a) 
production, b) use and c) end-of-life (EOL).  The production stage includes the manufacturing 
of basic materials, vehicle components, vehicles and traffic infrastructure.  The use phase 
comprises the operation of the vehicle including fuel consumption, direct emissions (from 
combustion and from other processes) and maintenance of vehicles and infrastructure.  
Since fuel production is expected to contribute significantly to the overall results, it will be 
modeled in detail for the various reference years.  The EOL stage covers recycling, 
incineration and landfilling of the used vehicles and components.   

 

Environmental Impact Assessment 
Environmental impacts will be assessed according to common practice in LCA by calculating 
life cycle impact assessment (LCIA) results in different categories, e.g. Global Warming 
Potential (GWP), Cumulative Energy Demand (CED), Acidification Potential (AP), 
Eutrophication Potential (EP), Damage to Human Health (according to ecoindicator 99 H), 
Damage to Eco-system Quality (according to ecoindicator 99 H), Damage to Resource 
Quality (according to ecoindicator 99 H), Ecoindicator 99 (H/A) score and Environmental 
Scarcity Points (UBP 06).  Beside this, the technologies will be evaluated based on key 
emissions that are often used in the context of environmental issues of transports (CO2, NOx, 
SOx, particulate matter. 

 

Methodology 

The environmental assessment will be based on a full life cycle approach considering 
environmental burdens like emissions into air, soil and water, consumption of energy and 
metal resources as well as land use from all relevant processes in the life cycle of a car.  
This includes (i) supply, distribution and storage of different energy carriers, (ii) supply, use 
and end end-of-life of vehicle components (e.g., Lithium Ion-batteries, or electric drivetrains) 
and (iii) consequential effects of the evaluated scenarios for the assessment of future 
technologies (e.g., increased electricity demand, new infrastructure needed, substitution of 
other types of mobility).  Figure 4 shows a scheme of the different elements to be included. 

Figure 4:  Life cycle approach for environmental assessment. 
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Collaboration 
Work in WP1 will be jointly conducted at PSI-LEA and EMPA-LCAM.  Even though both 
groups will contribute to all stages, components and systems, the lead and responsibilities 
are allocated to PSI-LEA (white) and EMPA-LCAM (grey) according to Table 3. 

Table 3: Lead of activities within WP1. 

 
Collaboration with other WPs 

WP2: The specification of reference technologies to be included in WP1 has to be 
harmonized with WP2. 

WP3: Consequences of large-scale implementation of e-mobility on the electricity 
infrastructure (transmission & distribution system) as well as those of “Vehicle-to-Grid” (V2G) 
concepts can be included in WP1, based on input from WP3. 

WP4 and 5: Results from WP1 will be used for the assessment of scenarios in WP4 and the 
integrating technology assessment in WP5.  Requirements in terms of data format etc. 
should be discussed at an early stage of the project. 

These information flows are shown below in Figure 5. 

 

Figure 5:  Information flows for WP1. 
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Work Package 2:  Vehicle simulation and powertrain assessment 
This work package has been subdivided into two coordinated tasks, with both groups having 
their own areas of responsibility.  However a high level of interaction will be required to 
combine the respective competences. 

 
ETHZ-LAV: Task A 
The objective of this work package from the point of view of ETHZ-LAV is to study the co-
evolution of drivetrain systems for passenger cars addressing the entire fleet, but with a 
focus on electrification of the powertrain.   

ETHZ-LAV has experience in fleet composition evolution simulations with the Energy 
Navigator project and can contribute, together with inputs from WP4, to define a meaningful 
range of vehicles.  In the technology part of this work package can be focused on this range 
of vehicles.  It will be a function of assumptions made in different case studies (WP4) and of 
the entire Swiss fleet as it is today with projections for the future.   

This fleet ranging from conventional vehicles over hybrid electric and plug-in hybrid electric 
vehicles to fuel cell vehicles can be simulated using vehicle simulation software.  Detailed 
models of well-chosen vehicles can be built up to cover the total fleet.  This includes the 
dynamic simulation of internal combustion engines (all combustion mechanisms and fuels, 
also biogenic ones) with fuel consumption and pollutant exhaust gas emissions.  For (plug-in) 
hybrid electric vehicles, a well designed hybrid management system is important to get the 
lowest possible fuel consumption while meeting the regulations on pollutant exhaust gas 
emissions.  Particularly of interest is the influence of vehicle design (according to vehicle 
class, hybridization, etc.) on the hybrid management strategy.  Detailed engine models can 
be coupled with vehicle simulation software to study the influence of the engine design on 
the hybrid strategy as an iterative process.  The design of a hybrid management system can 
start from an optimal control algorithm to derive real-time driving strategies that represent 
more accurately every-day driving. 

An additional important parameter to the evaluation of specific energy consumption of current 
and future vehicles is the velocity profile, which is dependent on road restrictions (maximum 
velocity, road gradient, traffic, length, etc.) as well as on driver behavior.  Defining 
representative driving cycles increases the accuracy of the obtained results and is an 
important input for the powertrain design. 

The output of this task can be the specific fuel consumption (either fuel or electric dependent 
on the powertrain system) with corresponding CO2 emissions as well as the (potential) 
pollutant exhaust gas emissions of a selection of vehicles, that is representative for a specific 
case study or the total Swiss fleet (according to some assumptions).  This can be an input for 
WP1, WP4 and WP5, where the environmental impact and the effect on the electric grid can 
be studied.   

As an addition to the tank-to-wheel analysis, experience from the Energy Navigator can 
serve as a basis for the simulation of upstream emissions and the conversion path for 
secondary energy carriers.  A well-to-wheel analysis as such can be carried out.     

The research plan for the PhD work required as part of the WP2 work above is provided in 
Section 1.8 of this proposal. 

 
PSI-LEA: Task B 
The tank-to-wheel information provided by the model runs will be combined with LCA data 
from Work Package 1 to provide a complete well-to-wheel description of each particular 
combination of design options for comprehensive assessment.  In order to combine the 
various vehicle characteristics in a self-consistent way, design heuristics from historical and 



Page 48 of 107 

standard practice will be used to train a vehicle design algorithm.  This set of automatically 
generated virtual vehicles will enable stakeholders to make an unbiased comparison of the 
relative merits of new and incumbent technology options according to their priorities.  The 
design set will have optimal control policy applied and be validated for key technology 
variations (engine, control strategy, hybridization etc).   

 

The output of the work package will be used as an input for WP3 for modeling the electric 
energy demand and the impact on the electric grid and its fluctuations during the day.  Data 
on street-level fleet dynamics from WP4 can be an input to the work package.  If a simple 
trade-off analysis based on the results of WP2 is insufficient to provide a clear picture of the 
impact of technology choice, multi-criteria decision analysis of WP5 will allow users to 
determine the impacts of different weightings of key criteria such as cost, performance, utility, 
environment and safety. 

 

Figure 6:  Information flows for WP2 

 

 
 

 

A different approach will be taken for this work package.  A very large number of medium-
fidelity models will be generated in order to evaluate technology effects for a broad range of 
options.  While the simulation methodology used to evaluate the performance of various 
drivetrains is based on existing techniques, the heuristic design and analysis will be unique in 
the field.  The results of this work package will inform the debate surrounding which vehicle 
architectures, materials, fuels, and technologies most effectively enable reduction of energy 
use and environmental impact with the minimum sacrifice in key performance criteria.  
Electric vehicle options will be compared with a wide variety of conventional and new 
drivetrain technologies to identify trade-offs. 

The research plan for the PhD work required as part of the WP2 work above is provided in 
Section 1.8 of this proposal. 
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Work Package 3:  Power system modeling 
In order to study the impacts of the PHEVs and EVs on the power system detailed modeling 
of the electrical grids is required.  This refers to transmission as well as distribution levels.  
Once focused on a particular area or region, methods to model the area with multi energy 
carrier approaches developed at the Power System Laboratory (PSL, ETHZ) will be used in 
Task 1.  Utilizing this approach, future energy systems and networks can be investigated.  
These systems could include a large degree of dispersed generation and interactions 
between different energy carriers.  Modeling PHEVs and EVs in those systems has the 
advantage of studying impacts not only for electric but also on other kinds of energy carriers, 
like gas or hydrogen, which are alternative fuels for the PHEV.  Advantageously, the various 
energy carriers can be converted into each other, avoiding congestion or other limitations of 
the individual systems.  The approach assures general findings on energy carrier usage and 
system utilization degrees.   

The results can be applied to future energy system while also being viable for today’s 
systems, as the approach can easily be reduced and applied to the individual, mostly 
uncoupled energy grids of today.  Detailed consequences from PHEV usage will be drawn 
for various energy carriers, e.g. electricity and gas.  Pre-studies utilizing the multi energy 
carrier approach have been performed in an ongoing ETH-Polyproject.  Application of the 
methods to specific distribution grids leads to novel insights of possible PHEV impacts.  The 
distribution grid would need to be chosen along with the area under investigation for regional 
LCA as stated in WP4 and modeled individually as each distribution grid is different with 
regard to architecture, available generation, high voltage connection and density of 
substations. 

Furthermore, a widespread integration of PHEVs will probably affect the transmission grids 
as well, because the increase in decentralized generation, usually connected in lower voltage 
grids, might be surpassed by the increase in load from EVs, PHEVs and other devices.  In 
such a scenario the increase of load introduced by the electrification of individual mobility 
imposes an increased loading of the assets used in the higher voltage levels of the electric 
power system.  Specifically the unknown time distribution poses an interesting field of 
research as increased load during high load intervals might stress assets and activate 
marginal generation.  The rising demand of electric energy will likely have an impact on the 
current generation mix utilized in Switzerland.  Several scenarios are imaginable, such as 
increasing the amount of renewable, distributed- or thermal generation.  Increasing imports 
could also be a viable solution and investigations need to be performed.  Hence, Task 2 
concerns the modeling of the EV load in the transmission grid including their time 
dependence, which would give insights into asset utilization and generation expansion.  
Including scenarios with an increased share of renewable energy generation also 
considering the dispersed generation in distribution grids modeled in Task 1, and would be a 
way of transforming the electricity network into a more sustainable one.  The results will 
provide insights into asset utilization on transmission levels as well as generation expansion 
demands.  The task will develop a method that takes widespread electric vehicle use into 
account in electricity planning and operation on a national level.  The tool will also be used in 
WP5, where cost benefit- and multi criteria analysis will be performed in order to supply a 
decision making tool, considering the national power network.   

The studies in the transmission and distribution systems will give the asset utilization 
degrees like loading of lines, transformers, generators, etc., potentially indicating technical 
limitations of the system in place.  These results will be used to study the lifetime variations 
of different assets in the areas of investigation (country, cities or rural areas).  Nowadays, 
such analyses are performed for mid to long-term distribution planning considering known 
load behavior and load growth.  However, PHEV load in time and location will change these 
load profiles significantly.  The increased utilization of assets in power systems, e.g. 
transformers and power lines, can substantially reduce their life time, leading to more 
frequent asset exchanges and/or resizing.  This might affect the total life cycle of the EV-
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technology itself, as the energy wise restoration costs, like production, installation and 
recycling, affect the sustainability of the PHEV technology.  Also, the overall sustainability of 
the technology is highly dependent on the generation mix that supplies electricity to the 
PHEVs and EVs.  Lifetime assessment studies, which will be performed in Task 3, are 
dependent on the studies and findings of tasks 1 and 2. The analysis, which will be 
considering a power generation expansion in different directions (e.g. increased renewable, 
increased distributed or increased thermal generation), is able to predict the mid- to long-
term impacts on asset lifetime dependent on their utilization degrees. Today, this has so far 
not been investigated and no studies referring to this topic are known. A method will be 
developed that incorporates impacts from widespread PHEV usage on generation, 
transmission, and distribution lifetime assets will be developed. It will be a valuable input for 
classification of PHEV environmental impacts by other work packages. 

Preliminary studies have indicated the V2G concept to be advantageous in different ways.  
To some extent this has been shown by simplistic, rather superficial studies, looking only at 
the potential net revenues from PHEVs on ancillary service markets.  However, technical 
implications and limitations of the system have so far been neglected.  Typically, high 
demands on availability, reliability, etc. are posed on devices utilized for any kind of ancillary 
service.  As PHEVs and EVs are predominantly used for transportation purposes, their 
availability and reliability will be restricted and will certainly not be as high as those from 
generators, storage devices, and stationary loads that can be used in demand side 
management, e.g. refrigerators and air conditioning.  Hence, their utilization for frequency 
regulation, balancing energy or leveling of non-dispatchable power generation, e.g. wind 
power, is clearly challenging and limited if no proper control schemes are developed.  These 
control schemes need to consider the individual behavior and demand of EVs as well as the 
power system state.  Such control and management schemes will be developed in Task 4.  
More specific, the driving times during the day as well as other factors influencing the 
availability of the vehicles need to be considered in the design of the control scheme.  The 
normal charging demands of PHEVs need of course also to be considered in electricity 
planning and operation.  Strong interaction with WP4 and WP5 is foreseen, as V2G services 
are important for grid stability on a regional and national level, e.g. ancillary services or 
balancing energy in balancing groups.  The latter are entities, mostly on a regional level, that 
are financially penalized when deviating from their forecasts concerning power generation. 

When considering V2G services typically battery wear, lifetime- and recycling cost, etc. are 
not considered.  The advantages pointed out in previous studies are as seen from the 
electric power systems not taking any adverse in other systems into consideration.  If V2G is 
implemented it would affect a large number of industries in the supply chain.  Clearly, the 
advantages for the electricity system, including potential increased renewable energy 
generation, need to be compared with the impacts in industries in the supply chain.  
Production costs, materials, waste generation and energy use in manufacturing of the 
batteries need to be considered to obtain a more broad view for classification of the total 
impact of mobility assets for system services.  Also, any waste management, also of toxic 
materials from deteriorated batteries, needs to be considered, as increased and deeper 
cycling of the batteries is supposed to decrease their life time substantially.  Task 5 utilizes 
the findings of tasks 1, 2, and 4 as input to assess the sustainability of a more active usage 
V2G.  These finding are compared with those from task 3, and thereby the implications of 
systems with and without V2G can be obtained. 

Task 6 will study other kind of ancillary services of economical and technical interest than 
those in tasks 4 and 5.  Large amounts of quickly available power from PHEVs could be used 
in emergency or extremis states of the power system in order to avoid blackouts and other 
major disturbances.  The task will investigate to what extent a large number of PHEVs could 
support the system in these critical states.  Another important use of the storage capacity of 
PHEVs and EVs would be during system restoration after a blackout in the system, which 
also be investigated in this task.    
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The information flows between work packages described above are also shown in Figure 7 
below. 

 

Figure 7:  Information flows for WP3 

 

 
 

The research plan for the PhD work required as part of the WP3 work above is provided in 
Section 1.8 of this proposal. 

 

 

Work Package 4:  Case studies 
The work package is divided into two major tasks: 

Task 1: Integrate energy supply and demand into an energy system model for Swiss 
municipalities.  The primary focus will be on the environmental assessment and optimization 
of future energy systems, with a focus on electric mobility. 

Task 2: 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. 

 

Methodological approach of task 1: 
Subtask 1.1: Modeling of current energy systems 

The energy supply side will be modeled with the energy hub concept developed by PSL 
(Geidl 2007).  The energy hub is a concept that is capable of investigating multi energy 
carrier systems.  The attributes of an energy hub are inputs, outputs, energy conversions 
within the entity, and storage.  Within the hubs, converters are transforming one energy 
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carrier into one or several other carriers (Galus et al. 2009).  The energy hub model is 
generally optimized for optimal energy dispatch or optimal power flow.  The optimization 
criterion applied is the minimization of energy costs.  ETHZ-ESD has established contacts to 
case study municipalities in Switzerland.  In a first phase, current energy systems – and 
those potentially available for future energy supply at the site of these municipalities – will be 
investigated, and an energy supply model established. 

The energy demand is modeled in cooperation with ETHZ-IVT.  MATSim models for the case 
study regions will be established.  Their outputs will be used to evaluate the energy demand 
of different activities under consideration, including housing, working, consumption of goods 
and services, leisure activities and the associated transports.  Transport distances, traffic 
modes and vehicle types determine the energy demand from mobility.  The time duration 
spent at various locations and for different activities forms the basis for electricity and heat 
demand modeling (Page et al. 2007).  The expenditures for goods and services serve as 
input for assessing the associated transports and the indirect energy demand embodied.  
The energy system model will therefore to be extended to non-grid connected energy 
outputs.  Expenditures for goods and services will be derived from appropriate economic 
input/output data and aligned with household expenditure choices that will be determined by 
a household budget allocation model to be implemented into MATSim-T (see task 2).  The 
information flows between WP4 and other work packages are shown below in Figure 8. 

 

Figure 8:  Information flows for WP4. 
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Subtask 1.2: LCA including selection of suitable indicators and environmental energy-
system optimization 

The energy system model is linked with a life cycle assessment model.  Based on this 
combined model structure, the environmental assessment will be performed, using suitable 
environmental assessment indicators, e.g. including Global Warming Potentials or 
Cumulative Exergy Demand (Bösch et al. 2007, Dewulf et al. 2007).  These indicators shall 
be representative, independent and provide a sub-set suitable to characterize regional 
environmental effects.  Regionally differentiated modeling of environmental impacts will be 
part of the environmental analysis.  The indicators will be selected on the basis of factor 
analyses and other statistical analyses performed on a large number of energy-supply 
inventory data (see Huijbregts et al. 1996, Huijbregts et al. submitted, Wernet et al. submitted 
for a similar analysis on material and chemical production processes).  Based on the 
indicators selected, an optimization towards minimal environmental impact will be performed 
for both globally relevant impacts (e.g. global warming) and regionally significant emissions 
(e.g. particulates).  The choice of environmental indicators will provide input to the multi-
criteria analysis framework to be developed in WP 5. 

Models and tools that examine the issue of distribution networks (grid stability) are developed 
in WP 3 of this proposal and shall be applied to test the technical feasibility of the regional 
energy system models to be established on the municipalities’ level. 

 

Subtask 1.3: Scenario development and modeling future energy systems 

After evaluating the current state of the municipalities’ energy systems, future states will be 
derived.  The future energy supply model will particularly concentrate on the integration of 
decentralized energy production from renewable energy sources.  Further, “vehicle to 
building (V2B)” solutions such as emergency back-up power for buildings, new building 
power management strategies, and optimization potentials for on-site renewable energy 
generation will be investigated.  Electric transportation will be the focal point of the 
prospective energy demand model allowing for comparison with alternative transportation 
means (e.g. conventional fossil-fuel and bio-fuel operated vehicles) (link to WP 1) and other 
energy-consuming activities.  Scenarios will be elaborated which describe the socio-
economic framework conditions like population growth, economic development and future 
energy-related policies.  These scenarios will incorporate both national trends forecast for 
Switzerland (link to WP 5) and where appropriate special regional developments relevant for 
the case study region reflecting regional stakeholder perspectives (e.g. Canton-specific 
development schemes for renewable energy generation).  The scenarios generated will 
subsequently be refined with specific scenarios for energy supply and demand taking into 
consideration different consumer choices and courses of action on the multi agent level (for 
modeling the environmental impacts of consumer choices see Koehler & Wildbolz 
submitted).  The description of agents’ location choices and consumer preferences will 
provide input information for modeling technical realizations of electric vehicle charging 
options, i.e. central control based on an Independent System Operator versus individual 
control of vehicle charging. 

 

Subtask 1.4: Integration into decision support tool 

The results derived from the evaluation of the future energy systems will be integrated into a 
decision support tool for municipal authorities.  By means of this decision framework local 
authorities can determine the environmental best performing energy system that is most 
suitable for their municipality. 
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Specific research questions to be answered by task 1: 
• How can energy supply and energy demand models be integrated on a regional level 

(system boundaries) to arrive at an integrated decision-support tool? 

• What are the most suitable life cycle environmental impact indicators for energy 
systems and energy-related activities? 

• How can an optimization algorithm for the minimization of environmental impacts be 
implemented? 

• What are suitable framework scenarios for the future and how are they influencing the 
agents’ decisions and action alternatives in regard to mobility and the overall energy 
system? 

• Which strategies and concrete measures (e.g. promotional programs, subsidies, 
economic incentives schemes etc.) can be derived on regional level for the 
improvement of the environmental performance? 

 

Deliverables: 
1. Energy system model for LCA of electrification of mobility in municipalities 
2. Selection of suitable LCIA indicators for energy systems 
3. Optimization of energy system model applying environmental indicators 
4. Implementation of energy system model in case study areas 
5. Future scenarios for energy supply and demand structures 
6. Decision support framework 

The research plan for the PhD work required as part of the WP4 work above is provided in 
Section 1.8 of this proposal. 

 
Methodological approach of task 2: 
Subtask 2.1: Prototype of MATSim-T extended by financial allocation model 

Transportation demand and the required energy needs, in interaction with the energy 
demand of persons conducting different activities, e.g. at home or work, will be derived from 
the results of a multi-agent-based simulation of travel demand and activities and traffic flow.  
The modeling will be carried out with the simulation toolkit MATSim-T, which is being 
developed at IVT and the Chair for Transport System Planning (VSP) at Technical University 
of Berlin (see www.matsim.org for the open-source software, tutorials and the relevant 
papers and reports). 

The simulation calculates a steady-state solution, in which none of the agents can unilaterally 
improve their schedule, i.e. the sequence, timing and duration of their activities and the 
associated locations and movements (mode, route, parking location).  The system is 
designed for large-scale applications, e.g. for 107 agents, 106 locations and 106 nodes and 
links, and trades off some behavioral detail for computational speed and robustness.  The 
behavioral core of the model is the utility function of the agents, which is parsimonious in the 
number of parameters, but reflects a traditional “transportation planning” point of view. 

The current MATSim-T version is person-based and focuses on activity and travel times.  In 
order to account for additional factors relevant in the context of mobility, other energy-related 
activities and municipal energy systems, such as household situation, quality of agents’ 
locations as well as (direct and indirect) monetary expenditures for different activities, a more 
comprehensive model of financial budget allocation will be developed and implemented 
within the MATSim-T framework.  While MATSim-T, as nearly all other transport models, 
includes expenditure, the simulation only trades it off against a not explicitly modeled basket 
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of goods.  A system of demand functions will be elaborated to predict transport expenditure 
and other energy-related costs.  Additionally, expenditure shares may be quantified for other 
services and goods.  The model system will be developed, parameterized and realized for 
both long-term expenditures (housing, white goods, mobility tools) and for short-term choices 
(mobility expenditures, services, groceries and other goods).  This will enable an improved 
quantification of travel demand, an enhanced description of the agents’ location choices and 
support the quantification of grey energy embodied in the goods and services consumed. 

 

Subtasks 2.2 and 2.3: Implementation of “MATSim-T extended” in case studies, 
testing and validation 
The MATSim-T tool extended by the newly established financial allocation model will be 
implemented for the selected case study areas and integrated with the LCA models 
developed (see contribution of task 1).  On top of the overall scenarios chosen (see 
contribution of task 1), specific scenarios pinpointing alternative agent’s options for action 
and individual decision-making in regards to mobility and other activities will be derived and 
simulated with “MATSim-T (extended)”.  Travel demand and associated energy (electricity) 
needs will be determined for the case study regions (link to WP 3).  This will also require the 
validation of the model against existing measurements for the study areas (traffic counts, 
average speeds, turnover of stores, etc.).   

 

Specific research questions to be answered by task 2: 
• How can full household budgets and household decision-making processes be 

implemented into MATSim? 

• How can full expenditures and the purchases of goods and services be modeled? 

• What are the impacts of energy prices on the transition to electric mobility? 

• How can future scenarios be translated into agent-based decisions? 

 

Deliverables: 
1. MATSim-T simulation toolkit with the expanded demand system considering distinct 

expenditure patterns 

2. Implementation of model system for case study areas 

3. Integration of the MATSim-T into the decision-support framework for municipalities 

The research plan for the PhD work required as part of the WP4 work above is provided in 
Section 1.8 of this proposal. 
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Work Package 5:  Analysis integration 

The purpose of Work Package 5 (WP5) is to integrate the results of work packages 1 through 
4 so that it will be possible to rank both individual vehicle designs and complete 
transportation scenarios from best to worst, based on their overall sustainability.  This means 
designing a structured set of indicators for measuring different aspects of sustainability in 
cooperation with the other work packages, generating additional indicators that have not 
been supplied by other work packages, and integrating the results for the full set of indicators 
using both cost benefit analysis and multi-criteria decision analysis (MCDA). It is expected 
that Work Package 5 will also play an integrative or coordinating role in the design phase of 
the research, e.g. to insure consistency in criteria and indicator definitions, option selection, 
and scenario design, framing the analysis in terms of scope and boundaries, and 
coordinating key data assumptions. 

In order to meet these objectives, it is necessary that there be a clear understanding of the 
information flows into WP5 from the other work packages, and that there be a clear flow of 
results to be supplied by WP5 to project stakeholders.  As shown in Figure 9 below, a range 
of environmental, economic and social indicators are generated, both directly from vehicle 
characteristics, and indirectly from the manufacturing and energy production chains 
associated with them.  For example, WP2 supplies direct emissions (e.g. NOx) and cost data, 
while WP1 supplies life cycle analysis results (e.g. NOx) for electricity and fuel supply chains.  
Within W5 itself the emissions (e.g. NOx) are further analyzed to assess their impact on 
receptors (e.g. mortality) and the corresponding external costs.  Vehicle characteristics from 
WP2 are combined with traffic information from WP4 to form scenarios that are used in WP3 
to model the interactions between the vehicle fleet and the power grid. 

Figure 9:  Information flows for WP5 
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Criterion and Indicator set design 

In order to analyze the sustainability of competing future transportation options, it is 
necessary to create a structured set of sustainability criteria that address the concerns held 
by a wide array of stakeholders.  In general, the term criterion is used for an issue or area of 
concern that forms a basis for decision-making, while the term indicator refers to a specific 
measure of that concern (quantitative or qualitative).  It is typical to create a structured, 
hierarchical tree of criteria, starting with the three main branches of environment, economy 
and society (often called the “three pillars of sustainability).  Each main branch subdivides 
further until there is an indicator for every leaf of the tree.  For example, the issue of climate 
change would follow the branch environment > emissions > GHG emissions > CO2 
emissions, where the indicator of CO2 emissions has quantifiable units. 

Creating a good set of criteria has a number of requirements (i.e. it is an activity with criteria 
of its own).  The criteria set should; 

1. Capture essential technology characteristics & enable differentiation.  

2. Assure indicators are representative (if not necessarily complete). 

3. Keep number of indicators reasonable and strive for balance between categories. 

4. Avoid excessive overlap. 

5. Aggregate indicators if this involves minimum or no subjectivity. 

6. Be practical and feasible. 

The THELMA project focuses on technology-specific characterization of future light vehicle 
technologies.  The majority of the direct, vehicle-specific environmental and economic 
indicators are produced by WP2.  A partial list of such environmental criteria includes 
resource use, emissions, energy use, direct emissions, etc.  Economic criteria include not 
just vehicle purchase cost, but also fuel and maintenance costs, such as replacement battery 
costs based on frequency, speed and depth of charging.  The indirect environmental burdens 
associated with the vehicle manufacturing and energy supply chains are provided by WP1.  
Further environmental and economic indicators that are determined by the interaction of 
electric vehicles with the electricity supply system will be provided by WP3, including effects 
on the supply system itself, and the effects of system operation (e.g. vehicle charging and 
V2G) itself on the vehicle fleet. 

The broad area of social concerns related to sustainability is divided into two main classes.  
The first are driver-specific criteria related to vehicle satisfaction, including performance, 
safety, and utility (e.g. number of passengers, payload, driving range, etc.).  Overall social 
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indicators include health damages due to emissions (vehicle and power plant), energy chain 
risks to health and safety, fuel dependence, etc. 

Within the THELMA project, these criteria will be used to judge the relative performance of 
two different types of alternatives.  The first are individual vehicles that are formed by 
combining different types of drivetrains and fuels (including electricity) with further options 
like vehicle class and measures to increase energy efficiency, like reduced weight, air drag 
and rolling resistance.  These vehicle designs will be generated using heuristic design rules 
in WP2, and form the basis of the vehicle evaluation in WP1 and WP2. 

The second type of alternatives that need to be ranked are scenarios that combine individual 
vehicle characteristics with fleet information that includes total transportation demand, 
electric vehicle market penetration, typical or average trip information, charging time and 
location, and electric system information.  Transportation scenario descriptions will be 
produced in WP4 on a community level, and in WP5 on a national level.  In particular, the 
national scenario information will provide the aggregate, marginal forecast electric system 
demand and V2G supply that form the basis for electric system modeling in WP3.  A wide 
range of national scenarios may be constructed, based on the growth of the vehicle fleet, the 
penetration of electric drivetrain technologies,  trends in driving patterns, and different 
options for grid connection and operation (e.g. charging only, V2G, utility controlled operation 
v. economic pricing, etc.)  National scenarios will be based on the same agent-based 
demand model used in WP4 with a more aggregated approach, and total fleet composition 
will be coordinated with the other consortium, which is performing complementary research 
focused on optimum strategies for fleet penetration by new vehicles. 

The choice of a criterion and indicator hierarchy, and the choice of vehicle options and 
scenario design both require due consideration of the various stakeholders for whom the 
results of the analysis are intended, so that the analytic results are not rejected for failing to 
include them.  The research plan does not call for direct stakeholder participation in the early 
stages of framing the project, but will depend upon the researchers’ extensive experience in 
framing criteria and options to be inclusive.   

 

Estimation/valuation of indicators in WP5 

The basic approach in this part comprises the integration of detailed LCA results into detailed 
bottom-up environmental impact and external costs assessment. 
The principle of the impact pathway approach is outlined in Figure 10. 
 

Figure 10:  Impact pathway approach, including LCA 
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For the impact and external cost assessment, the direct emissions from the vehicle as well 
as the indirect emissions from the rest of the chain using LCA data must be considered.  For 
carbon burning motorcars (fossil-based or biofuel-based) the emissions from the motor 
during the drive-cycle are essential.  On the other hand, for electric cars, the direct emissions 
from the vehicle are very small (although not completely absent because of e.g. particulate 
emissions due to abrasion from tires).  Nevertheless, also in this case there are indirect 
emissions and associated damages from the rest of the chain.  This comprises in particular 
the production of electricity (leading to potential emissions from power plants or, e.g. in case 
of solar electricity, emissions during solar module production) and the production of the 
vehicle itself.  Substantial additional contributions to the impacts compared to conventional 
vehicles are to be expected in particular for the production of the battery or the fuel cells and 
other specific components.  These contributions are investigated in the LCA part of the 
project and then integrated into the environmental impact and external cost assessment.  
The impacts depend on the location of the emissions and thus for example on the chosen 
electricity generation system (in case of electric vehicles) or the route (mainly in case of 
motor cars).  The locations of the emission sources can be approximately considered as far 
as possible and appropriate. 

As mentioned above, the basic environmental and technical characterization of vehicle 
technologies is to be performed in WP1 and WP2.  However there are a number of criterion 
indicators that will remain to be calculated in WP5, either because they are not a part of the 
technical or life cycle analysis, or because they can only be calculated by combining results 
from more than one work package.  These indicators include the impacts of emissions from 
vehicles (from WP1 and WP2), as well as emissions from power plants due to the charging 
of electric vehicles (based on electric system dispatch costs from WP3).  Other indicators will 
include resource use and overall social indicators such as accident risks associated with 
different energy chains, foreign resource dependence or sensitivity to key resource prices.  
These indicators will be calculated both for individual vehicles (on a per kilometer basis) and 
as a total for different scenarios.   

Work package 5 also includes the necessary task of evaluating or monetizing as many 
indirect costs as possible that are associated with the criteria set established.  This includes 
an impact analysis of the health and environmental damage effects associated with 
pollutants that have local effects, as well as greenhouse gas emissions that have global 
effects.   

This analysis includes the following steps: 

• Vehicles and their corresponding fuel cycles will be specified by WP2, integrated with 
LCA results from WP1 with respect to the emissions relevant for impact and external 
cost assessment. 

• The vehicle’s area of operation will be specified by WP4 (or within WP5 using tools 
from WP4).  This will be based on agent-based optimization of driving patterns, 
including the expected trip distribution between short-range travel (commuting) and 
longer-range traveling within Switzerland. 

• Generation and transmission related results will be generated by WP3, including the 
time, location and cost of charging, and incremental power plant generation and 
emissions. 

• Environmental and health impacts will be calculated, based on appropriate models for 
emissions transport and damage mechanisms. 

• External costs will be assessed for use in cost-benefit analysis. 
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Analysis integration 

The key element to WP5 is the integration of the broad range of criteria used to measure 
different aspects of sustainability.  Two complementary approaches are proposed for the 
THELMA project, i.e. using and comparing both cost-benefit analysis and multi-criteria 
decision analysis (MCDA). 

Cost-benefit analysis – Cost benefit analysis is based on taking as many different 
sustainability criteria as possible and converting (valuing or monetizing) them to a cost basis, 
so that they can be combined and compared to the monetary benefits provided.  Direct costs 
(also called internal costs) born by the vehicle owner, are combined with indirect costs (also 
called external costs) that are born by society as a whole (e.g. health care costs due to air 
pollution).   

This total cost approach has the advantage of being conceptually simple, and produces 
vehicle and scenario rankings that are unambiguous.  Its merits for cost-benefit assessment 
are undisputable.  However, stakeholders do not always agree on the choice of methods 
used to monetize the externalities and the values obtained, so final rankings are often 
controversial.  There are two main problems with cost benefit analysis in the THELMA 
context.   

• First, not all criteria relevant to sustainability are easily monetized.  In particular, social 
criteria are scarcely included in the total cost approach.   

• Second, the benefits as well as the costs of vehicles can be difficult to monetize.  The 
services provided by different classes of vehicles are hard to compare based solely on 
a person*km or kg*km basis.  For this reason the cost-benefit approach will be 
effectively reduced to a total cost approach (on a vehicle km basis), with the caution 
that total cost comparisons between different vehicle classes should be done with 
caution. 

Multi-criteria analysis – The second approach to the integration of sustainability criteria is 
to use multi-criteria decision analysis, combining in a structured manner the data on vehicle 
or scenario characteristics (indicators) with stakeholder preferences.  Multi-criteria decision 
analysis is a field of analysis that can supply a range of tools to help people choose between 
alternatives in a way that is consistent with their preferences for multiple criteria.   

MCDA is typically used for complex problems that have no clear optima.  Instead there are 
tradeoffs between competing objectives, and different stakeholders can rationally choose 
different alternatives or solutions, based on their different preferences that are reasonably 
linked to their own interests.  In fact, vehicle choice is a common example for MCDA 
applications, based on a buyer’s different preferences for criteria like initial cost, fuel 
economy, performance, safety, appearance, etc. 

MCDA is needed because the complexity of many problems simply exceeds human cognitive 
capacity to consistently balance competing objectives.  Research has shown that most 
people can balance on the order of seven different, competing objectives.  The problem of 
judging the sustainability of future transportation options far exceeded the bounds for 
consistent, unaided decision making. 

MCDA is more than just choosing an appropriate algorithm for solving a specific type of 
problem.  Instead, it is best used as part of a complete process to inform and assist decision-
makers.  Such a process would include the following steps: 

1. Determine stakeholder groups and gather participant names 
2. Establish criteria and indicators (with stakeholder input) 
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3. Select the technological alternatives (with stakeholder input) 
4. Quantify the technology- and country-specific indicators 
5. Analyze the MCDA methodology requirements 
6. Develop and/or select the most suitable MCDA method(s) 
7. Implement and test the selected method(s) 
8. Elicit stakeholder preferences, and provide individual MCDA results 
9. Analyze aggregate stakeholder results, and draw conclusions 

Although it may be possible to bypass initial stakeholder inputs (steps 1 through 3) if the 
analyst is sufficiently familiar with the problem at hand and the stakeholders’ concerns, 
stakeholder preferences are necessary for step 8.  For the THELMA project it would be 
possible to use representative preference profiles to demonstrate typical stakeholder 
positions, but it would far preferable to use interactive preference elicitation based either on 
web-based MCDA software, or a guided MCDA workshop process. 

As the THELMA partner responsible for MCDA, PSI has extensive experience in specifying, 
co-developing and testing new MCDA methods for ranking discrete alternatives.  This 
includes a web-based software application for interactive elicitation of preferences that 
provides immediate feedback of stakeholder rankings, and a portfolio of different MCDA 
solver algorithms. 

Like cost-benefit analysis, MCDA also has advantages and disadvantages.  On the plus side, 
it provides a learning process that can familiarize stakeholders with the relative strengths and 
weaknesses of competing technologies (i.e. there are tradeoffs, but “no free lunch”).  MCDA 
can guide informed debate and decision making in a way that is structured and fact-based.  
MCDA also addresses many criteria simultaneously (or in parallel), rather than sequentially, 
including social and other factors that are difficult to monetize.   

On the minus side, MCDA is a complex and time-demanding process that requires the 
participation of many stakeholders, who need to agree on the criteria set and hierarchy, and 
on the associated indicators.  Social indicators are explicitly included, but their quantification 
is not always robust. 

Results expected 

• Single technology rankings of individual vehicle designs 
• Scenario rankings of national scenarios based on electric vehicle use and power grid 

interactions 

Research Questions 

The research questions to be answered by Work Package are not so much theoretical or 
methodological as substantive, i.e. what are the most sustainable options for future mobility?  
This encompasses a number of subsidiary questions that are expected to be answered 
within this task, including; 

• What is the correct criteria set? 

• What are the values for the indicators in WP5? 

• What are the results for the cost and MCDA rankings? 

- What are the ‘best’ vehicle designs, and what common elements do they have? 

- What are the relative strengths and weaknesses of the top alternatives? 

- What are the total impacts of the various strategies? 
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• How do the cost and MCDA rankings compare? 

• How robust are the rankings to preferences? 

• How robust are the rankings to uncertainties in indicators (e.g. GHG costs, etc.)? 
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1.6 Project timetable and milestones 
 

(Describe timeline for the entire project. Indicate concrete and measurable milestones for the first 
three years, give an outlook to years 5-8 where appropriate.) 

 

Work Package 1:  Life cycle analysis (LCA) 

 
 

Work Package 2:  Vehicle Simulation and Powertrain Assessment 

 
 

Work Package 3:  Power system modeling 

 
The timetable above indicates the milestones of WP3.  Task 1 and Task 2 will be done in parallel during the first 
year as pre-studies have already been performed.  Task 3 is depending on results from Task 1 and Task 2 and 
will start in the second year.  When the results of the first tasks are available and analyzed in tasks three, the 
fourth task can be started.  Integrating the results of asset utilization in power networks in an LCA is performed in 
Task 5, where, in the end a comparison can be made with the results of Task 3.  Finally, Task 6 is performed to 
investigate other possible utilization areas as studied before, closing the project. 
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Work Package 4:  Case studies 

 
 
Work Package 5:  Analysis integration 

 
The timetable above indicates the milestones of WP5.  Establishing the multi-criteria framework will result in 
structured hierarchy of criteria and indicators.  Establishing the indicator database will result in a full set of results 
characterizing the vehicle technologies.  Environmental impact assessment results in damages that are valued by 
the external cost valuation.  Finally, the integrative analysis will result in both total cost and MCDA rankings. 
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1.7  Relevance to CCEM-CH 
 

(What makes this project unique? Why should it be addressed within CCEM-CH? 
Criteria include: scientific excellence;  
 economic and industrial impact; environmental impact; aspects of acceptance;  
 consortium, strengthening of collaboration among institutions,  
 large-scale collaborative effort; embedding within international environment;  
 financing concept) 

 

The trend towards electrification of the powertrain in international mobility has been 
extensively explored in this section. It is expected that passenger cars will become 
increasingly integrated into the electricity grid, driven by efficiency and environmental 
motives. A comprehensive analysis of the impact of these technologies will be valuable not 
only in Switzerland but internationally as well.  Because of its extensive nuclear and 
hydroelectric generating capacity, Switzerland has a low CO2 intensity in its electricity grid.  
The analysis performed within the scope of this project will serve as a powerful tool to inform 
the debate surrounding the electrification of the Swiss passenger fleet. 

The partners in this project form a diverse group of researchers who are leaders in their 
areas of the natural sciences.  The project team is composed of members whose expertise is 
relevant for achieving all of the proposal’s stated goals.  Combining life cycle assessment, 
advanced powertrain characterization, and power system modeling forms the technology 
analysis core, where the competence of EMPA-LCAM is augmented by that of ETHZ-
LAV/PSI-LEA and ETHZ-PSL in these respective areas.  

By contributing to the development of sustainable mobility through providing clear policy 
maker decision support, this project falls within the stated mandate of the CCEM-CH. 
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1.8 Research plan of PhD students 

 
Work Package 2:  Vehicle simulation and powertrain assessment (ETHZ-LAV) 
 

1.  Introduction/Goals 

The overall goal of the THELMA project is to understand how vehicles with electric 
drivetrains interact with the electric grid, including a comparison with non-electric vehicles 
and an understanding of the many different characteristics of the vehicles and their 
supporting systems. Such characteristics include fuel efficiency (key to LCA in WP1), battery 
charging capabilities and costs (key to grid interactions in WP3), range and cost (municipal 
case studies in WP4), and many more (overall integration in WP5).  For this reason, 
analyzing the technical design and operating characteristics of a large number of vehicles 
and drivetrains is central to the entire project. 

 

2.  Research Objective 

The research objective of Work Package 2 is therefore to perform a multi-criteria 
characterization of a wide variety of vehicle drivetrains and designs, in close cooperation with 
the other work packages, including analytic definition and design and close coordination of 
analytic assumptions and data.  The results will be subject to sensitivity analysis based on 
key assumptions, and also analyzed for tradeoffs.  Non-cost results will be monetized to the 
extent possible (in cooperation with and for use by WP5). 

The specific research objectives for the PhD work to be performed within the ETHZ-LAV 
group as part of WP2 are to characterize vehicle drivetrain operation by simulation of various 
drivetrains, including advanced combustion engine modeling, and optimized operation of 
(plug-in) hybrid drivetrains for different strategies and driving cycles. 

 

3.  Research Approach/Tasks 

Specific research tasks within the PhD will be to: 

• Structure and define the vehicle analysis in cooperation with work package partner 
PSI-LEA, including selection of criteria and indicators, selection of vehicle options set, 
and division of specific tasks. 

• Determine representative driving cycles for different driving situations. 

• Simulate conventional, hybrid and plug-in hybrid electric vehicle drivetrains, with 
emphasis on the internal combustion engine tasks by expertise. 

• Optimize engine operation, including engine transient behavior for a smaller number of 
powertrains and study the interaction with the hybrid system management linked to 
vehicle characteristics and driving cycles. 

• Consider various fuels (including biogenic fuels) and combustion mechanisms, with 
simulation including thermal management and exhaust gas aftertreatment. 

• Calculate final direct specific energy use of fuel and electricity, and direct specific 
vehicle emissions. 
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4. Time Schedule 

Year 1: 

• Establish a structured set of specifically vehicle-related criteria and indicators with PSI-
LEA, in coordination with the overall set established by WP5, and using input from 
funding partners and other stakeholders. 

• Establish a defined set of vehicle designs with PSI-LEA, including drivetrains, fuels, 
vehicle classes, and any other options, also with input of academic and stakeholder 
partners. 

• Study and determine the driving cycles to be used in the vehicle simulations to account 
for different driving conditions. 

• Establish an automated simulation environment. 

• Coordinate assumptions with other work packages and collection of data. 

 

Year 2: 

• Perform drivetrain simulation modeling of vehicle designs generated by PSI-LEA work 
package partners, including data collection of components, fuels,, etc, and analysis of 
modeling different drivetrain architectures. 

• Study the interaction between the optimal ICE configuration and the hybrid energy 
management system in terms of fuel consumption and polluting emissions. 

• Continued coordination of assumptions with other work packages and collection of 
data, including 

!   Drivetrain performance and cost data with PSI-LEA work package partners 

!   Driving cycle and hybrid operation strategies in cooperation with work package 4 

 

Year 3: 

• Continued drivetrain simulation modeling of vehicle designs generated by PSI-LEA. 

• Continued coordination with vehicle design generation and non-drivetrain, balance-of-
vehicle analysis by PSI-LEA and grid modeling (WP3).  

• Continued coordination of assumptions with other work packages and collection of data 
as necessary. 

• Delivery of drivetrain simulation results to PSI-LEA for integration with other vehicle 
indicators. 

• Perform sensitivity and tradeoff analysis of drivetrain simulation results as selected. 
 
 
Work Package 2:  Vehicle simulation and powertrain assessment (PSI-LEA) 
 

1.  Introduction/Goals 

The overall goal of the the THELMA project is to understand how vehicles with electric 
drivetrains interact with the electric grid, including a comparison with non-electric vehicles 
and an understanding of the many different characteristics of the vehicles and their 
supporting systems. These characteristics include fuel efficiency (key to LCA in WP1), 
battery charging capabilities and costs (key to grid interactions in WP3), range and cost 
(municipal case studies in WP4), and many more (overall integration in WP5). For this 
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reason, analyzing the technical design and operating characteristics of a large number of 
vehicles and drivetrains is central to the entire project. 

 

2.  Research Objectives 

The research objectives of Work Package 2 are therefore to perform a multi-criteria 
characterization of a wide variety of vehicle drivetrains and designs, in close cooperation with 
the other work packages, including analytic definition and design and close coordination of 
analytic assumptions and data.  The vehicle-specific multi-criteria results will be subject to 
sensitivity analysis based on key assumptions, and also analyzed for tradeoffs.  Non-cost 
results will be monetized to the extent possible (in cooperation with and for use by WP5). 

The specific research objectives for the PhD work to be performed within the PSI-LEA group 
as part of WP2 are; 

1. To define and automatically create a large set of self-consistent designs for future 
vehicles, including a wide range of vehicle drivetrains, fuels and types (classes by 
size/use), and 

2. To characterize a wide range of other indicators for a wide range of criteria, including 
cost, emissions, safety, range, dis/charging rates and capacities, etc. 

 

3.  Research Approach/Tasks 

Specific research tasks within the PhD will be to: 

• Structure and define the vehicle analysis in cooperation with work package partner 
ETHZ-LAV, including selection of criteria and indicators, selection of vehicle options 
set, and division of specific tasks. 

• Design and implement rules for creating a large set of self-consistent vehicle designs, 
and coordinate the drivetrain simulation of these designs with ETHZ-LAV. 

• Calculate a range of non-drivetrain related vehicle indicators including materials 
content, weight, passenger and payload capacity, safety, and overall vehicle costs.  

• Vehicle characteristics for non-combustion drivetrains, including fuel cell and purely 
battery electric vehicles, in cooperation with ETHZ-LAV. 

 

4. Time Schedule 

Year 1: 

• Establish a structured set of specifically vehicle-related criteria and indicators with 
ETHZ-LAV, in coordination with the overall set established by WP5, and using input 
from funding partners and other stakeholders. 

• Establish a defined set of vehicle designs with ETHZ-LAV, including drivetrains, fuels, 
vehicle classes, and any other options, also with input of academic and stakeholder 
partners. 

• Begin rule-based generation of a large set of self-consistent vehicle designs (the 
“virtual fleet”), and work with ETHZ-LAV work package partners to integrate set 
generation and drivetrain simulation modeling. 

• Coordinate assumptions with other work packages and collection of data. 

 

Year 2: 

• Research and analysis of non-simulated vehicle characteristics, including cost, safety, 
etc. 
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• Continue rule-based generation of vehicle designs, including refinement of key 
heuristics (e.g. weight compounding). 

• Coordination with drivetrain simulation (ETHZ-LAV). 

• Continued coordination of assumptions with other work packages and collection of 
data, including 

! Battery performance and cost data with WP3 (including battery life and degradation) 

! Rules for grid interaction, including charging strategies based on customer v. utility 
control, economic v. rule-based charging, and normal v. emergency operation 

 

Year 3: 

• Continued coordination with drivetrain simulation (ETHZ-LAV) and grid modeling 
(WP3).  

• Continued coordination of assumptions with other work packages and collection of data 
as necessary. 

• Integration of drivetrain simulation results with other vehicle indicators. 

• Integration of results from other work packages (e.g. LCA results). 

• Perform sensitivity and tradeoff analysis of indicator results for vehicle characterization. 

• Supply results to integration analysis in WP5, including monetization of non-cost 
indicators where possible. 

 
 
Work Package 3:  Power system modeling (ETHZ-PSL) 
 

In the following the research work of the new PhD student is elaborated. This work will 
complement the work already started at ETHZ-PSL.  

 

1.  Introduction/Goals 

The electrification of mobility via Battery Electric Vehicles and Plug-In Hybrid Electric 
Vehicles (PHEVs) suggests an overall efficiency increase for individual transportation, while 
shifting environmental burdens from distributed combustion to centralized generation.  
Charging cars will add additional load to the power grid, and could also offer storage to the 
power system via "vehicle-to-grid" (V2G) services, which could also possibly be used for 
ancillary services such as control reserves or grid restoration. 

 

2.  Research Objectives 

The research objectives of Work Package 3 are therefore to analyze the effects of both 
vehicle charging and V2G on the power grid, including the lower voltage local distribution 
level, and the higher voltage bulk power transmission level.  These effects include reduction 
in power system component lifetimes due to higher loads and increasing duty cycling, and 
the effects on overall system loading and operation due to the shifts in geographic and time-
of-day patterns of system load due to the presence of electric vehicles and different charging 
strategies. 

 

3.  Research Approach/Tasks 

The specific research tasks of the PhD work will be structured into the following main parts: 
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• Introduction and motivation 
• Medium fidelity asset lifetime models for electric mobility integration  
• Application of lifetime models to the distribution and transmission level  
• V2G capacity calculation in distribution grids  
• V2G capacity assessment for transmission grids and asset lifetime impacts 
• V2G for grid restoration 
• Examples and case studies 

The approach taken for the three main areas of these tasks include the following: 

 

Asset lifetime effects (year 1) 
While efficient PHEV load management schemes have been developed at the Power 
Systems Laboratory (ETHZ-PSL) in order to avoid system constraint violations, the impact on 
asset lifetime has not yet been studied. Changing system load might affect assets on 
distribution- and transmission network levels. This PhD thesis will, in the first year, develop 
methods to assess asset lifetime considering effects introduced by electrification of mobility. 
These methods will be applicable to different network-, e.g. voltage levels, and their assets 
operating on respective levels. Integration with existent tools available at PSL, lifetime effects 
in distribution networks of electrified mobility will be investigated. The results can be used as 
a valuable input for other researchers developing policy and environmental implications. 
However, the overall focus is laid on the transmission level for country-wide assessments in 
the second year. Lifetime assessment on the transmission level can then be performed as 
well. Therefore, the tasks can be identified to be: 

• Assessment of PHEV impacts on distribution grids 
• Assessment of PHEV impacts on transmission grids 
• Developing of asset lifetime models 

 

V2G network effects (year 2) 
Large scale transport simulations can be used to determine the additional load as well as 
storage capacities on a country wide scale. Based on methods developed in the past at the 
PSL, the impacts of V2G in distribution networks will be studied assessing maximal V2G 
capacity. In order to investigate the storage capabilities for the bulk power system, the PhD 
thesis will further develop a method to assess the V2G capability of large vehicle fleets for 
the bulk power system including individual transportation demands and maximal V2G 
capacity on distribution level. As V2G services could change the load patterns of the system, 
the findings in this stage are related to the ones in the first year. The tasks can be identified 
to be: 

• Development of effective V2G control schemes 
• Assessment of V2G on the findings of year 1, e.g. on asset lifetime 

 

Grid restoration (year 3) 
Here, the thesis investigates grid restoration capabilities, another possible area of V2G 
services, of large electrified fleets for the bulk power system. Based on the findings during 
the second year, the V2G capabilities are explored for system restoration, as charging can 
be postponed during critical system states. Investigations of power feed back into the grid for 
short time system assistance are performed. The tasks can be identified to be: 

• Extension of V2G schemes to be used for grid services and restoration 
• Case studies 
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4. Time Schedule 

The specifically scheduled steps for this doctoral thesis include; 

 

Year 1: 

• Literature survey assessing PHEV integration, power system asset lifetime modelling 
on transmission and distribution level, V2G modelling and grid restoration 

• Development of medium fidelity asset lifetime model including electric mobility for 
transmission and distribution assets 

• Integration of lifetime models with available PHEV power system simulations at PSL at 
distribution level 

• Extension of asset lifetime model for applicability to the transmission level 

 

Year 2: 

• Developing methods for V2G capability assessment of distribution grids including 
individual transportation demand and physical constraints. 

• Extending the methods for V2G capability assessment on the distribution level to the 
transmission level. 

• Inclusion of V2G services into asset lifetime investigations 

 

Year 3: 

• Developing methods to use V2G services for critical power system state, e.g. grid 
restoration 

• Application of the grid restoration methods relying on electrified vehicles 

The developed tool will be applied in various case studies showing its performance. 

 

 

Work Package 4:  Life cycle assessment of urban energy systems (ETHZ-ESD) 
Doctoral student: Dominik Saner 
Supervisor: Prof. Dr. Stefanie Hellweg; Co-Supervisor: Dr. Annette Koehler 

 

Introduction 
In Switzerland the provision of energy system services (electricity, heat and mobility) is 
strongly influenced by regional level decision-making processes and regulatory frameworks. 
Many municipalities in Switzerland aim for a rational use of energy and an amplified 
utilization of renewable energy carriers. In this regard, the introduction of electric mobility 
using plug-in hybrid electric vehicles (PHEV) may, on the one hand, add pressure on the 
urban electricity system due to the associated larger electricity demands. As car batteries 
may serve as storage systems, it represents, on the other hand, an opportunity for increased 
use of dispersed renewable power generation. The capacity of car batteries may provide 
peak power demand, spinning reserves and regulation services in a vehicle-to-grid (V2G) 
system. In the larger and long-term perspective V2G is one essential element in a future 
energy system, which also integrates electricity and heat to a smart grid. 
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Current state of research 
Environmental assessments of electric mobility so far have very much focused on the 
evaluation of specific components (e.g. batteries) and drive trains using only a limited set of 
environmental indicators, mainly primary energy demand and green house gas emissions. 
Studies on the environmental implications of electrification of transport in the context of 
energy supply systems and mobility and overall energy demand on a regional and 
municipality’s level, respectively, are very scarce and mainly do not consider PHEV 
introduction. In other studies only global assessments have been performed. Particularly, the 
integration of electric mobility with decentralized energy supply structures being 
characterized by intermittent energy generation and the associated ecological consequences 
have hardly being analyzed so far from a life cycle perspective. 

 

Research objectives 
The goals of this dissertation within work package (WP) 4 are to (i) model, assess, and 
optimize current and prospective energy systems of Swiss municipalities considering 
technical feasibility and grid stability, and (ii) develop a decision-support framework and 
analysis tool for energy-related decision-making and policy measures on a municipal 
level. Besides centralized energy supply structures, future energy systems are expected to 
comprise increased dispersed energy supply systems, grid-connected electric mobility and 
thus an amplified use of electricity. A thorough life cycle assessment of the integrated energy 
systems of municipalities, supplemented with an economic evaluation, shall identify 
strategies to cost-effectively decrease the overall environmental impacts of mobility and 
energy use. This analysis will compare local autonomous energy supply systems (i.e. 
particularly dispersed electricity generation) with centralized systems and assess their 
interrelation with electric mobility. The life cycle inventories representing the current and 
future energy supply and mobility structures will be modeled on highly resolved spatial and 
temporal levels. For optimal technology selection, optimization of the future urban energy 
and mobility systems will not only take into account environmental performance but also 
spatio-temporally optimal energy supply as well as technical and economical feasibility. In 
collaboration with the second dissertation in WP4 the consumption and disposal of goods 
within a region, considering household expenditure patterns and their time and location 
dimension, will be modeled. As household budget constraints guide the expenditures for 
energy services including mobility, heat and electricity, this approach will contribute to a 
holistic evaluation of urban energy systems. The transition to a sustainable urban energy 
system including electric mobility will be modeled using future framework scenarios 
considering policies, technological and macro-economic development as well as household 
expenditure choices regarding mobility and energy system services. The optimal transition 
steps towards this goal will be analyzed, considering time and scale of introducing relevant 
technologies and changing consumption patterns. The optimization will include 
environmental indicators covering global (e.g. global warming) and regional impacts (e.g. 
particulate matter formation) and a set of economic screening criteria. Based on those 
results, a decision-support framework will be elaborated for energy-related decision-making 
on regional level. 

 

Research Approach 
The research will be conducted in seven modules encompassing (i-iv) the evaluation of 
different energy system services and mobility choices due to consumption budget 
constraints, (v-vi) the modeling of diurnal energy use and energy service supply for current 
and future urban energy systems, (vi) the definition of future scenarios, (v) the environmental 
and economic assessment, and (vii) the development of a generalized decision support 
framework. 
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1.  Mobility 
Urban mobility demand will be assessed with a set of relevant life cycle impact assessment 
indicators for selected municipalities under study. The potentials of PHEV as transportation 
mode will be evaluated and the impacts of V2G analyzed. 

Statistical data in combination with agent-based traffic microsimulation models (Balmer et al., 
2006) provide highly spatially resolved data on mobility demand. The combination of the 
energy models and traffic simulations delivers diurnal, geo-referenced electricity 
consumption for future PHEV as it is shown in (Waraich et al., 2009). The future vehicle fleet 
and associated life cycle inventory data will be elaborated within the THELMA project work 
packages 1 and 2. This LCI data and data from use phase will be integrated for the 
environmental assessment of mobility. 

 

2.  Heat 
The heating demand for buildings is a function of the building physics and their occupancy. 
Methods for modeling daily heating demand patterns will be applied. Heat supply systems, 
both centralized and decentralized, for the municipalities studied will be assessed with life 
cycle inventory models, which will be developed for current and future heating supply 
technologies (e.g. wood, shallow ground heat resource, solar, fuel cell heating, etc.). Energy 
efficiency pathways (e.g. refurbishment of old building, Minergie standards for new buildings) 
will be implemented and assessed for their life cycle impacts. The potential of renewable 
heat sources will be evaluated using GIS and remote sensing methods. 

In most cases, municipal authorities know the heating supply system portfolio of their 
community for the status quo. Data from building insurance companies, building registers 
and zoning plans will be used for determining the building infrastructure (volume, floor area, 
number of stories, insulation standard, etc.) in municipalities on a spatially resolved level. 
These data will flow into the modeling for heating demand and supply system evaluation. 

 

3.  Electricity 
Bottom-up models estimate the daily electricity demand profiles for the private and service 
sectors. Information gained from modules 1 and 2 about additional electricity demand due to 
introduction of PHEV and electricity supplied heating systems will be included. The supply 
potentials of distributed, renewable electricity generation will be evaluated with GIS and 
remote sensing methods. The future electricity supply mixes of the municipalities 
investigated are modeled taking into account technical feasibility, the limitations given by the 
potential analysis and possible future regulatory settings. Distributed as well as centralized, 
renewable as well as fossil electricity supply systems will be assessed with life cycle 
inventory models, which will be developed for current and future electricity generation from 
primary resources (e.g. wind, photovoltaics, etc.) as well as secondary resources (e.g. 
municipal solid waste incineration, biogas, biomass, etc.). 

 

4.  Consumption & Disposal 
The goal of this module is to determine and assess the consumption and disposal of goods 
on a community level. Budget-constraint consumption is main the driver behind the demand 
of municipal energy system services and disposed goods often serve as secondary resource 
for heat and electricity generation (e.g. biogas, waste incineration, heat from wastewater, 
etc.). In order to assess the environmental impacts of consumption and disposal of a 
municipality, economic input output and material flow analysis combined with LCI (top-down) 
as well as an agent-based consumption approach (together with IVT) will be applied. 
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5.  Integration to a model of current energy system 
Based on the results of modules 1-4 an integrated model of energy supply and demand for 
the Swiss municipalities investigated will be developed considering environmental impacts 
and economic attributes. This model will be parameterized for selected locations 
(Deliverables 1 & 3 in CCEM Proposal) and include an optimization tool using relevant LCA 
indicators and estimates for financial costs for identifying environmental improvement 
strategies. 

 

6.  Scenario development and model set up for future energy systems and electric 
mobility 
Development of general scenarios on policies and technological evolution for the transition to 
electric mobility (Deliverable 4) 

Elaboration of a model for future urban energy systems and electrification of mobility on 
municipality level 

Environmental and economic assessment of future mobility scenarios in the context of the 
case studies integrating individual decision-making and household monetary expenditures 
(Deliverable 5) and cost-effective strategies for reducing environmental impacts elaborated 
(Deliverable 6). 

 

7.  Decision support framework  
Considering a set of characteristics describing the municipalities investigated, the results of 
the modules 1-6 and of the parameterized models developed will be generalized to provide a 
life cycle based decision support tool, serving different stakeholders (e.g. municipal 
authorities, inhabitants, and energy providers). 

 
Time schedule 
 
LCA of urban energy systems 
 
Months Step 
1-27 Mobility  
4-15 Heat 
7-18 Electricity 
16-36 Consumption & disposal 
1-24 Model of current energy system, LCA indicator choice and system optimization 
22-36 Scenario development, modeling future energy systems 
34-42 Integration of 1, 2 and 3 into decision support tool 

 

 

Work Package 4:  Weekly travel and expenditure patterns (ETHZ-IVT) 
Doctoral student Boris Jäggi 
Doctoral student Rashid Waraich (mostly funded separately) 
Supervisor  Kay W. Axhausen 

 

Introduction 

The life cycle assessment of energy consumption is a comprehensive method to understand 
the impacts of investment and consumption choices on the environment over the long term. 
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This PhD thesis wants to contribute to the work of Work package 4 by integrating the so far 
isolated literatures on travel and household expenditure patterns, so as to trace the impact of 
household budgets on the choices for travel: number and kind of activities, locations and by 
implication activity expenditures.  

Travel demand models are currently limited to modelling single days, generally a 
representative average weekday. In this contexts income (monetary budget) effects can only 
be captured to a limited extent, mostly through the ownership of mobility tools, i.e. cars, 
motorcycles, cycles, public transport season tickets. Their cross-sectional approach does not 
allow the current travel demand models to capture the temporal trade-offs, which households 
and individuals can make to combine a variety of experiences and activities into a week-long 
or even longer whole.  

This inter-temporal trade-offs will be crucial for the understanding the adjustment to a 
carbon-constraint world. Such a world will impose tighter constraints through a variety of 
instruments. Under discussion are time-location specific pricing of transport, CO2 rations, 
range-limited electric or hybrid vehicles, subsidies for energy-reducing technologies for 
housing and long-living consumer goods. 

 

Current research 
There is rich research into demand models for consumption of goods and services (See 
Deaton and Muellbauer, 1980 as a starting point). This literature is generally without a time 
or location dimension. The literature, which does address the time dimension, uses panel 
data, which is limited to shopping only (see for example Fox et al. 2004). Alternatively, if 
multiple purposes are considered, the expenditure dimension is missing (See Spissu et al., 
2007).  

The large-scale Swiss official household survey on income and expenditures, the 
Haushaltsbudgeterhebung (HABE)1, has not been used in conjunction with the official travel 
behaviour survey, the Mikrozensus Verkehr, to establish a joint model of travel and 
expenditure. This joint model could make use of the 1999 six-week travel diary survey, 
MobiDrive, which uniquely includes information about activity expenditures (Axhausen et al., 
2001).  

The overall modelling framework for any joint model of expenditure and travel will be the 
agent-based micro-simulation toolkit MATSim (Balmer, 2007), which is under on-going 
development at ETH and TU Berlin. This tool combines activity scheduling with modelling of 
traffic flow to obtain a Nash-equilibrium through an iterative search process. One element of 
this on-going development is the integration of the interaction between electric or hybrid 
vehicles and the electric grid (see Waraich et al., 2009). The demand for electricity and the 
availability of the batteries for V2G services is jointly modelled with the stability and prices of 
the electric grid.  

 

Research objectives 
The objective of this thesis is to link expenditure and activity patterns over a multiple day 
time-horizon to enable the analysis of behavioural choices in a more tightly constraint world. 
The following linked steps are envisaged at this point:  

• Model of long-term investment choice in energy efficiency 
• Model of car ownership by type of vehicle 
• Integration of PHEV vehicles in MATSim 
• Generation of weekly activity agendas 
• Joint choice of activity type and location under time and expenditure constraints 

                                                
1 See http://www.bfs.admin.ch/bfs/portal/de/index/infothek/erhebungen__quellen/blank/blank/habe/01.html for 
more details. 
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• Simulation of policy scenarios and their analysis 

 
Work plan 
 
The work will be structured along the steps mentioned above.  
 
The model of long-term investment choice in energy efficiency will be based on data 
collected as part of the on-going SNF project2, which the IVT in undertaking jointly with Dr. 
Robinson, EPFL. The question is, how households allocate their investment capability to 
various energy and CO2 saving technologies and behaviours. The priority evaluator survey 
looks at both long-term investment, as well as behavioural change. This model will be used 
to forecast the base levels, under which the agents operate. 
 
The specific choice of vehicle type by energy efficiency class is the subject of the second 
step. The necessary data is available from a recently completed bfe/bafu – funded study 
(Erath and Axhausen, 2009). The model will be used to assess the market penetration of the 
different vehicle types for the scenarios tested. It will be compared with the growing literature 
on PHEV and electric vehicle market success.  
 
The integration of the PHEV and electric vehicles into MATSim will be pursued further. 
The case studies will be set up and validated for the base situation. It will be necessary to 
collect traffic and passenger counts in and around the cities, which will be the case studies 
for work package 4. If necessary, the behavioural models at the base of MATSim activity 
scheduling modules will need to be adjusted.  
 
We intend to model a whole week of travel behaviour and expenditure. This requires weekly 
activity agendas for MATSim. While Charypar and Axhausen are pursuing an open activity 
generation process3, here we will construct the weekly agenda from daily plans using the 
information from the six-week travel diaries to obtain the correct inter-temporal correlations. 
See also Jara-Díaz et al. (2008) for a suitable starting point for this construction.  
 
Given the activity agenda the joint model of location choice and expenditure will allow us 
to identify the trade-offs which persons have to make across the week to match their budget 
constraints. It is clear, that the week is actually too short a period to model this process fully 
realistically, but it is a starting point for a task which has never been undertaken before. The 
Mobidrive, the HABE and the 2003 Thurgau data (see Axhausen et al., 2007 and Löchl et al., 
2005) will be the basis for the modelling. The exact mathematical form of the model is 
currently not clear. We will have to experiment with knapsack – formulations and associated 
heuristic optimisation algorithms to solve this problem. Alternative hazard model inspired 
approaches will need to be tested.  
 
The final year will be devoted to policy scenario analyses in conjunction with the results 
from the other PhD of work package 4 and of the project as a whole. The necessary 
integration of the various models and the translation of the scenarios will be undertaken first. 
The scenario runs and their analysis will be the subject of the final step. MATSim will be run 
for each day separately, but informed through the weekly activity agenda it will respect the 
trade-offs. 
 
 The final element of the work will be the documentation and archiving of the data and 
models. Any outstanding publication will be finalised and submitted. We are planning four – 
five journal papers in line with the major steps above. The work will also be presented at the 
relevant international conferences. 
 

                                                
2 An investigation of strategies leading to a 2000W City using a bottom-up model of urban energy flows 
3 SNF project: Continuous Need-Based Planning for Efficient Agent-Behavior Modeling,  



Page 77 of 107 

Time table and milestones 
 
Weekly travel and expenditure patterns 
 
Months Step 
1-9 Model of long-term investment choice in energy efficiency  
7-12 Model of car ownership by type of vehicle 
1-12 Integration of PHEV vehicles in MATSim 
13-24 Generation of weekly activity agendas 
19-30 Joint choice of activity type and location under time and expenditure constraints 
24-36 Simulation of policy scenarios and their analysis 

 


